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ABSTRACT

Fusarium head blight (FHB) is a devastating disease in barley, primarily caused by Fusarium
graminearum, leading to significant yield loss and mycotoxin contamination, with major
economic impacts on the malting and brewing industries. This study hypothesized that
variation in Fusarium-related issues during malting may be partially due to differences among
F. graminearum strains. Field trials conducted from 2019-2021 used barley cultivars with
varying levels of FHB resistance (Newdale and AAC Goldman) inoculated with seven F.
graminearum isolates. Disease severity, pathogen density, and deoxynivalenol (DON) content
were assessed across years, cultivars, and pathogen strains. Results showed that pathogen
strain identity significantly influenced £ graminearum density and DON levels in barley and

malt, with Newdale showing higher susceptibility than AAC Goldman.

The study also focused on the role of the hydrophobin protein HYDS from F. graminearum, a
surface-active protein associated with fungal pathogenesis and beer gushing. Using a
CRISPR-Cas9 system, a AHyd5 knockout strain of F. graminearum was generated. The
knockout strain showed no significant effect on visual disease severity but resulted in reduced
gushing in F. graminearum infected malt. Hyd5 gene expression was elevated during steeping
and germination stages of malting, suggesting production of the protein during these phases.
Purified HYDS protein from F. graminearum was sufficient to induce beer gushing,
highlighting its potential role in this malting defect. Sequence analysis of HYDS across
Fusarium species revealed interspecies variability, although no intraspecies variation was
observed. The findings suggest that managing Fusarium-related malting issues, including
beer gushing, requires a deeper understanding of the role of hydrophobins like HYDS across

F. graminearum strains and other Fusarium species that are active in malting environments.
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1. GENERAL INTRODUCTION

Fusarium head blight (FHB) is a devastating disease affecting cereals such as wheat and
barley, primarily caused by the fungus Fusarium graminearum. This pathogen not only
reduces grain yield and quality but also contaminates the grain with mycotoxins, notably
deoxynivalenol (DON), which pose serious risks to human and animal health (Bakker et al.,
2018; Fernando et al., 2021). FHB development is favored by warm, humid weather
following spike emergence, with optimal air temperatures between 16-30 °C promoting spore
germination (McMullen et al., 2012; Schoneberg et al., 2018). Symptoms of FHB include
premature bleaching of one or more spikelets in the barley head/spike, and affected seeds

may appear shriveled and discolored (Siou et al., 2014).

In barley, especially malting barley, the effects of F. graminearum are not confined to the
field. The malting process, which converts barley into malt for brewing, creates conditions
that encourage fungal growth and mycotoxin production. The malting provides an ideal
environment for fungal activity due to moderate temperatures, high humidity, and readily
available nutrients (Mastanjevi¢ et al., 2018, 2019). As a result, F. graminearum can
negatively affect malt quality by accumulating DON and potentially causing beer gushing, a
phenomenon where beer foams excessively upon opening (Janssen et al., 2018). Beer gushing
is linked to hydrophobins, small proteins produced by filamentous fungi including Fusarium
species. These proteins form hydrophobic layers on fungal surfaces and have been implicated
in gushing due to their role in carbon dioxide (COz) micelle formation, which leads to
excessive foaming (Sarlin et al., 2005). While all strains of F. graminearum can produce
hydrophobins, variability among strains in hydrophobin production and other virulence
factors, like the rate and timing of DON production, can lead to inconsistent effects on malt

quality and beer production (Linder et al., 2005; Sarlin et al., 2005).

Hydrophobins are characterized by their conserved eight-cysteine residues that form disulfide
bridges, stabilizing their structure (Bayry et al., 2012). These proteins play crucial roles in
fungal development, including sporulation, aerial hyphae formation, and surface adhesion,
particularly in interactions with plant and animal hosts (Valsecchi et al., 2018; Wessels,

2000).

The F. graminearum genome encodes multiple hydrophobin genes, with Hyd5 being
particularly significant in the context of barley-malting interactions. While HYDS does not

appear to affect fungal morphology or water-air interface penetration, it plays a role in the



hydrophobicity of fungal mycelia and is associated with beer gushing (Minenko et al., 2014).
During malting, Fusarium strains can produce hydrophobins in greater quantities, potentially
leading to beer gushing even in malt derived from visually healthy barley (Sarlin et al., 2007).
Thus, understanding the diversity of F. graminearum strains and their differential production
of hydrophobins is critical to managing both FHB in barley and its downstream impacts in

the malting and brewing industries.

Fusarium affects not only DON contamination in barley and malt and beer gushing but also
yeast behavior during the fermentation process. This issue is known as premature yeast
flocculation (PYF). PYF occurs when flocculation-competent yeast settles out of the
fermentation medium too early or heavily, leading to poorly attenuated wort and a final
product with undesirable flavors. This phenomenon is triggered by non-starch
polysaccharides released during the breakdown of malted barley husks due to £

graminearum contamination (Xie et al., 2022).

This thesis investigates the roles of F. graminearum strains, their hydrophobin production,
and their impacts on FHB disease progression and barley malt quality. By focusing on the
variability among strains in virulence factors such as DON and hydrophobins, this study aims
to provide insights into the broader implications of fungal diversity for agriculture and

brewing.



CHAPTER 1: LITERATURE REVIEW

1. Cultivated barley: Hordeum vulgare

Barley (Hordeum vulgare L.) is a cereal grain with a long history, having been among the
first crops domesticated around 10,000 years ago in the Middle East (Zohary et al., 2013).
Initially, barley was mainly consumed as food by humans, but over time its primary uses
have shifted towards animal feed, malting, and brewing. In recent years, approximately two-
thirds of the global barley production has been allocated for feed, one-third for malting, and
only about 2 % is directly consumed as food (Baik and Ullrich, 2008). Despite these trends,
barley remains an essential dietary staple in some cultures, particularly in regions of Asia and
northern Africa (Newman & Newman, 2006). Historically, barley has been valued for its
hearty flavor and high nutritional content, boasting more fiber, beta-glucan, and starch
granules than wheat and other cereal grains. Additionally, barley is rich in starch, minerals,
vitamins, and protein, making it an excellent food supplement (Huang, 2020; Sullivan et al.,
2013). The health benefits associated with barley consumption are one of its primary

advantages in various food products.

In addition to its use as food, barley plays a crucial role in brewing, serving as the main raw
material after water (Gupta et al., 2010). Its unique chemical composition and brewing
properties make it the preferred grain for malt production worldwide, significantly
influencing beer quality and the cost-effectiveness of the brewing process (Zhou, 2010).
While other grains like wheat, rye, oats, rice, and corn can also be used to produce malt,
barley remains the most favored due to its high content of carbohydrates, proteins, enzymes,
and flavor compounds, which contribute to the desired characteristics of beer (Gupta et al.,
2010). The protein content of barley affects the chemical makeup and enzyme activity of the
resulting malt. Because of its extensive use in the beer industry, barley has gained
prominence as an industrial crop, attracting interest from entrepreneurs, farmers, and

researchers alike (Narwal et al., 2017).

2. Fusarium head blight (FHB)

FHB is a destructive fungal disease in cereal crops and corn caused primarily by F.
graminearum. In 1884, the disease was first described in England, where it was considered a
major threat to wheat and barley crops during the early years of the twentieth century (Smith,
1885). The pathogen can overwinter as spores or mycelium on infected plant residues, and
within infected seeds (Hofgaard et al., 2016). Pathogen need warm, humid weather at the

flowering time of the crop combined with air temperatures between 16-30 °C to promote



spore germination (Czembor et al., 2015). Spores can also overwinter in infected seeds,

potentially impacting seedling vigor and survival (Okungbowa & Shittu, 2014).

The fungus produces asexual spores (macroconidia) on infected residues, which can be
dispersed to plants and other plant debris by rain-splash, irrigation or wind (Leplat et al.,
2016). When conditions are warm, humid, and wet, bluish-black perithecia develop on the
surface of these residues and forcibly discharge sexual spores (ascospores) into the air
(Manstretta & Rossi, 2015). These ascospores are picked up by the wind and may travel great
distances in the air and have the potential to infect fields in the neighboring regions
(Maldonado-Ramirez et al., 2005; Schmale et al., 2006). Infection occurs when the
ascospores and/or macroconidia land on the susceptible parts of the host plant (Alisaac &
Mabhlein, 2023). Extruded anthers during barley flowering are the site of primary infection
(Alukumbura et al., 2022; Schroeder & Christensen, 1963). If the Fusarium infect the flowers
just after their extrusion, the fungus will colonize and kill the florets, with no kernel
development. Florets that are infected later with F. graminearum will produce diseased
kernels that are shrivelled and wilted in appearance (llgen et al., 2009).

FHB symptoms in barley begin with the premature bleaching of spikelets within the head of
the barley plant. During favourable weather, the fungus produces salmon-orange to pink
colored spores near the base of the spikelets or just beneath the glumes. The seeds in blighted

heads do not fill properly and appear shrivelled and bleached.

F. graminearum and other members of the F. graminearum species complex are the major
pathogens causing FHB in cereal crops, which can lead to yield losses and trichothecene
mycotoxins contaminations deoxynivalenol (DON), nivalenol (NIV), and several acetylated
derivatives (Nicolli et al., 2018).

3. The malting process

Malting is the process of converting or modifying barley into the main ingredient used in
brewing. Malting is a 5-7 day process that includes three main steps and begins with cleaning
the grains followed by steeping, germination, and kilning (Krstanovi¢ et al., 2021). During
the malting process, large and structurally complex compounds (starch, proteins, and nucleic
acids) in the barley are partially or fully degraded into simpler components (sugars, amino
acids, and nucleotides) by hydrolytic enzymes (Rani & Bhardwaj, 2021).

Adequate precleaning of barley is essential before they can enter the steep vessel, so that the

finished product contains the minimum amount of contaminants that may affect the beer



qualities and flavour. The barley that has been precleaned and is ready for malting is moved
into circular steel bins with a large capacity. The recommended warm storage of barley is 12-
15 °C at 12 % seed moisture content (Izydorczyk, 2004). The malting companies sometimes
deliberately store the barley for a few months because Fusarium will slowly decline in
vigour.

Malting starts with the steeping stage, in which the dried grains are imbibed in the necessary
amount of water to elevate the moisture level to around 42-47 % (P. Schwarz & Li, 2010).
Steeping consists of a series of immersions in water which takes up to 48 hours. Each wet
period is followed by a dry period during which the water is drained, and COz is removed
using fans. These conditions help the barley to develop normally and stimulate germination.
Once the steeping is complete, the grain should have reached sufficient moisture levels with a
high percentage of chitted kernels, i.e., showing a white-colored protrusion of the growing

cotyledon/rootlet emerging from the embryo of the grain (Rani & Bhardwaj, 2021).

Germination accelerates embryo development, manifested by the growth of the rootlets and
shoot length increments, which coincides with endosperm modifications. During germination,
the germinating grain bed is turned regularly to prevent rootlets from matting, allowing
adequate airflow and maintaining a loosely packed grain bed. Gemination is controlled by
aerobic and humid conditions at 16-20 °C for 3-6 days, depending on the process conditions
and starting materials (Kranz et al., 2015).

In kilning, the green malt (moist malted barley) is transferred to the kilning chamber, where it
develops the final desired character and flavor. Heated air is passed through the grain bed to
arrest germination. The Kilning process dries the grain down to 3-5 % moisture, and this
ensures the product's stability for storage, transportation, and maintaining the enzymatic
potential of the grain. Kilning is conducted in a stepwise manner with a gradual increase of
the temperature from 50 to 85 °C over a 21-hour period. Finally, the malt is cooled, and the
dried rootlets are removed before storage since the rootlets pick up moisture quickly (Neylon
et al., 2020).

4. Fusarium activity as a quality factor in malt production

In barley, Fusarium directly integrates into the grain in the barley head and extensively
degrades endosperm by penetrating and feeding on the available nutrients (Lewandowski et
al., 2006). After harvest, barley is stored for some time before malting, but Fusarium may

still develop further during this storage time. Although the conditions in grain storage



facilities are not conducive to the development of fungi, the fungi primarily associated with
the grains harvested from the field may continue growing during storage. Such growth during
storage would only occur under improper storage conditions, such as if the moisture content
is too high (Bokulich & Bamforth, 2013). For most end uses of cereal grains, impacts of
Fusarium or other pathogens are primarily associated with fungal activity in the field, as
drying and proper storage largely halt fungal activity in the harvested grain. However, the
malting industry faces unique challenges with Fusarium that are not experienced in other
industries because the malting process itself creates conditions that favour new fungal
growth. Thus, Fusarium infections in barley are the most important pathogens in the malting
and brewing industries because they can proliferate during the malting process (Mastanjevié
etal., 2018).

Fungi exposed to favourable process conditions (readily available nutrients, exposure to
lower temperatures, good aeration, high air humidity, emergence in water and overall high
grain moisture during germination) will enhance their growth and the synthesis of secondary
metabolites. High moisture content in steeped grain combined with lower temperatures
enables fungal spores to germinate and start mycelial growth. The low moisture level in
kilning, together with high temperatures for the fungi, appears to have a profound effect on
reducing mycelial growth. Fusarium proliferation during malting is mainly caused by the
grain's initial infection and the grain's nutritive characteristics (Bakker et al., 2024; Sarlin et
al., 2005). The infection in malts can also be spread through transportation. Schwarz et al.,
(2001) described that visual evidence of Fusarium spp. infection can be observed during the
malting process, particularly through the steeping and germination phases. White, aerial
fungal mycelium develops during severe infections, giving the grain a fluffy, hairy look. The
most intense mycelium growth can be seen in the germ itself and can result in its death.
Because of that, heavily infected grains lose their ability to germinate. In general, pronounced
effects on a reduction of thousand kernel weight, a reduction in test weight, increased grain
moisture content, and an increase in soluble protein content and soluble nitrogen content were
reported in Fusarium infected kernels (Schwarz et al., 2002). Fusarium infection can also
change the color, viscosity, soluble nitrogen, free amino nitrogen, beta-glucan level and pH
value in malt and wort. Further, the infected malt can affect other quality parameters as well
such as germinative capacity (the percentage of seeds that would normally germinate under

optimal conditions), endosperm protein and starch degradation (Mastanjevi¢ et al., 2018).



4.1 Fusarium traits related to malt quality parameters: Aggressiveness

Spreading of the mycelium within the barley head is likely to be a major component of F.
graminearum aggressiveness (Miedaner et al., 2001). The aggressiveness of a pathogen is a
quantitative measurement of a disease induced by the pathogenic isolate on the susceptible
host. It is the most important fungal trait affecting FHB disease invasion and stability of
barley resistance. Aggressiveness can be measured through various quantitative traits, also
called aggressive components expressed during the host-pathogen interaction. These traits are
infection efficiency, lesion size, lesion cover, necrosis, spore production rate and percent
disease index (Sultana et al., 2018). However, the pathogen aggressiveness is usually
evaluated by measuring the disease severity, a combined variable resulting from the
integrated effect of infection efficiency. Infection efficiency is defined as the probability of
an individual spore deposited on a receptive host surface, while disease severity is measured

as a proportion of diseased spikelets per spike (Pariaud et al., 2009).

The aggressiveness of different strains may vary for a given species, with the more
aggressive ones affecting barley plants faster and more intensively. Several reports have
underlined the variation for aggressiveness in FHB causal agents. However, the physiological
factors leading to different virulence levels among FHB isolates are still unclear, although the
synthesis and secretion of cell walls degrading enzymes and mycotoxins production are
assumed to play an important role (Dusabenyagasani et al., 1999).

Variations in aggressiveness have been identified among F. graminearum strains sampled
from various parts of the world, within a country or state and even within populations from
individual fields (Carter et al., 2002; Malbran et al., 2012). However, most of the work
regarding the aggressiveness of F. graminearum isolates was conducted under greenhouse
conditions. Thus, the information about the aggressiveness of the F. graminearum strains
under field conditions is lacking. It is found that aggressiveness is not geographically
structured in a single location since fungal isolates with different levels of aggressiveness can
be found within the same population of F. graminearum (Mesterhazy et al., 2020). Overall,
the comparative aggressiveness of fungal isolates associated with FHB on barley is poorly
understood. More effective and accurate disease assessment methods are required to

successfully identify FHB pathogens' aggressiveness.



4.2 Deoxynivalenol and its derivatives

Severe FHB occurrence can be expected in warm and wet weather conditions during anthesis
(Gilbert & Tekauz, 2000). The disease not only reduces grain yield and quality but also limits
grain utilization due to contamination with mycotoxins. Mycotoxins are secondary
metabolites produced by fungi under certain conditions (Bills & Gloer, 2016). The most
frequently detected mycotoxin in cereal grains at very high concentrations is deoxynivalenol

(DON), a low molecular-weight inhibitor of protein synthesis (Sobrova et al., 2010).

DON is detected most frequently and at the highest concentrations in association with F.
graminearum and F. culmorum (Warth et al., 2012). Kernels can harbor Fusarium infection
without showing visible symptoms, leading to a hidden risk of DON contamination (Peiris et
al., 2010). Ingestion of contaminated grains or by-products is toxic to humans and animals
and can have severe long-term consequences, including immunosuppression, neurotoxicity,
and nutrient uptake alteration (Morooka et al., 1972). Thus, a maximum limit for DON in
food and feed has been recommended in many countries. The Codex Alimentarius
Commission has established maximum tolerable levels for DON. For cereal-based foods for
infants and young children, the limit is set at 0.2 ppm. For flour, meal, or flakes made from
wheat, maize, or barley, the maximum tolerable level is 1 ppm. For wheat, maize, and barley
intended for further processing—where additional treatments can reduce DON levels before
these grains are used in food products—the limit is set at 2 ppm (Chen et al., 2019).

DON can be degraded or detoxified into various derivatives by acetylation, oxidation, de-
epoxidation, or glycosylation (Maul et al., 2012; Sun & Wu, 2016; H. Zhang et al., 2016). In
addition to DON, derivatives like the acetylated forms 3-acetyl deoxynivalenol (3-ADON)
and 15-acetyl deoxynivalenol (15-ADON) are of particular importance and contribute to the
total DON-induced toxicity. Combinations of trichothecenes are often present in grain
samples, and 10-20 % of DON exists as mixture of 3-ADON and/or 15-ADON (Knutsen et
al., 2017; Pinton et al., 2012; Ran et al., 2013). However, to date, health authorities consider
DON and its acetylated derivatives to have different toxic effects. Pinton et al., (2012),
compared the intestinal toxicity of DON and its acetylated derivatives and observed the effect
of DON is different from the acetylated derivatives. DON derivatives have been considered
markers for detecting DON in cereal crops because DON shows a co-occurrence with its
derivatives (Boevre et al., 2015). Most 3-ADON and 15-ADON is de-acetylated into DON
during digestion by animals (Righetti et al., 2017). Therefore, 15-ADON and 3-ADON have

at least equal toxicity to animals compared to DON. The problem of these DON derivatives



has become of increasing concern for consumers and producers since their presence could
increase the total amount of toxins in food and feed (Castafares et al., 2014). Thus, the

acetylated forms of DON have attracted increasing attention.

5. Diversity of Fusarium graminearum populations in Canada

Fusarium graminearum is a widely distributed pathogen (Zeller et al., 2003). FHB pathogen
diversity studies have revealed two major genetic populations within the species F.
graminearum in the Upper Midwest of the US and the western and Maritime Provinces of
Canada. The dominant genetic population (NA1) consists largely of isolates with the 15-
ADON chemotype, prevalent in the eastern Canadian provinces of Québec and Ontario
(Kelly et al., 2016; Lofgren et al., 2018). In contrast, the second genetic population (NA2)
consisting of 3-ADON chemotypes may have been introduced into North America in the last
several decades. The frequency of NA2 was rare before 2004 and has rapidly increased in
parts of the midwestern US and western and Atlantic provinces of Canada (PARRY et al.,
1995).

Recently F. graminearum strain that produces a novel 7-hydroxy, 8-deoxy trichothecene
structure has been identified. This new trichothecene has been called NX-2, and the structure
of the molecule is identical to that of 3ADON except for the absence of a keto group at the 8-
carbon position (Varga et al., 2015). The NX-2 producing population of F. graminearum is
exclusively found in the northern US and southern Canada, where they are observed at low
frequency (<3 %). These results indicate that F. graminearum population dynamics in North
America have been influenced by a complex selective landscape (Zhang et al., 2007) and
populations may be differentially adapted across the continental scale. Unfortunately, the
literature has not yet explored the genetic variation in F. graminearum populations that could

contribute to phenotypic divergence in FHB pathogens.

Trichothecenes are considered virulence factors in wheat (Zhang et al., 2012), and chemotype
differences may contribute to the invasion of NA2/3ADON isolates in some regions.
However, NA2 isolates can also deposit more toxins in grain, grow faster and spread rapidly
than NAL isolates on wheat (Lee et al., 2001), indicating that other fitness traits may be
involved in pathogen adaptive shifts. Before 2000, 15-ADON producers were dominant in
Canada, while they have been gradually replaced by the 3-ADON producers in some major
wheat-growing regions. For example, 3-ADON genotype frequency in western Canada has
been increased by more than 14-fold between 1998 and 2004 (Ward et al., 2008). An analysis



of the trichothecene genotypes of F. graminearum collected from winter wheat fields in the
eastern US revealed an increasing prevalence of the 3-ADON genotype, with a gradient
moving from the southern regions toward the northeastern US and closer to Canada (Foroud
etal., 2012).

While three populations produce different trichothecene chemotypes, in planta the
trichothecenes are predominantly found in their deacetylated form. Both 3ADON and
15ADON are converted to DON, and NX-2 is converted to 3,7,15-trihydroxy-12,13-
epoxytrichothec-9-ene (NX-3) (Woelflingseder et al., 2020).

6. Techniques for detecting Fusarium

There is an increased incidence of FHB in barley due to climate change threatening food
safety and encouraging the movement of various pathogens into new geographic regions.
Thus, the risk of quality problems associated with Fusarium infections in the malting and
brewing industry present a continual challenge. Germinative capacity of infected barley
samples can be significantly lowered by Fusarium infection depending on the barley variety,

the crop year, and the Fusarium species (Gilbert & Tekauz, 2000).

Effective tools for detecting Fusarium contamination in barley and malt are essential for
addressing these challenges. They allow for early identification, accurate mycotoxin level
assessment, and mitigation of risks affecting both the malting and brewing industries as well
as consumer health. To this end, several analytical methods are available; however, the most
used method is the visual assessment to screen cereal batches for fungal infection, as it
assumes a direct connection between symptoms (if they can be observed) and the potential
fungal contaminants. The exceedance of a defined limit of Fusarium infected/red kernels
(usually five to seven kernels in a 200 g sub-sample) stops further processing and can lead to
price reductions or the rejection of the entire batch/shipment of barley (Linkmeyer et al.,
2016). Visible symptoms provide low predictability for Fusarium contamination, but a
significant correlation has been observed between the number of red kernels and fungal

deoxyribonucleic acid (DNA) contents in severe infections (Goral et al., 2019).

The occurrence of Fusarium can be analyzed by nucleic acid-based or immunological
methods. Fusarium contamination has been quantified in barley using enzyme linked
immuno sorbent assay (ELISA) or latex agglutination technology based on detecting
extracellular polysaccharides released in the substrate. This was known to be a sensitive and

selective method for determining the Fusarium infection on either single kernels or larger
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samples of barley at harvest and during malting (Vaag, 2023). However, ELISA is much
slower than the latex agglutination method. Further, immunoassays can also be used to detect

mycotoxin produced on barley and occurring in malt and beer (Ramakrishna et al., 1990).

7. Fusarium hydrophobins as predictors of beer gushing

Beer is one of the most popular and widely consumed alcoholic drinks worldwide. It contains
essential nutrients like carbohydrates, amino acids, minerals, vitamins, and polyphenols
(Bamforth, 2002). The main sensory characteristics that define beer quality and acceptance
are flavor, aroma and color. Among them, color plays the most significant role as it creates
the first impression, attraction and perception for the consumers. Traditional beer colors
range from pale straw, yellow, golden, copper, and amber to brown and black. In craft beers,
various brewing processes can influence the color, resulting in a wider range of hues (Ualema
etal., 2024).

One notable issue affecting beer quality is gushing. Gushing is the spontaneous overflowing
of beer from the package (usually a bottle) immediately upon opening (Virkajarvi et al.,
2017). There are two types of beer gushing (Haikara et al., 2001). Primary gushing is mainly
induced by fungal proteins, so-called gushing factors, which are present in malt or in other
cereal raw materials of beer. Secondary gushing, also called non-malt-related gushing, may
occur if beer contains haze, impurities from bottles, metal ions, calcium oxalate crystals,
cleaning agent residues or oversaturation with CO.. Although primary gushing has been
reported to be mainly caused by Fusarium fungi, some other genera such as Aspergillus,
Nigrosora, Penicillium and Stemphylium are also reported to induce gushing (Kleemola et al.,
2001). Beer gushing can cause significant economic losses to the brewer. Gushing affects the
beer quality and consequently causes financial problems for breweries. Providing constant
beer quality is one of the biggest challenges for the brewing industry. In addition to causing
massive economic losses to malting and brewing industries, beer gushing also makes
consumers reconsider the brand they are buying, and drives them away from the product,

giving the brewery a bad reputation.

While gushing-inducing factors produced by fungi have been studied for decades, none of
them have been fully characterized. Reports suggest that these factors are polypeptides or
peptide-containing substances. Studies indicated that low molecular mass (< 20 kDa) fungal
proteins called hydrophobins act as the factors promoting primary beer gushing (Sarlin et al.,
2005; Wosten & Wessels, 1997).
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7.1 What are hydrophobins?

Hydrophobins are highly surface-active, amphiphilic molecules produced by filamentous
fungi (Wessels, 1996). Hydrophobins show very little sequence conservation in general, apart
from the unique pattern of eight cysteines (Cys) residues implicated in the formation of four
disulfide bridges (Cys1-Cys6, Cys2—-Cys5, Cys3-Cys4, Cys7—Cys8). Hydrophobins are
unique to the fungal kingdom. Fungal genome analyses have indicated that hydrophobins
generally exist as small gene families with two to ten members, although certain species
contain more members; for example, Coprinus cinereus possesses 33 putative hydrophobins
(Littlejohn et al., 2012; Sunde et al., 2008). Based on hydropathy plots, solubility and the
type of layer they form, hydrophobins are divided into two classes: class I and Il (Wessels,
1997). Class | hydrophobins assemble into highly insoluble polymeric monolayers, often
forming fibrillar structures known as rodlets within fungal cell walls. The rodlets are
extremely stable, can only be solubilized with harsh acid treatments, and the soluble forms
can polymerize back into rodlets under appropriate conditions. The monolayers formed by
class Il hydrophobins lack the fibrillar rodlet morphology and can be solubilized with organic
solvents and detergents (Bayry et al., 2012).

The hydrophobins can self-assemble at water-air interfaces in response to the environment
and aggregate to form amphipathic membranes. By self-assembling at the water-air
interfaces, hydrophobins would allow fungi to escape the aqueous environment (Wosten &
De Vocht, 2000). This property enables hydrophobins to play a role in a broad range of fungal
growth and development (Wessels, 1997). Indeed, hydrophobins coat the surface of the
otherwise hydrophilic cell wall polysaccharides of spores, hyphae, and fruiting structures and
expose their hydrophobic layer to the outside, conferring water repellent properties to these
fungal surfaces (Wessels, 1997; Wasten et al., 1994, 1999).

The genome of F. graminearum contains five different genes encoding for hydrophobins,
named Hyd1-5. Hyd1-4 are predicted to belong to Class 1 hydrophobins, while Hyd5 seems
to be the only gene coding for a Class 11 hydrophobin (Sarlin, 2012a). Hyd2 is involved in
fungal growth, and Hyd3 is involved in attachment to hydrophobic surfaces (Quarantin et al.,
2019). Both of these hydrophobins are involved in the hyphal ability to penetrate through the
water-air interface and likely in adhesion of conidia to the surface of the plant spike, thus
contributing to F. graminearum virulence (Quarantin et al., 2019). Hyd5 does not affect
colony and hypha morphology and is not involved in the penetration of hyphae through the

water-air interface, but it does affect the hydrophobicity of aerial mycelia (Minenko et al.,
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2014). The Class Il hydrophobin HY D5 has been suggested as the causative agent for
gushing in beer (Sarlin, 2012b).

7.2 Beer gushing and Fusarium Hyd5

In beers and other carbonated liquids, HYD5 can aggregate around hydrophobic CO;
molecules. This aggregation leads to the formation of nanostructures that trap CO, within
them. Upon the release of pressure when opening a bottle of beer, these nanostructures act
like "nano bombs," rapidly releasing the trapped CO: in a sudden burst. This explosive
release of gas results in a phenomenon known as gushing, where the beer foams
uncontrollably and can overflow from the bottle. The presence and behavior of hydrophobins
are thus critical factors in determining a beer's susceptibility to gushing, as they can
significantly influence the stability and release of CO, within the liquid (Khalesi et al., 2015).
Fungal hydrophobins can induce the gushing of beer even at low concentrations (Sarlin et al.,
2005). The ability of hydrophobins to induce gushing varies, and this is assumed to be due to
differences in their structures resulting from variations in their amino acid sequences. The
overall low sequence conservation indicates that the Cys-residues are important for structural
reasons while the other residues can vary significantly to give specific properties for the
variants (Wessels, 2000). However, detailed physicochemical study of different hydrophobins
has been hindered by the difficulties of producing and purifying hydrophobins in sufficient
amounts (Khalesi et al., 2015). Thus, knowledge is limited on the variation in hydrophobins

among F. graminearum isolates.

7.3 Hydrophobins and host-pathogen interactions

Hydrophobins are recognized as pathogenicity factors, although their precise role in fungal
virulence is still not fully understood. In Magnaporthe grisea, the rice blast fungus, the
hydrophobin Mpgl is thought to act as a developmental sensor for appressorium formation,
aiding in the interaction with hydrophobic leaf surfaces required for pathogenicity. Deleting
the MPGL1 gene resulted in reduced virulence, while the deletion of another hydrophobin
gene, MHP1, led to a loss of viability and diminished capacity to infect and colonize
susceptible rice cultivars (Lau & Hamer, 1996; Talbot et al., 1996). Similarly, in Beauveria
bassiana, the non-specific hydrophobic interaction between the fungal spore coat
hydrophobin and the insect epicuticle is key in establishing fungal pathogenicity (Bayry et
al., 2012). Further evidence comes from Clonostachys rosea, where deletion mutants lacking
the class Il hydrophobin Hyd3 exhibited reduced colonization of Arabidopsis thaliana roots.

Interestingly, double mutants lacking both Hyd1 and Hyd3 showed enhanced root
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colonization compared to the wild type (Dubey MK et al., 2014). A similar pattern was
observed in Trichoderma virens, where the class 11 hydrophobin TvHydii influenced root
colonization of Solanum lycopersicum. Knockout or overexpression of TvHydii led to
decreased or increased root colonization, respectively (Guzman-Guzman et al., 2017). In F.
graminearum, deletion of Hyd2 and Hyd3, as well as the triple mutant Hyd2-3-4, resulted in
reduced virulence when using spray inoculation on wheat spikelets. This impairment in
virulence was attributed to the fungus reduced ability to overcome the water-air interface and
attach to the hydrophobic surfaces of the spike tissues (Quarantin et al., 2019).

7.4 Beer gushing prediction

The most effective way to prevent gushing is to use raw materials with no gushing potential.
Currently, it is common practice in the brewing industry to determine the gushing potential of
malt prior to its actual processing (Specker, 2014). A malt lot, which has been tested to have
a potential to induce gushing, will either be rejected by a brewery or is blended with gushing
negative malt in order to reduce the gushing potential. By blending, the concentration of
gushing inducing material, i.e. hydrophobin proteins, is thought to reach a level below a
critical limit. Sarlin et al., (2005) experimentally determined a minimum level of 250 ppm
hydrophobin in malt, above which malt show a positive gushing potential. However, the
critical level cannot be clearly defined in commercial malting contexts because of the

different gushing inducing capabilities of different hydrophobin proteins.

Counting of Fusarium infected kernels or determining mycotoxin levels as a marker for
Fusarium infection have been used as an indirect measure to determine the gushing inducing
potential of malt lots (Schwarz, 2017). However, estimating the gushing potential by
calculating fungal contamination of barley or malt proved insufficient. Also, determining
mycotoxins produced by fungi, which was linked to the fungal biomass only to a limited
extent, was used as predictive test for gushing occurrence. However, different levels of
mycotoxins are produced by different fungal species, and the production of the compounds
varies with factors such as environmental conditions, agricultural practise or cereal cultivar.
Therefore, also mycotoxin content of grain proved not to be a reliable predictor for gushing
(Schwarz et al., 1996).

There are a few gushing prediction methods developed for malt, wort, beer and other
beverages. The substances causing gushing are rarely identified, but the potential of raw

materials for gushing can be determined. Fusarium fungi are able to produce hydrophobins in
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the field during the growing period of barley, and during the malting process, especially
during the steeping and germination steps (Kulkarni et al., 2020). Hydrophobins survive
through the brewing process, ending up in the final beer, where they can induce gushing
when present in sufficiently high levels. The correlation between the hydrophobin level and
the gushing potential in beer suggests that a hydrophobin analysis could be used for
evaluating the risk of gushing in malt (Piacentini et al., 2021). The possibility of formation of
new hydrophobins during the malting process complicates using hydrophobin ELISA to
measure the gushing potential directly from fungal hydrophobins in barley. Detection of
hydrophobin coding genes from Fusarium in barley could be used as a more accurate
predictor, although numerous factors may influence the extent of Fusarium activity during
malting. Determining the presence of gushing-inducing factors (i.e., genes and or proteins)
improves the accuracy of gushing prediction. Therefore, analyzing malt for hydrophobins to
detect and exclude problematic batches offers a practical approach to reducing beer gushing
issues (Sarlin et al., 2005).

8. Genome editing in fungi

Genome editing technology is a flexible engineering tool for gene manipulation of
microorganisms, including fungi. Gene editing in fungi has evolved through several
technological advancements, each offering unique advantages and limitations. Early methods,
such as restriction enzymes enabled targeted DNA cleavage but lacked precision due to short
recognition sequences. More advanced tools, like zinc-finger nucleases and transcription
activator-like effector nucleases, improved specificity by recognizing longer DNA sequences
in the genome. While zinc-finger nucleases offered better precision, transcription activator-
like effector nucleases further enhanced target recognition and were easier to design (Gaj et
al., 2013). Additionally, RNA interference has been widely used for gene silencing, which
allows researchers to selectively silence specific genes by introducing small RNA molecules
(Leung and Whittaker, 2005). Despite these advancements, earlier methods often faced
challenges such as off-target effects, design complexity, and limited efficiency, paving the

way for more robust genome-editing technologies like CRISPR-Cas9.

8.1 CRISPR-Cas9 gene editing in Fusarium graminearum
CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 is an advanced tool
for targeted genome editing, originally discovered in bacteria as a defence mechanism against

viral infections (Ishino et al., 2018). This technology has become invaluable for studying F.
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graminearum. By using CRISPR-Cas9, researchers can precisely target and modify specific
genes within the F. graminearum genome, allowing for detailed investigation into the
biological functions and mechanisms of pathogenicity. This approach is particularly effective
for exploring genes involved in virulence, such as those responsible for the biosynthesis of
DON. The ability to induce targeted mutations, deletions, or insertions through CRISPR-Cas9
not only deepens our understanding of fungal biology and host-pathogen interactions but also
aids in developing new strategies for disease control and crop protection (Gosavi et al.,

2020).

CRISPR-Cas9 is a flexible genome editing tool applicable to a broad range of organisms,
including both prokaryotes and eukaryotes. It utilizes RNA (ribonucleic acid)-guided
nucleases to make precise changes to the genome, allowing for systematic exploration of
genetic elements and variations in various species. The Cas9 nuclease, key to this system, is
directed by small RNAs that pair with target DNA, enabling accurate and efficient edits. This
approach is ideal for high-throughput and multiplexed gene editing across diverse cell types
and organisms (Khanzadi & Khan, 2020).

8.2 Precise genome editing using Cas9 nuclease

Cas9 enables genome editing by introducing double-strand breaks (DSBs) at specific
locations in the genome (Rodgers & Mcvey, 2016). These breaks are repaired through one of
two main pathways: non-homologous end joining (NHEJ) or homology-directed repair
(HDR). NHE]J is an error-prone process that often results in insertions or deletions (indels),
making it useful for gene knockouts. Indels in coding regions can lead to frameshift
mutations and early stop codons, ultimately causing gene inactivation. Additionally, multiple

DSBs can be used to remove larger sections of the genome (Rodgers & Mcvey, 2016).

In contrast, HDR is a more accurate but less common repair pathway that relies on an
external repair template. This template can be double-stranded DNA with homology arms or
single-stranded DNA oligonucleotides, allowing for precise edits like single-nucleotide
changes. HDR, unlike NHEJ, typically occurs only in dividing cells, and its success depends
on various factors such as the cell type, genomic location, and the type of repair template

used (Yang et al., 2020).

8.3 Cas9 — an RNA-guided nuclease for genome editing
The CRISPR-Cas9 system, which originates from the microbial adaptive immune defense,
utilizes RNA-guided nucleases to cleave foreign genetic material. There are three primary
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types of CRISPR systems (I-111) found among different bacterial and archaeal species. Each
system is defined by a unique set of CRISPR-associated (Cas) genes, noncoding RNAs, and a
distinctive pattern of repeating sequences. These repeats are interspersed with short segments
of external DNA, known as protospacers, which together form the CRISPR RNA (crRNA)
array (Koonin & Makarova, 2019).

The type II CRISPR system, which is particularly well-studied, consists of the Cas9 nuclease,
a crRNA array that encodes guide RNAs, and a trans-activating crRNA (tractrRNA) that helps
process the crRNA into functional segments. Each crRNA segment carries a 20-nucleotide
guide sequence that directs Cas9 to its DNA target through Watson-Crick base pairing. In the
widely used CRISPR-Cas9 system derived from Streptococcus pyogenes, the target DNA
must be located directly upstream of a 5'-NGG Protospacer Adjacent Motif (PAM). To
simplify this system, crRNA and tracrRNA often merged into a single-guide RNA (sgRNA).
By modifying the 20-nucleotide guide sequence within the sgRNA, Cas9 can be directed to
nearly any target sequence adjacent to a PAM site, enabling highly accurate and versatile

genome editing (Chylinski et al., 2014).

8.4 Limitations of the Cas9 system

There are some limitations to using Cas9 for gene editing. Cas9 is directed to specific regions
of the genome by a 20-nucleotide sequence in the sgRNA. For effective targeting, a PAM
sequence must be present right after the 20-base-pair target sequence. Different Cas9 variants
have distinct PAM sequences; for example, SpCas9 requires a 5’-NGG PAM sequence.
Another option is the Cas9 homolog Cpfl, which targets AT-rich PAM sites. Cpfl recognizes

a TTN PAM sequence, making it suitable for editing genomes with low GC content.

Relying on commercially sourced CRISPR components like Cas9 enzymes and synthesized
guide RNAs can be costly. One way to cut these expenses is to produce purified Cas9 and
gRNA components directly in the lab (Al Abdallah et al., 2017).
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ABSTRACT

Fusarium head blight (FHB) is a devastating disease in barley, causing significant losses for
the malting and brewing industries. We hypothesized that the variation observed in Fusarium-
related issues during malting may be partially attributable to differences among Fusarium
graminearum strains. Field trials in 2019-2021 used barley cultivars with different FHB
resistance: Newdale (intermediate) and AAC Goldman (moderately resistant). Barley plants
were grown under disease-conducive conditions and plots were inoculated with conidial
suspensions of each of seven different F. graminearum monoclonal isolates plus a non-
inoculated control. Disease severity (as a percentage of symptomatic spikelets) differed
significantly among years (2020 > 2019 > 2021). Fusarium graminearum density in barley
varied significantly across years (2019 > 2021 > 2020). Pathogen strain identity and cultivar
(Newdale > AAC Goldman) had significant effects on F. graminearum density in barley. The
harvested barley was micromalted. The deoxynivalenol (DON) content in barley and malt
significantly differed among years and cultivars, with the highest levels in 2019 and in
Newdale. Pathogen strain identity significantly influenced DON content in barley and malt.
F. graminearum density in malt showed significant variation among years (2021 > 2019 >
2020) and was influenced by the pathogen strain identity, while cultivar did not significantly
affect F. graminearum density in malt. Gushing varied significantly across years but was not
affected by cultivar or pathogen strain identity and was independent of F. graminearum
density. My finding that F. graminearum strain identity altered impact in barley and malt may

explain variability of FHB impacts.
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1. INTRODUCTION

Fusarium head blight (FHB) is a significant disease in barley, primarily caused by Fusarium
graminearum. The pathogen infects the barley heads, reducing the grain yield and quality.
The FHB disease also leads to the contamination of grain with a dangerous mycotoxin,
deoxynivalenol (DON), that impacts human and animal health (Bakker et al., 2018; Fernando
etal., 2021). FHB development is favoured by warm humid weather following spike
emergence and air temperatures of 16-30 °C, which promote spore germination (McMullen et
al., 2012; Schoneberg et al., 2018). FHB symptoms include premature bleaching of one or
more spikelets within the barley head. The affected seeds in blighted heads exhibit poor
filling, appearing shrivelled, bleached, and brown in colour (Siou et al., 2014). It is important

to note that barley may have DON contamination even in the absence of visible symptoms

(Cowger et al., 2020).

For most end uses of cereal grains, the impacts of F. graminearum are primarily associated
with fungal activity in the field. However, the malting industry faces unique challenges with
FHB that are not experienced in other industries because the malting process creates
conditions that favour new fungal growth (Beccari et al., 2017). Malting is the process of
converting or modifying barley into malt, the main ingredient in brewing. It is a 5-7 day
process that includes three main steps: steeping, germination, and kilning (Krstanovi¢ et al.,
2021). The favourable conditions during malting, such as readily available nutrients,
moderate temperatures, good aeration, high humidity and overall high grain moisture during
germination support the growth of fungal mycelium and synthesis of secondary metabolites

(Mastanjevic et al., 2018, 2019).

Fusarium activity during malting has a negative impact on the quality of finished malt,
including via accumulation of the mycotoxin DON and potentially contributing to beer
gushing, affecting the overall quality and stability of the grain (Janssen et al., 2018).
However, it remains difficult to predict when malt quality defects related to Fusarium will
arise despite the knowledge of these effects. The unpredictable nature of Fusarium-related
issues in malting may stem from various factors, including the variability among strains of F.
graminearum and their differential impacts on malt quality (Mastanjevi¢ et al., 2018). Thus, it
is crucial to understand the impact of the intraspecific diversity of F. graminearum strains on
disease progression, including during the malting environment, to develop effective criteria
for grading barley or predicting final quality from microbiological assessment at the early

stages of malting (Liang et al., 2015). Fusarium species and strains within species possess a
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range of traits related to the above-mentioned malt quality issues. Aggressiveness, DON
production and hydrophobin production are some of the important fungal traits that affect
grain quality. Within F. graminearum, we would expect all strains to be able to cause disease
on barley and to be able to produce DON and hydrophobins. Still, the magnitude of these

processes probably differs among strains.

Variations in aggressiveness exist among F. graminearum strains worldwide (Walkowiak et
al., 2015), including different regions, countries, states (Xue et al., 2006) and even within
individual fields (Malbran et al., 2012). Fabre et al., (2019) found that the differences in F.
graminearum aggressiveness were not due to the presence of unique, strain-specific
molecules. Instead, they were based on the strain’s ability to produce these molecules in
sufficient quantities. The strain’s genetic makeup largely determined variation in protein
levels, with some influence from the host plant variety. F. graminearum and some related
species can also produce DON, which makes the barley unsuitable for malting and brewing
(Bertuzzi et al., 2018). DON is also identified as one of the indicators of the quality and
safety of barley used for malting (Salas et al., 1999). Gilbert et al., (2002) revealed a high

level of diversity in rates of DON production among F. graminearum isolates from Canada.

Fusarium species can also secrete hydrophobins, which are small (between 5 and 20 kDa)
surface-active proteins. These proteins serve in fungal growth, acting as structural
components and playing a role in how fungi interact with their environment. Hydrophobins
have implications for beer quality, especially in relation to beer gushing. Beer gushing is the
excessive and spontaneous over-foaming of beer when a container is first opened, where
manufacturing defects, such as excessive carbonation, are not to blame (Shokribousjein et al.,
2011). Hydrophobins have been identified as the main inducers of primary beer gushing
(Sarlin et al., 2005). They are typically known for their role in fungal growth as structural
components of the fungal cell wall, and for roles in the interaction of fungi with their
environment (e.g., impacting adherence to hydrophobic surfaces or altering the surface
tension of water) (Minenko et al., 2014; Quarantin et al., 2019). While all strains of F.
graminearum produce hydrophobins, the specific characteristics (e.g., amino acid sequence),
quantities, or timing of production of these hydrophobins could differ among strains, leading

to variations in their impact on beer gushing (Linder et al., 2005; Sarlin et al., 2005).

We hypothesized that the variability in Fusarium-related issues during malting may reflect

differences among Fusarium strains, because the identity of the Fusarium strains infecting
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barley differs among locations and over time (Oghenekaro et al., 2021; van der Lee et al.,
2015). There may be episodes of Fusarium-related issues during malting primarily when the
most damaging strains of F. graminearum are present. From 2019 to 2021, we conducted an
experiment where we produced barley of two different cultivars. Each cultivar was
individually infected with several strains of F. graminearum. The harvested barley was then
malted at a laboratory scale in order to study F. graminearum activity during malting, and

how the impact of F. graminearum infection differs among strains of the pathogen.
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2. MATERIALS AND METHODS

2.1 Inoculum preparation

The inoculum was prepared individually for each of seven different F. graminearum strains
that had been collected from various regions of Manitoba. Five of the strains (HSW-15-73,
HSW-15-19, HSW-15-95, HSW-15-40 and HSW-15-63) were obtained from the Henriquez
Spring Wheat (HSW) collection of Fusarium isolates at Agriculture and Agri-Food Canada,
Morden, Manitoba, and two of the strains (WRS1915 and WRS2065) were from Agriculture
and Agri-Food Canada, Brandon, Manitoba. To ensure that this set of isolates included
sufficient genetic diversity to result in measurable differences in the impact on malt quality,
the strains were selected from different trichothecene chemotypes, geographic origins, and

host plant species (Table 1).

Table 1 Fusarium graminearum strains used in this work.

Strain Chemotype  Crop isolated from Location of origin Reference
HSW-15-19 3-ADON Wheat Notre Dame, Manitoba Unpublished
HSW-15-40 15-ADON Wheat Killarney, Manitoba Unpublished
HSW-15-63 15-ADON Wheat Tourond, Manitoba Unpublished
HSW-15-73 3-ADON Wheat Arborg, Manitoba Unpublished
HSW-15-95 15-ADON Wheat St. Joseph, Manitoba Unpublished
WRS1915 15-ADON Barley Foxwarren, Manitoba (Tucker et al., 2019)
WRS2065 3-ADON Barley Selkirk, Manitoba (Tucker et al., 2019)

F. graminearum isolates were cultured on potato dextrose agar (PDA; Difco) for 3 days at 28
°C. Conidial suspensions were produced in mung bean broth, which was prepared by boiling
40 g of mung beans in distilled water for 20 min. The resulting broth was then passed through
a coffee filter to remove any solid particles and made up to a final volume of 1 L. The broth
was then autoclaved for 15 min at 121 °C. Each strain was inoculated to a 250 mL flask with
150 mL mung bean broth by transferring a mycelial disc from PDA. Flasks were incubated
with shaking (150 rpm) at 28 °C. After 1 week, the conidial suspensions were harvested and
filtered through sterile cheesecloth. The spore concentrations were determined by direct count
using a haemocytometer and adjusted in sterile water to a standard concentration of 7 x 10*

spores/mL.
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2.2 Field experiment

Two cultivars of hulled two-row spring malting barley were selected for their differential
patterns of resistance to FHB: Newdale is intermediate to FHB, while AAC Goldman is
moderately resistant to FHB (Legge et al., 2008, 2018). A field experiment was conducted
over three growing seasons (2019-2021) at the Agriculture and Agri-Food Canada, Brandon
Research and Development Centre. Plots consisted of a 5 m double row, with rows spaced 0.3
m apart, and were assigned using a randomized split block design with three blocks. Each
block contained eight plots (each of seven different F. graminearum strains, plus a non-
inoculated control). Plots were randomized within each block, and a new randomization was
performed each year. A guard row was planted around the perimeter of the experiment and
between blocks. Inoculum was applied with a backpack sprayer, after 75 % of the plots had
headed. Irrigation was used to promote successful pathogen establishment. Plots were
sprayed again 2 days following the initial application. After plots were sprayed, irrigation
using a sprinkler was supplied between 04:00-06:00 and 18:00-20:00 daily until onset of
maturity.

Plots were rated for Fusarium-damaged kernels 24 days after inoculation. Each plot recorded
the number of kernels per spike for two spikes, and the number of visually symptomatic
kernels was recorded for ten randomly selected spikes. FHB severity was calculated within

each plot as follows:

Mean number of symptomatic kernels )

Severity = ( 100

Mean number of kernels per spike

To minimize cross-contamination between samples at harvest, the plot combine was blown
out with compressed air prior to harvest, and the wind speed was turned up between plots.
Harvested barley was dried under low heat (30 °C) for several days, passed through an SLN

sample cleaner (Pfeuffer), and stored at ambient temperature in plastic tubs.

2.3 Micromalting

Barley infected with each F. graminearum strain was micromalted via a lab-based malting
procedure. In a sterile crystallizing dish (90 x 50 mm), 40 g of barley was mixed with 80 mL
of sterile Milli-Q water and incubated at room temperature for 16 h (1% steep). The first steep
water was drained completely, and the grain was allowed to sit for an 8-h air rest (1% air rest)
with the lid closed, and with a mixing of the grain halfway through the air rest period. The

grain was submerged with 40 mL of sterile Milli-Q water for 5 min (2™ steep) and drained
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completely. The dishes were left at room temperature for a 16-hour air rest (2™ air rest) with

the lids closed.

The dishes were moved to a 14 °C incubator for the germination phase. After 8 h of
incubation, the grain was submerged with sterile Milli-Q water for 5 min and drained
completely, simulating a spray watering of the grain during germination. The germination
phase continued for an additional 64 h, mixing and turning once daily. The grain was
transferred to an aluminium pan for kilning and put into a drying oven (Binder BD-720) at 70
°C for 20 h. After kilning, the kernels were rubbed against a screen to break off and discard
the rootlets. The cleaned kernels were collected as finished malt and were ground. The
ground malt was passed through a no. 10, 2.00 mm sieve and subsampled for the
measurements of DON content and F. graminearum density, and for testing of gushing

propensity.

2.4 Measuring DON content in barley and malt

The DON content of barley and malt was determined using the Veratox for DON 5/5 kit
(Neogen). This method uses a competitive direct ELISA of DON in cereal matrices. Ground
barley or malt (5 g) was mixed with water (25 mL) for 3 min. The extract was centrifuged for
10 min at 4500 g, and the clear extract was filtered with a filter syringe to collect the sample
filtrate and put it into a sample collection tube. The DON content in the samples were

measured according to the manufacturer’s guidelines.

2.5 Measuring Fusarium graminearum density in barley and malt

F. graminearum density was assessed by quantitative PCR (qPCR). According to the
manufacturer's directions, total DNA was extracted from 0.1 g of pulverized tissue using the
GeneJET Plant Genomic DNA Purification Mini Kit (Thermo Fisher Scientific). The purity
and concentration of DNA samples were measured via spectrophotometry (NanoDrop One,
Thermo Fisher Scientific). To avoid variable DNA extraction efficiency introducing biases
into estimates of F. graminearum density, pathogen density was expressed as a ratio of F.
graminearum gene copies to barley gene copies within each extract. For this purpose, the
abundance of the barley actin gene was measured using primers Hv.Actin forward (5'-
GTCTCCAGCTCCTGTTCATAAT-3"), Hv.Actin reverse (5'-
GAGAGGTTACTCCTTCACAACC3') and Hv.Actin.probe (5'-
TCCCTTACAATTTCCCGCTCAGCT-3"; 5' FAM, internal ZEN, 3’ lowaBlack). For the

amplification of F. graminearum DNA, the rDNA internal transcribed spacer (ITS) region
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was amplified using primers ITS2.Fusarium forward (5' AGCGTCATTTCAACCCTCAA-3'),
ITS2.Sambuc reverse (5'-TACTACGCTATGGAAGCTCGAC-3") and ITS2.gram.probe (5'-
AGCTG[+C][+A]GTCCTGCTGCACTC-3'; 5' FAM, 3’ lowaBlack; [+N] indicates a locked

nucleic acid). All the primers and probes were designed in this work.

Each 20 pL PCR reaction mixture consisted of PrimeTime Master mixture (Integrated DNA
Technologies), forward and reverse primers each at 0.5 uM, 1 ng/uL template DNA, probe at
0.23 uM and molecular biology-grade water. Thermocycling consisted of polymerase
activation at 95 °C for 3 min; 40 cycles of denaturation at 95 °C for 15 s and
annealing/extension at 60 °C for 1 min, using a QuantStudio 7 Pro Real-Time PCR System
(Thermo Fisher Scientific). The initial abundance of the template DNA is defined by the
formula No = (N1/2¢4), where Ny is the initial abundance of the target gene in the DNA
extract, Nt is the threshold amplicon abundance and Cj is the cycle number at which the
fluorescence signal crosses the fluorescence intensity threshold. Thus, the ratio of interest

was calculated as

N, .
Fusarlum denSlty — <M — Z(Cq_Barley_Cq_Fusarium)
N 0_Barley

2.6 Beer gushing

A modified Carlsberg method (Mastanjevic et al., 2017) was used to assess the gushing
potential of each experimental malt sample (Figure 1). The Canadian Malting Barley
Technical Centre, Winnipeg, MB, provided the beer for this assessment, which was all from a

single brewing batch.
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Figure 1: Modified Carlsberg method for assessment of the gushing propensity of malt.

Beer bottles were taken out of the fridge and equilibrated to room temperature. In a Waring
blender (200 mL), 20 g of whole malt was mixed with 80 mL of distilled water for 30 s. The
malt extract was centrifuged for 10 min at 4500 g at 25 °C and then the supernatant was
filtered through a fluted filter paper (12.5 cm; VWR Grade 413). For each sample, a beer
bottle was uncapped, and 50 mL of beer was removed into a 250 mL graduated cylinder
containing 30 mL of water (to facilitate measurement by reducing the beer foaming). An
equal volume (50 mL) of filtered malt extract was used to replace the beer that had been
removed. Using a bench bottle capper, the beer bottle was recapped with a new bottle cap.
The bottle was shaken horizontally with a movement parallel to the longitudinal direction of
the bottle (100 oscillations per minute; E6013 shaker, Eberbach Corporation) for 3 days at
room temperature, using a foam insert on the shaker table to hold the bottles in position. After
shaking, the bottle was stored for 1 h standing upright at room temperature. The weight of the
beer bottle was recorded. The bottle was placed in a laboratory tray, the bottle inverted three
times, and the cap removed using a bottle opener. The outside of the bottle was dried off with
a paper towel and the final weight of the bottle + cap was recorded. The extent of beer

gushing was measured by calculating the weight loss in grams.
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2.7 Statistical analysis

The statistical analyses were carried out using R v. 4.1.2 (R Core Team, 2021). We
constructed multivariable linear models to explore the relationships between experimental
factors and various measures of Fusarium damage including FHB severity in barley, F.
graminearum density in barley and malt, DON content in barley and in malt, and beer
gushing. Models are summarized in Table 2. The Tukey honestly significant difference
method was used for post hoc contrasts to determine significant differences between years,
barley cultivars or pathogen strains. The significance level for all statistical tests was set at p
< 0.05. We calculated Pearson correlations between different variables related to FHB. To
visualize the correlation matrix and to create graphics we used the packages ‘ggcorrplot’

(Kassambara & Kassambara, 2019) and ‘ggplot2’ (Wickham, 2011).
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3. RESULTS
3.1 FHB severity

Despite the somewhat controlled conditions (i.e., provision of inoculum and irrigation),
disease severity differed significantly among years (2020 > 2019 > 2021; analysis of variance
(ANOVA) with Tukey contrasts, p < 0.05). I attribute this to prevailing weather conditions,

such as 2021 being a drought year with above average temperatures and low precipitation.

In keeping with previously established ratings for the two barley cultivars, FHB severity was
significantly greater in Newdale than in AAC Goldman (p = 8.6 x 10™"%). There was a
significant Year x Cultivar interaction (Table 2); specifically, in 2019, FHB severity was
approximately three times greater in Newdale than in AAC Goldman (9.1 vs. 3.1), while in
2020 and 2021, severity differed less between the two cultivars (37.8 vs. 21.4 and 3.6 vs. 1.4,

respectively).

Pathogen strain identity was a significant predictor of FHB severity, but in post hoc contrasts,
none of the strains were found to produce significantly different FHB severities from each
other. Among years, the relative impact of different pathogen strains was also variable; for
example, in cultivar Newdale, the numerically highest FHB severities in 2019 and 2020 were
caused by F. graminearum HSW-15-63; however, in 2021, HSW-15-63 produced the lowest
FHB severity on Newdale among all seven F. graminearum strains that were tested (Figure
2).
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Figure 2: The severity of fusarium head blight in barley [(mean number of symptomatic
kernels/mean number of kernels per spike) X 100] for plots that were inoculated individually
with each of seven different F. graminearum strains, plus a non-inoculated control. Two
barley cultivars (denoted by colour) were tested across three growing seasons. Short red
horizontal lines indicate means for each barley cultivar per F. graminearum strain. No
significant differences were found among the strains.

3.2 Fusarium graminearum density in barley

There were significant differences in F. graminearum density observed across years, with the
highest density recorded in 2019, followed by 2021 and 2020 (ANOVA with Tukey contrasts;
p <0.05). The barley cultivar used had a significant effect on the F. graminearum density in
barley, with Newdale supporting higher levels than AAC Goldman (T-test; p = 3.5 x 1073),
which is consistent with their respective FHB resistance ratings. Again, the Year x Cultivar
interaction was significant (Table 2). In each of these years (2019, 2020, 2021), Newdale
consistently supported approximately two times higher Fusarium levels compared to AAC
Goldman. Specifically, in 2019, Newdale had a F. graminearum density (unitless ratio) of
74.3 while AAC Goldman had 36.5. In 2020, Newdale had 9.7, and AAC Goldman had 4.4.
Similarly, in 2021, Newdale exhibited a F. graminearum density of 22.1, while AAC
Goldman had 13.1.

There were significant differences among pathogen strains in the fungal density that was
attained in barley. The F. graminearum densities in barley infected with HSW-15-19, HSW-
15-40, HSW-15-63 and HSW-15-95 were significantly higher than in the non-inoculated
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control. Barley infected with HSW-15-40 exhibited significantly greater density of F.
graminearum compared to barley infected with WRS1915 (Figure 3).
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Figure 3: Fusarium graminearum density in barley (i.e., copies of F. graminearum 1TS2 per
copy of the barley gene for actin, in DNA extracts from pulverized whole kernels) that had
been inoculated individually with each of seven different /. graminearum strains, plus a non-
inoculated control. Two barley cultivars (denoted by colour) were tested across three growing
seasons. Short red horizontal lines indicate means for each barley cultivar per F.
graminearum strain. Above the panels, treatments that do not share a lowercase letter differ
significantly from each other (see Table 2 for details of statistical testing).

There was an apparent divergence between visual assessment of FHB severity in 2020
compared to the measured F. graminearum density in grain harvested at the end of that

growing season (Figure 4).
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Figure 4: Relationships between Fusarium density (i.e., copies of F. graminearum 1TS2 per
copy of the barley gene for actin, in DNA extracts from pulverized whole kernels) in barley
and fusarium head blight severity [(average number of symptomatic kernels/average number
of kernels per spike) X 100] in barley that had been inoculated with each of seven different F.
graminearum strains, plus a non-inoculated control across 2019-2021 growing seasons.
Shaded areas represent 95% confidence interval for the fitted line. Different colours represent
different years.

3.3 DON in barley

The mean DON content in barley was highest in 2019 (8.29 ppm), followed by 2021 (1.74
ppm), and lowest in 2020 (1.70 ppm). The differences in DON content between 2019 versus.
2020 and 2019 versus 2021 were statistically significant (ANOVA with Tukey contrasts; p <
0.05), but the difference in DON content between 2021 and 2020 was not statistically
significant (ANOVA with Tukey contrasts; p = 0.997). The barley cultivars showed
significant variation in DON content, with Newdale having higher levels than AAC Goldman
(p = 1.3 x 107'"); this was again consistent with the FHB resistance ratings of these cultivars.
There was a significant Year x Cultivar interaction term (Table 2); in 2019, DON content was

substantially greater in Newdale than in AAC Goldman (11.6 vs. 5.0 ppm). However, in 2020
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and 2021, the difference in DON content between the two cultivars was less pronounced,

with values of 2.3 versus 1.1 ppm and 2.3 versus 1.2 ppm, respectively.

The DON content was found to be significantly influenced by the strain of F. graminearum
used for inoculation. Barley infected with HSW-15-19, HSW-15-40, HSW-15-73 or HSW-15-
95 showed higher DON contents compared to the non-inoculated control treatment (ANOVA
with Tukey contrasts; p <0.05). The observed order of DON content in barley from highest to
lowest was as follows: HSW-15-19, HSW-15-40, HSW-15-73, HSW-15-95, HSW-15-63,
WRS2065, WRS1915, non-inoculated control (Figure 5).
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Figure 5: Deoxynivalenol (DON) content in barley (i.e., concentration in parts per million in
pulverized whole grain measured by ELISA) that had been inoculated individually with each
of seven different Fusarium graminearum strains, plus a non-inoculated control. Two barley
cultivars (denoted by colour) were tested across three growing seasons. Short red horizontal
lines indicate means for each barley cultivar per F. graminearum strain. Above the panels,
treatments that do not share a lowercase letter differ significantly from each other (see Table
2 for details of statistical testing).
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Even though the visual assessment of disease severity was comparatively higher in 2020,
there was no corresponding increase in DON content in 2020 barley. However, there was still
a significant relationship between DON content and FHB severity in 2020 (Figure 6; R =
0.41 to 0.61 among years).
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Figure 6: Relationship between DON content in barley and fusarium head blight severity in
barley that had been inoculated with each of seven different F. graminearum strains, plus a
non-inoculated control across 2019-2021 growing seasons. Shaded areas represent 95%
confidence interval for the fitted line. Different colours represent different years.

In a model that included year, barley cultivar and pathogen strain identity, the F.
graminearum density in barley was also a significant predictor of DON content in barley
(Table 2). In all three years, DON content was significantly and positively correlated with £
graminearum density in barley (Figure 7; R = 0.66 to 0.94 among years).
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Figure 7: Relationship between F. graminearum density in barley and deoxynivalenol (DON)
content in barley that had been inoculated with each of seven different F. graminearum
strains, plus a non-inoculated control across 2019-2021 growing seasons. F. graminearum
density is strongly positively correlated with DON content in barley. Shaded area represents
95% confidence interval for the fitted line. Different colours represent different years.

3.4 Fusarium graminearum density in malt

After additional opportunity for growth and activity during the malting process, there were
significant differences in F. graminearum density in malt among years, with significantly
lower densities in 2020 compared to 2019 and 2021 (ANOVA with Tukey contrasts; p <
0.05). Unlike other Fusarium-related variables, the barley cultivar did not significantly affect

F. graminearum density in malt (Table 2).

Furthermore, the density of F. graminearum in malt also exhibited significant variation
depending on the specific strain of F. graminearum that had infected the barley, although the
density of F. graminearum in malt was significantly higher than the control for only one

pathogen strain, HSW-15-40 (Figure 8).
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Figure 8: Fusarium graminearum density in malt (i.e., copies of F. graminearum ITS2 per
copy of the barley gene for actin, in DNA extracts from pulverized whole malted kernels)
produced from barley that had been inoculated individually with each of seven different F.
graminearum strains, plus a non-inoculated control. Two barley cultivars (denoted by colour)
were tested across three growing seasons. Short red horizontal lines indicate means for each
barley cultivar per F. graminearum strain. Above the panels, treatments that do not share a
lowercase letter differ significantly from each other (see Table 2 for details of statistical
testing).

3.5 DON in malt

Significantly higher concentrations of DON in malt were observed in 2019 than in 2020 or
2021 (ANOVA with Tukey contrasts; p < 0.05), mirroring what was found for DON
concentration in barley. The DON content in malt was also significantly different among
barley cultivars, with malted Newdale having higher levels than malted AAC Goldman (p =
5.1 x 1077). There was a significant Year x Cultivar interaction (Table 2); in 2019, DON
content was approximately three times greater in Newdale than in AAC Goldman (3.8 vs. 1.4
ppm). In 2020 Newdale exhibited DON content about two times higher than in AAC
Goldman (1.4 vs. 0.7 ppm). However, in 2021, the difference in DON content between the

two cultivars was less pronounced, with values of 1.4 versus 0.9 ppm, respectively.
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Moreover, the level of DON in malt varied significantly depending on the specific strain of F.
graminearum that infected the barley, with several pathogen strains producing concentrations
of DON in the malt that were significantly greater than in the non-inoculated control (Figure
9). The DON content in malt infected with HSW-15-19 (3-ADON), HSW-15-40 (15-ADON)
or HSW-15-73 (3-ADON) was significantly higher compared to the control, with the order of
DON content in malt, ranked from highest to lowest, being HSW-15-19, HSW-15-40 and
HSW-15-73. In a model that included year, barley cultivar and F. graminearum density in
barley, pathogen strain identity was also a significant predictor of DON content in malt (Table

2).
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Figure 9: Deoxynivalenol (DON) content in malt (i.e., concentration in parts per million in
pulverized malt, measured by ELISA) produced from barley that had been inoculated
individually with each of seven different Fusarium graminearum strains, plus a non-
inoculated control. Two barley cultivars (denoted by colour) were tested across three growing
seasons. Short red horizontal lines indicate means for each barley cultivar per F.
graminearum strain. Above the panels, treatments that do not share a lowercase letter differ
significantly from each other (see Table 2 for details of statistical testing).
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3.6 Fusarium graminearum density in malt versus DON in malt

F. graminearum density in malt was significantly correlated with the DON content in malt
across all three years (Figure 10). A strong correlation was found in 2019 (R = 0.62), while
the correlation was weaker in 2020 and 2021 (R = 0.45 and 0.44, respectively). This shows
that there is a correlation between the levels of Fusarium and DON content in malt, although
it may vary in strength between different years. In 2021, I observed a notably flat slope for
this relationship compared to 2019 and 2020.
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Figure 10: Relationships between Fusarium graminearum density and deoxynivalenol
(DON) content in malt produced from barley that had been inoculated individually with each
of seven different F. graminearum strains, plus a non-inoculated control. Shaded area
represents 95% confidence interval for the fitted line. Different colours represent different
years.

3.7 Beer gushing

Gushing was significantly different across years (2020 > 2019 > 2021; ANOVA with Tukey
contrasts; p < 0.05). However, no significant differences were observed in gushing between
the barley cultivars or among pathogen strains (Table 2). Inoculated barley did not produce

malt with greater gushing activity than my non-inoculated barley (Figure 11).
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Figure 11: Beer gushing potential of malt (i.e., grams lost per bottle because of over
foaming) produced from barley that had been inoculated individually with each of seven
different F. graminearum strains, plus a non-inoculated control. Two barley cultivars (denoted
by colour) were tested across three growing seasons. Short red horizontal lines indicate
means for each barley cultivar per F. graminearum strain.
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Table 2 Summary of analysis of variance results (p values) exploring the relationships between experimental variables (row
headings) and various measures of Fusarium damage (column headings). Rows within each column indicate factors included
within the same statistical model.

FHB severity F. graminearum DON content in F. graminearum DON content Gushing
density in barley barley density in malt in malt propensity of malt

Yeal’ <20 X 10_16*** <20 X 10_16*** <20 X 10_16*** 32 X 10_7*** 14 X 10_8*** 29 X 10_4***
Barley cultivar 8.6 x 10—15*** 3.5 x 10—3** 1.3 % 10—11*** 2.4 x 10—1 5.1 x 10—7*** 6.2 x 10—1
Pathogen strain 2.4 x 10_2* 45 x 10_5*** 1.8 x 10_12*** 1.1 % 10_3** 4.1 x 10_9*** 8.8 x 10_2

Year x Cultivar 1.2 x 10—8*** 1.2 x 10—3** 9.2 x 10—4*** 7.5 x 10—1 1.8 x 10—2* 6.6 x 10—2

Year x Strain 7.2x1072 4.0 x 10 Hxx 5.3 x 107 % 1.2 x 107 2* 4.1 %107 2* 6.7x107!

F. graminearum 56 x 1072 N/A <2.0 x 107 [6%*= 2.8 x 10 4w 2.0 x 107 3** 9.0x 1071

density in barley

F. graminearum N/A N/A N/A N/A 5.5 x 10 4x*x 6.5 x 102

density in malt

Note. These damage measures encompass Fusarium head blight (FHB) severity (evaluated visually), F. graminearum density (measured via quantitative
PCR), deoxynivalenol (DON) content (measured via ELISA), and gushing potential (measured via Carlsberg test). Linear models for explaining measured
values of each dependent variable (i.e., each column) included all terms for which a p value is listed; rows with ‘N/A” represent variables that were not
included in the model for that dependent variable.

**%p <0.001, **p <0.01, *p <0.05
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3.8 Fusarium graminearum density in malt versus gushing
The statistical relationship between the F. graminearum density in malt and the extent of beer

gushing was negative in sign, but not statistically significant (Figure 12).
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Figure 12: F. graminearum density in malt was not significantly correlated with gushing.
Shaded areas represent 95 % confidence interval for the fitted line. Different colours
represent different years.

3.9 Effect of DON chemotype on fungal traits

The set of pathogen strains that was used here included both 15-ADON and 3-ADON
chemotypes. Across pathogen strains, chemotype did not play a significant role in
determining the disease severity, F. graminearum density in barley, DON content in barley or
F graminearum density in malt. However, chemotype was a significant factor when
analysing the DON content in malt (ANOVA with Tukey contrasts; p = 0.0027, with 15-
ADON strains producing lower DON content in malt than 3-ADON strains; mean of 1.5 and
2.2 ppm, respectively). Malt infected with 15-ADON strains also had a lower propensity for
gushing compared to malt infected with 3-ADON strains (ANOVA with Tukey contrasts; p =
0.041 mean gushing values of 15.6 for 15-ADON strains and 24.5 for 3-ADON strains).

Both F. graminearum density in barley and DON content in malt were strongly correlated
with DON content in barley. A moderately high-positive correlation was found between F.

graminearum density in barley and DON content in malt. Medium correlation was found in F
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graminearum density barley vs. F. graminearum density malt, F. graminearum density malt
vs. DON content in malt, FHB severity in barley vs. beer gushing. DON content in barley
demonstrated a low correlation with F. graminearum density in malt. There was a negative
correlation between FHB severity in barley and F. graminearum density in malt. Beer
gushing was not associated with any of the F. graminearum related issues except FHB
severity in barley. In contrast, FHB severity was only associated with F. graminearum density

in malt and beer gushing (Figure 13).
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Figure 13: Heatmap indicating the range of correlations among different variables related to
fusarium head blight disease, by a colour spectrum ranging from blue (negative correlation)
to red (positive correlation). Numbers within the boxes represent Pearson correlation
coefficients (R). Cells with ‘X’ show nonsignificant coefficients (p > 0.05).

4. DISCUSSION

This study was designed with the specific aim of investigating the activity of F. graminearum
on barley and during malting and understand how this pathogen's impact varies among
different strains. One key strength of this study was that I introduced different strains of F.

graminearum to barley plants in the field, rather than a , more straightforward approach of
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adding different pathogen strains superficially prior to the malting process; for example, my
approach incorporates the pattern of natural infection occurring within and underneath the
hull. Such infections will probably create a different interaction with the plant during malting
compared to a case where the inoculum consisted of freely dispersed macroconidia at the
malting stage. Inoculating in this way will make my results better reflect what happens in

industrial malting settings (Jin et al., 2021; Roy, 2021).

Different Fusarium species and strains may be prevalent in different geographic regions, and
their abundance can fluctuate from year to year due to various factors such as climatic
conditions, agricultural practices and pathogen evolution (Laurent et al., 2017). In my study, I
observed that none of the strains exhibited consistent trends in disease severity over the years.
For instance, in Newdale, the highest recorded FHB severities in 2019 and 2020 were
attributed to the F. graminearum strain HSW-15-63. However, in 2021, HSW-15-63 exhibited
the lowest FHB severity on Newdale compared to the other six F. graminearum strains tested.
Thus, while strains of F. graminearum do differ in their effects, these differences interact in

complex ways with environmental conditions or other features of the agricultural ecosystem.

At the same time, there were some indications in this study that visible disease symptoms
were influenced by more than just development of FHB due to my inoculated strains. In
particular, 2020 stood out for its substantially higher visual severity scores, without
corresponding increases in F. graminearum density. There appears to have been some
amplification of disease severity symptoms in 2020, perhaps due to a concurrent infection or
physiological condition. Indeed, high FHB ratings in the non-inoculated control for 2020
suggest natural infection by some other pathogen, which my qPCR assay for F. graminearum
would not have picked up and that would not have produced DON (thus contributing to poor
correlations between these variables and visual severity scores). Visual assessment relies on
symptoms, such as discolouration, shrivelling or fungal growth on the heads of infected
plants. However, as highlighted by Mesterhazy, (2020), this process can be challenging when
there are other diseases or symptoms present, such as net blotch and spot blotch, that may
resemble FHB symptoms. In the opposite direction, visual severity can also underestimate
Fusarium activity; late-stage Fusarium infections can lead to higher DON levels despite the

absence of visible kernel damage (Cowger et al., 2020).

DON is considered as a virulence factor in causing disease on wheat and barley (Zhang et al.,

2012). Studies have also observed variations in DON contamination levels across different
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geographic regions (Okorski et al., 2022). Additionally, some isolates may exhibit more toxin
deposition in grain, grow faster and spread rapidly on plants (Foroud et al., 2012; Lee et al.,
2001). My research revealed that isolates collected from barley showed lower DON
production than the isolates collected from wheat, which implies a lack of host specificity
(Harris et al., 2016). Isolates originating in wheat were very capable of causing disease in
barley. Notably, one strain of F. graminearum, HSW-15-40, achieved significantly higher
density and DON content in both barley and malt. However, in most cases, I did not find
significant differences in the impact among F. graminearum strains, suggesting that the
strains in my study may have similar pathogenicity and virulence capabilities under the

environmental conditions that were tested here.

After factoring in the year, barley cultivar and F. graminearum density in barley, the
significant influence of pathogen strain identity on DON content in malt indicates that
variations in DON production among F. graminearum strains cannot be solely attributed to
differences in growth extent. The comparably flat slope in 2021 when comparing F.
graminearum density in malt to DON content suggests that more Fusarium biomass was
required to produce the same amount of DON in 2021, while in 2019 and 2020, a given
amount of DON was made with relatively less biomass. Environmental alterations could have
affected the growth dynamics of the Fusarium fungi, influencing their ability to produce

DON efficiently. (Alouane et al., 2021; Laurent et al., 2017).

The persistent resistance differences between Newdale and AAC Goldman, throughout the
malting process, have significant implications for barley breeding programs and malt quality
control. Based on the relative performance of these two varieties, it appears that the
improvement of genetic resistance toward FHB in the field will provide continued benefits in
the malting environment. Selection for improved FHB resistance in AAC Goldman took
place only under field conditions, yet this study indicates that it has also lowered DON
accumulation under malting conditions. However, the more resistant cultivar did not support
lower F. graminearum density in malt than the less resistant cultivar. This may be explained
by F. graminearum growth in this environment being primarily based on the hull tissue,
which is senescent and unable to mount responsive defences (Jin et al., 2021). Another
possibility is that the resistance disparity between these cultivars is relatively low and can
easily be exceeded. If the growth of F. graminearum becomes excessively dominant in that
environment, the contrast in resistance may not be evident. Even in the aspects where the

cultivars do show distinctions, there might have been a more pronounced contrast between
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them under milder disease pressure, such as in production conditions with lower inoculum

availability and without supplemental overhead irrigation.

In my study, F. graminearum alone did not explain the occurrence of gushing in the malt
samples. This was surprising, as F. graminearum has been frequently suggested to play a role
in gushing. According to Virkajarvi et al., (2017), quantifying Fusarium sp. Given their role
as major gushing inducers, DNA in barley and malt through qPCR is a promising approach
for estimating the severity of Fusarium contamination. Similarly, Habschied et al., (2014)
Indicated that the infection of wheat by F. culmorum significantly affects and increases the
gushing potential in malt. However, other microbial or chemical factors may play a larger

role in causing gushing than F. graminearum density.

Gushing is attributed to the presence of excreted hydrophobins, or other less well-
characterized peptides (Sarlin, 2012b; Shokribousjein et al., 2011). Hydrophobin production
is common among filamentous fungi, so other fungi in my experiment may have contributed
to gushing, perhaps overwhelming or obscuring any role of F. graminearum in this process.
For example, fungi other than Fusarium may have proliferated with reduced competition in
my non inoculated control. If these fungi also produce hydrophobins, that might explain why
my inoculated barley did not produce malt with greater gushing activity than my non
inoculated barley. Previous research (Gyllang & Martinson, 1976; Kitabatake & Amaha,
1977) has suggested that gushing is probably caused by fungal growth at different stages of
the beer production chain, involving various fungal species such as Alternaria, Aspergillus,
Cladosporium, Fusarium, Penicillium, Rhizopus and Stemphylium. In my study, I examined
the correlation between gushing and visual disease severity, with the severity score possibly
indicating the presence of multiple fungi. The results indicated that there may be a link
between gushing and total fungal load, or between gushing and some fungus other than £

graminearum (Yin, 2021).

A helpful frame for interpreting the observed connections between F. graminearum and FHB-
related factors (Figure 13) is to consider which functions are solely attributable to F.
graminearum, and which functions or traits may result from the activities of a broader range
of fungi. For example, DON production in this system is very likely due entirely to the
activity of F. graminearum; 1 may expect, therefore, to see a high correlation between F.
graminearum abundance and DON concentration. In contrast, visible disease symptoms may

be caused by other species of Fusarium (including some that do not produce DON) or other
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fungal genera. Similarly, gushing may be induced by a wide range of fungi that, like F.
graminearum, produce hydrophobin proteins. Therefore, weaker correlations may be
expected between F. graminearum abundance, incidence or severity of disease symptoms, or

the magnitude of gushing.

Notwithstanding the irrigation that was applied to promote successful infection, yearly
variation in prevailing weather conditions probably impacted disease development in the
field. In 2019, there was a higher disease severity, primarily due to the prevalence of wet
weather at flowering, which was the primary factor driving the spread of FHB. The drier
growing conditions probably had a dominant role in reducing Fusarium infection in 2021,

which was less favourable for disease. (Environment and Climate Change Canada, 2022).

In conclusion, this study underscores the impact of FHB on barley and malt, with significant
variations observed in disease severity, F. graminearum density and DON content across
different years and barley cultivars. The infection caused by different F. graminearum strains
also played a crucial role in influencing these factors. The micromalting process had a limited
effect on DON accumulation in malt. Moreover, the variation in gushing across the years
highlights the complexity of factors influencing gushing in beer, with F. graminearum density
not being a good predictor of gushing occurrence in the malt samples tested. This study
emphasizes the complexity of FHB and its impact on barley and malt, calling for continued
efforts to better understand and address this economically significant disease in the malting

and brewing industry.
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CHAPTER 3: The role of HYDS protein in Fusarium-barley interactions
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ABSTRACT

Hydrophobins are specialized amphiphilic proteins in filamentous fungi, characterized by
conserved cysteine residues that stabilize their structure. They play crucial roles in fungal
growth, pathogenesis, and environmental interactions. This study focuses on the role of a
particular hydrophobin, HYDS, in Fusarium graminearum, a pathogen responsible for
fusarium head blight in cereals. It also examines the association of HYDS with an applied
industrial malting and brewing quality defect known as beer gushing. We utilized an in vitro
CRISPR-Cas9 system to create a AHyd5 knockout strain of F. graminearum. Experiments
with barley demonstrated that Hyd5 is expressed in planta growth on barley heads. The
AHyd5 knockout strain of F. graminearum showed no significant effect on visual disease
severity on barley heads that had been inoculated through spraying. Elevated Hyd5 gene
expression during the steeping and germination stages of malting suggested that HYDS is
produced during these phases. Compared to the wildtype pathogen strain, introduction of the
AHyd5 knockout strain to the malting environment resulted in reduced gushing, while
purified HYDS protein from F. graminearum (heterologously expressed in E. coli) was
sufficient to induce dramatic beer gushing. High-resolution melting analysis identified
genetic variants in the Hyd5 gene among F. graminearum strains, though no intraspecies
variation in the HYDS protein sequence was found. Interspecies comparisons revealed
significant variability in HYDS sequences across Fusarium species. Testing with F.
avenaceum, for which HYDS shares 80 % amino acid identity with the F. graminearum
version of the protein, demonstrated strong growth during malting and no significant
difference in gushing compared to F. graminearum infected malt. This study underscores the
role of HYDS in fungal pathogenesis and beer quality. It suggests that managing beer gushing
will require a deeper understanding of hydrophobin behavior, across Fusarium species and

perhaps across a broader range of fungi that are active in the malting environment.
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1. INTRODUCTION

Hydrophobins are small, amphiphilic proteins, found only in filamentous fungi (Wessels,
2000; Wosten, 2001). They are characterized by the presence of eight conserved cysteine
residues, which can form four disulfide bridges to stabilize the protein structure (Bayry et al.,
2012). Based on their solubility and sequence characteristics, hydrophobins can be classified
into two major classes: Class I and Class II (Linder et al., 2005; Sarlin et al., 2005). Class I
hydrophobins form amyloid-like rodlets that are integral components of cell walls. These
rodlets are extremely insoluble in water, organic solvents, and detergents, and can only be
solubilized using strong acids. In contrast, Class II hydrophobins form amphipathic
monolayers without the fibrillar rodlets and can be dissolved in aqueous organic solvents and
detergents (Wessels, 1997; Wosten, 2001). Some fungi produce only one class of
hydrophobin, while others may produce both, suggesting diverse functional roles (Askolin et
al., 2006; Jensen et al., 2010). Class I hydrophobins are usually associated with structural
integrity, while Class II hydrophobins are more involved in dynamic processes like host-

pathogen interactions or surface adhesion (Valsecchi et al., 2018).

Hydrophobins are expressed at different stages of the fungal life cycle, and appear to be
important during sporulation, fruiting body formation, and growth of vegetative hyphae
(Linder, 2009). Studies have shown that hydrophobins play an important role in fungal
pathogenesis where they act as virulence factors in enhancing fungal infection (Dubey MK et
al., 2014). Hydrophobins mediate the boundaries between hydrophilic and hydrophobic
microenvironments by altering the surface properties of fungal structures. Their amphiphilic
nature allows them to form hydrophobic layers on surfaces, which repel water and enable
fungi to transition from submerged to aerial conditions. This ability to modify surfaces helps
fungi adapt to various environments, facilitating processes such as spore dispersal, surface
attachment, and the formation of protective structures (Linder et al., 2005). They have also
been reported to be involved in the attachment of fungal structures and the emergence of

aerial hyphae from submerged conditions (Wosten & Wessels, 1997).

In addition to having a high concentration of hydrophobic amino acids, a key common
characteristic observed in hydrophobins is the presence of eight cysteine residues (Schuren &
Wessels, 1990a) that play a key role in protein structure via formation of disulfide bonds.
Apart from the conserved cysteines, hydrophobin amino acid sequences usually show a low
structural similarity level. For example, at the nucleotide level, the sequences of hydrophobin

genes are quite different; even among the three hydrophobin genes in Schizophyllum
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commune (Sc3, Sc4, Scl) there is only 45 % homology in their coding sequences. At the
amino acid level, allowing for some variations still shows about 39 % similarity and 41 %
identity. However, including proteins like RodA from Aspergillus nidulans and Eas from
Neurospora crassa reduces the similarity further to 11 % identity and 23 % similarity

(Schuren & Wessels, 1990b; Wessels, 1994).

By self-assembling at water-air interfaces, hydrophobins allow fungi to overcome the surface
tension of water and escape the aqueous environment (Szilvay et al., 2007; Wessels, 1996).
Hydrophobins coat the surface of the otherwise hydrophilic cell wall polysaccharides of
conidia, spores, hyphae, and fruiting structures, and expose their hydrophobic layer to the
outside, conferring water repellent properties. In fact, several null hydrophobin fungal
mutants show an easily wettable phenotype, indicating that hydrophobins confer surface
hydrophobicity to aerial hyphae and spores (Beckerman & Ebbole, 1996; Talbot et al., 1996;
Wosten, 2001).

The role of hydrophobins has been studied in various fungal pathogens of plants. In the rice
blast fungus, Magnaporthe grisea, the mpgl hydrophobin is crucial for efficient
conidiogenesis and pathogenicity on the host plant (Talbot et al., 1993), as well as for
attachment to the leaf surface (Talbot et al., 1996). The Ampgl mutant shows a reduced
ability to form appressoria, likely because its germ tubes cannot firmly attach to the
hydrophobic plant cuticle and properly sense surface features (Talbot et al., 1993). Another
hydrophobin in M. grisea, mhpl, is necessary for conidial development, viability, and surface
hydrophobicity. The Amhpl mutant demonstrates reduced appressorium formation, leading to

a significant decrease in pathogenicity (Kim et al., 2005).

The genome of the plant pathogen Fusarium graminearum, a hemi-biotrophic fungus causing
fusarium head blight (FHB) disease in cereals including barley, contains five genes encoding
for hydrophobins, named HydI-Hyd5 (Quarantin et al., 2019; Sarlin et al., 2012). All five
hydrophobins contain a secretion signal peptide and a conserved pattern of eight cysteines.
However, while Hyd1-Hyd4 are classified as class I hydrophobins, Hyd5 is distinct as it
belongs to class II. Hyd2 and Hyd3 have been suggested to play roles in fungal growth and
the attachment of fungal germlings to hydrophobic surfaces, respectively. Both genes are
essential for the ability of hyphae to penetrate through the water—air interface and for conidia
to adhere to the wheat spike surface. As a result, strains lacking these genes (AHyd?2 and

AHyd3) exhibited reduced virulence toward the host plant (Quarantin et al., 2019). A previous
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study that examined the role of F. graminearum Hyd5 gene, found that the HYDS protein did
not influence colony or hyphal morphology, or the penetration of hyphae through the water-
air interface, but did impact the hydrophobicity of aerial mycelia (Minenko et al., 2014).
However, these findings do not fully indicate whether HYDS is important for infection of the

plant or for virulence.

When the host plant supporting fungal growth is barley, there may be unique importance for
HYDS, due to activity during malting and impacts on downstream processes such as brewing.
HYDS has been identified as a possible causal factor for a quality defect known as gushing in
beer (Denschlag et al., 2013; Lutterschmid et al., 2011). Hydrophobin-induced gushing is
considered a beer quality problem but is largely outside of the brewer’s control as further
hydrophobin production is believed to take place during malting. Fungi in the genus
Fusarium can proliferate and produce hydrophobins during the malting process. For example,
one study found a higher amount of hydrophobins in malt compared to in the corresponding
raw barley (Sarlin et al., 2007). These hydrophobins can survive throughout the malting and
brewing processes and end up in the final beer (Laitila, 2007; Sarlin et al., 2007). The current
model for understanding gushing posits that under the pressurized, high-CO: conditions
present in bottled beer, hydrophobins aggregate around hydrophobic CO; micro-bubbles,
forming micelles; upon release of pressure when the container is opened, these micelles break
down, causing a sudden release of gaseous COx- that carries beer up and out of the container
(Sarlin, 2012a; Shokribousjein et al., 2011). The economic impacts of beer gushing, and the
difficulty that maltsters and brewers have in predicting gushing, motivate additional study
about hydrophobins produced by Fusarium. This study investigated the role of HYDS in

Fusarium-barley interactions and its association with beer gushing.

51



2. MATERIALS AND METHODS
2.1. Testing the role of HYDS during growth in planta and during malting

2.1.1 Targeted Hyd5 gene deletion in Fusarium graminearum using CRISPR-Cas9

To generate a AHyd5 knockout (KO) strain, I produced macroconidia of Fusarium
graminearum DAOMC 233423 in carboxymethyl cellulose broth (CMC, per L: 2.0 g CMC,
0.2 g KoHPOy4, 0.2 g MgSO4-7TH20, 0.1 g (NH4)2SO4). Cultures were incubated at 28 °C for 3
days with shaking at 180 rpm. Macroconidia were washed and resuspended to a concentration
of 1x108 spores/mL. For protoplasting, spores were incubated in yeast extract peptone
dextrose media until germ tubes formed. The mycelium was then treated with protoplasting
solution (500 mg Driselase, 200 mg of Yatalase, 200 mg Lysing enzyme L1412 from
Trichoderma harzianum dissolved in 20 mL of 1.2 M KCI). The mixture was incubated at 28
°C with shaking at 80 rpm for 30 minutes. After this initial incubation period, protoplast
formation was monitored every 10 minutes, continuing until approximately half of the
mycelium was digested and a sufficient number of protoplasts had formed, which typically
took around 20 additional minutes. Protoplasts were subsequently washed and resuspended in
STC buffer (1.2 M sorbitol, 10 mM Tris-HCI [pH 8.0], 50 mM CaCl,). I designed CRISPR
RNA sequences (crRNAs; see Table 3) for both 5' and 3' ends of the Hyd5 gene at locations
near the start and stop codons, to ensure effective knockout. A homologous repair template
(HRT), containing a hygromycin resistance cassette flanked by sequences matching the first
35 base pairs upstream of the 5' cut site and downstream of the 3' cut cite (referred to as 5'
HRT and 3' HRT sequences in Table 3) was amplified and used for homologous
recombination (Figure 14). Cas9 ribonucleoproteins (RNPs), which include crRNAs,
tractrRNA, and the Cas9 protein, were assembled in the lab using Alt-R CRISPR-Cas9
components from Integrated DNA Technologies to form Cas9-RNP complexes. Protoplasts
were mixed with Cas9-RNP complexes and the repair template, followed by transformation
using polyethylene glycol (PEG)-CaCl; buffer (60 % [wt/vol] PEG 4000, 50 mM CacCl,-H-O,
450 mM Tris-HCI, pH 7.5). Subsequently, the transformation solution was mixed with liquid
tryptone broth (TB3) medium (Per L: 3 g yeast extract, 3 g casamino acids, 200 g sucrose).
This mixture was incubated at 25 °C with shaking at 100 rpm for 20 hrs to facilitate the
regeneration of fungal cell walls. The following day, 300 pL of regenerated fungal protoplasts
were mixed with 20 mL of liquid TB3 medium containing 0.7 % low melting point agarose
and 100 mg/L hygromycin B. The mixture was then poured into sterile Petri dishes and

incubated at 28 °C for 5-6 days until resistant colonies appeared on the surface. The potential
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transformants were transferred to potato dextrose agar containing hygromycin at a final
concentration of 150 pg/mL. I confirmed the successful knockout of Hyd5 using Polymerase
Chain Reaction (PCR) with gene-specific primers (see primer sequences in Table 3).
Additionally, I verified the successful insertion of a single copy of the hygromycin gene using
quantitative PCR (qPCR). Here, I estimated the hygromycin copy number by comparing the
Cq value to that of a single-copy reference gene, 7ri6 (primer sequences listed in Table 3)
using the formula 2[C9-TRI6-Catiyely In 7 oraminearum, the transcriptional regulator 77i6 is
part of the trichothecene gene cluster and controls the expression of genes involved in the
biosynthesis of the secondary metabolite deoxynivalenol (Nasmith et al., 2011; Sharma et al.,
2022).

A) Hyd5 gene

10!
y o8
@0\ e
5' crRNA M\o\:’g‘)o 08
X0

5'HRT
(Homologous repair
template)

ATGGACTTGTGTGGACGGCGAGTTGTATAAATATAGAGGCGTTGTGACCGGAAATCACTTTTGAAATCCTCATTCACATCCTCAAAGCACATCCAATACAGTAATCTACATCTTTACTCTCCTAAACCAATC
Hyd5 gene

ACTCTATTCATCATGAAGTTCTCACTCGCCGCCGTTGCCC ~~/\- GCCTTTGGTATTGATGATTAATATAACTAACATCTCTTTAGCTTGACCAAGGCATCCTCTGCAATACCCCTACTGGTGTCCAGGAC

Hyd5 gene 3'crRNA

I

TAAAGTGTCACGAGTTTGTGACCTTGTATAATGCGAATACGATATTG GAATTGATTGATGGATTATATAAACCGGGTTCT

3'HRT

B) AHyd5 KO

5'HRT
Hygromycin B

ATGGACTTGTGTGGACGGCGAGTTGTATAAATATATCGACAGAAGATGATATTGAAGGAGCACTTTTTGGGCTTGGCTGGAGCTAGTGGAGGTCAACAATGAATGCCTATTT —~/ N\ ATTTCGATGATGCA
Hygromycin B

GCTTGGGCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGT
Hygromycin B

—

GGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAGTGGAATTGATTGATGGATTATATAAACCGGGTTCT

—

3'HRT

Figure 14: A schematic diagram illustrating the CRISPR-Cas9 Hyd5 gene deletion process in
Fusarium graminearum. A) The diagram shows the upstream and downstream regions of the
Hyd5 gene sequence. The protospacer sequences for the 5’ and 3’ crRNAs are indicated by
green arrows, while the protospacer adjacent motif sequences are highlighted in blue. The
homologous repair templates, targeting both the Hyd5 gene and the hygromycin B resistance
gene, are represented by grey arrows. The start and stop codons of the Hyd5 gene are marked
in red, and the gene itself is depicted by a yellow arrow. The blue arrow indicates the
insertion of the hygromycin B gene following the Cas9-induced double-strand break in the
Hyd5 gene. B) The blue arrow indicates the insertion of the hygromycin B gene following the
Cas9-induced double-strand break in the Hyd5 gene. The sequence in B) was verified by
Sanger sequencing.



2.1.2 In planta Hyd5 gene expression

A greenhouse experiment was conducted using two barley varieties (Newdale and AAC
Goldman) and three inoculation treatments (F. graminearum DAOMC 233423 [wild type;
WT], AHyd5 KO, or a non-inoculated water control). To prepare the planting medium, 100 g
of Osmocote 14-14-14 (N-P-K) fertilizer and 15 g of Micromax nutrients were mixed into 20
L of SUNSHINE potting mix, along with 5 L of perlite to enhance aeration and drainage. The
ingredients were thoroughly blended to ensure even nutrient distribution, and the soil was
pre-soaked before being filled into pots (6.68 cm square at top; 8.89 cm deep). One seed was
planted into a 2.5 cm deep hole in the center of each pot. Seedlings were transplanted after 7
days into 2.4 L pots, which had been lined with a double layer of paper towel and filled with

the same potting mixture. The plants were watered whenever the soil appeared dry.

Three growth stages were selected for assessment of Hyd5 gene expression: at heading, at
flowering, and eight days post-flowering. Upon reaching the designated growth stage, heads
were spray-inoculated (six sprays per head) with either the F. graminearum WT strain or the
AHyd5 KO strain, at a concentration of 1x10° macroconidia/mL. For the non-inoculated
control, heads were sprayed with sterile MilliQ water. After inoculation, heads were covered
with plastic bags for 48 hrs to maintain the humidity necessary for pathogen infection. Nine

replicates were conducted for each cultivar x time point x inoculation treatment.

At the grain-filling stage, disease severity was recorded as a percentage of symptomatic
spikelets ([number of symptomatic kernels per head/mean number of kernels per head] x
100). Heads were then harvested, wrapped in aluminum foil, flash-frozen in liquid nitrogen,
and stored at -80 °C until RNA extraction.

Gene expression analysis was conducted using RNA extracted from two spikelets (~100 mg)
taken from the middle of each barley head. Spikelets were separated with forceps, ground in

liquid nitrogen and mixed with 1.5 mL of TRIzol™

reagent (Thermo Fisher Scientific). After
incubation for 5 min, 0.5 mL of chloroform was added. The mixture was shaken, incubated
for 3 min, and centrifuged at 12,000 x g for 15 minutes at 4 °C. The aqueous phase was
transferred to a new tube, followed by adding 0.7 mL isopropanol and incubating at -20 °C
for 1 hour. The tubes were centrifuged at 12,000 x g for 10 min at 4 °C, the supernatant
discarded, and the RNA pellet washed twice with 1 mL of 75 % ethanol. The RNA pellet was

air-dried for 20 minutes, resuspended in 50 pL. RNase-free water, and incubated at 60 °C for
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15 minutes. The RNA quality was evaluated with the TapeStation System (Agilent), and only
samples with RNA integrity number above 5 were selected, to ensure that analyses were

based on high quality RNA. The samples were then stored at -80 °C until further use.

The Hyd5 gene expression was examined via Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR). Complementary DNA (cDNA) synthesis began with a digestion
reaction to remove potential contaminating genomic DNA, using the RNase-Free DNase kit
(Qiagen). Two PCR tubes were prepared for each sample: one for the reverse transcriptase
reaction and one for the no reverse transcriptase control. A 10 uL gDNA digestion reaction
mix was prepared on ice, consisting of 3 uL. Buffer RDD, 3 uL DNase I, and 4 pL template
RNA. The mixture was incubated at 30 °C for 10 minutes in a thermal cycler (BioRad T100),
then briefly centrifuged and placed on ice. cDNA was synthesized using the SuperScript™ IV
VILO Master Mix (Thermo Fisher Scientific) according to the manufacturer’s guidelines.
The quality and concentration of the cDNA were assessed using the TapeStation System
(Agilent). Due to low ¢cDNA concentration, pre-amplification was performed using the
SsoAdvanced™ PreAmp Supermix (BioRad) following the manufacturer’s guidelines,
targeting the Hyd5 gene of interest and the reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) with specific primers (primer sequences Table 3). Each 20 pL RT-
qPCR reaction mixture included PowerTrack™ SYBR Green Master Mix (Thermo Fisher
Scientific), forward and reverse primers at 0.5 uM each, 1.0 ng/uL template DNA, and
molecular biology grade water. Thermal cycling and fluorescence detection were performed
with the QuantStudio™ 7 Pro Real-Time PCR System (Thermo Fisher Scientific). The
thermal cycling protocol started with an initial hold at 95 °C for 2 minutes, followed by 40
cycles of denaturation at 95 °C for 15 seconds and annealing/extension at 60 °C for 1 minute.
A melt curve analysis was performed after completion of amplification. The expression level
of the Hyd5 gene was determined relative to the expression level of GAPDH as: 271C9- 143 -
Ca_GAPDH] Some samples were excluded due to the inability to confidently detect gene
expression of the housekeeping gene.

2.1.3 Hyd5 gene expression during malting

A malting procedure was run using grain of the variety Newdale. Barley seeds were
disinfested by exposure to dry heat 70 °C for 18 hrs (Gilbert et al., 2005). At steeping, 40 g of
barley was placed in a sterile crystallizing dish (90x50 mm) and mixed with 80 mL of a spore
suspension containing F. graminearum WT strain at a concentration of 1x10° spores/mL (n =

3 replicate malting dishes). Dishes were incubated at room temperature for 16 hrs. After
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draining, the grain underwent an 8-hour air rest with mixing halfway through. The grain was
then submerged in 40 mL of sterile MilliQ water for 5 minutes, drained, and left for another
16-hour air rest. The dishes were transferred to a 20 °C incubator for germination, where the
grain was sprayed with sterile MilliQ water after 8 hours and left for an additional 64 hours,
with daily mixing. The grain was then kilned at 70 °C for 20 hrs, cleaned of rootlets, and
ground to pass through a 2 mm sieve. The Hyd5 gene expression was examined at steeping,
germination, and final malt stages, via RT-qPCR. RNA extraction, cDNA synthesis, and PCR

from infected barley were performed following the abovementioned procedures.

2.1.4 Malting with the AHyd5 KO strain and assessment of gushing potential

Seeds of barley variety Newdale were disinfested with dry heat and a small-scale malting
procedure was carried out, as described above (n = 3 dishes per treatment). During the
steeping stage, inoculum of either F. graminearum WT strain or the AHyd5 KO strains was
added at a final concentration of 1x10* spores/mL, with sterile MilliQ water added for the
non-inoculated control treatment. The seeds were germinated at 14 °C for 3 days, followed by
kilning at 70 °C for 20 hours. Final ground malt was tested for gushing propensity through
the modified Carlsberg assay as described in Chapter 1 section 2.6 (Jayathissa et al., 2024).
Briefly, the bottles were shaken horizontally with a movement parallel to the longitudinal
direction of the bottle (100 oscillations per minute; E6013 shaker, Eberbach Corporation)
using a foam insert on the shaker table to hold the bottles in position. After shaking for 3 days
at room temperature, the bottles were allowed to stand upright at room temperature for 1

hour. Each bottle was weighed, inverted three times, opened, dried with a paper towel, and
then reweighed with the cap. The extent of beer gushing was measured by calculating the
weight loss in grams.

2.2. The role of pure HYDS protein in gushing

2.2.1 Heterologous expression and purification of hydrophobin HYDS protein

Dr. David Langelaan and Raymond He at Dalhousie University fully conducted the
heterologous expression and purification of the HYDS protein as part of a collaborative effort

for this project. Detailed methods are available in the appendices.
2.2.2 Beer gushing experiment for pure HYDS

Beer bottles (Heineken Original, 330 mL) were equilibrated to room temperature and
uncapped. In the first set of bottles, pure hydrophobin (HYDS from F. graminearum,
heterologously expressed) was added as 4 uL of stock solution in water (2.2375 mg/mL; final
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concentration 0.03 ppm), while the second set of bottles received 4 pL sterile water. All
bottles (n = 10 bottles per treatment) were then recapped (Midwest Homebrewing and
Winemaking Supplies) with new caps and processed through a modified Carlsberg assay as
described in Chapter 1 section 2.6 (Jayathissa et al., 2024).

2.3. Hydrophobins in Fusarium

2.3.1 Identification of intraspecific Hyd5 sequence variation in Fusarium graminearum

To identify whether strains of F. graminearum possess variants in the gene sequence of Hyd3,
I used High Resolution Melting (HRM) analysis of amplicons from Hyd5 exons to rapidly
screen a set of 189 F. graminearum strains that originated from Saskatchewan, Alberta and
Ontario (Oghenekaro et al., 2021). HRM analysis is a post-PCR method that can detect small
differences in melting curves as PCR products dissociate. This method is used to identify
variations in nucleic acid sequences (Tong & Giffard, 2012). Two primer sets (Table 3) were
designed to amplify portions of the F. graminearum Hyd5 gene, according to the guidelines
of the MeltDoctor™ HRM kit (Applied Biosystems). Each 20 uL reaction mixture consisted
of 10 uL of MeltDoctor™ master mixture, forward and reverse primers each at 0.5 uM, 1 pL
of 20 ng/uL genomic DNA, and 6.6 uLL molecular biology grade water. I performed PCR and
fluorescence imaging via the QuantStudio™ 7 Pro Real-Time PCR system (Thermo Fisher
Scientific). The thermal cycling protocol began with enzyme activation at 95 °C for 10
minutes, followed by 40 cycles of denaturation at 95 °C for 15 seconds, and
annealing/extension at 60 °C for 1 minute. HRM analysis was performed following the PCR
amplification, with temperature ramping from 60-95 °C, rising by 0.1 °C per second, with a
plate read at each increment.

2.3.2 Sanger sequencing of the Hyd5 gene

From the HRM results, a representative of each sequence variant was selected (represented
by strains GU2-1, GU2-4, SB1.2, SB3.2b, SC.5a, CT2.b3, SO01.1a, SW3.9, and SC.3;
Oghenekaro et al., 2021). For each of these representative strains, I produced a longer
amplicon for sequencing, using gene-specific primers designed in this work: Hyd5.f and
HydS5.r (primer sequences Table 3). Each 20 uL PCR reaction mixture consisted of KAPA
HiFi HotStart Library Amplification master mixture (Roche), forward and reverse primers
each at 0.5 uM, 1 ng/uL template DNA and molecular biology-grade water. PCR conditions
were as follows: initial denaturation at 95°C for 3 minutes, followed by 25 cycles of 98 °C
for 20 seconds, 62 °C for 15 seconds, and 72 °C for 15 minutes, with a final extension at 72

°C for 15 seconds. The PCR products were cleaned using the ChargeSwitch Pro PCR cleanup
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kit (Thermo Fisher Scientific) and quantified using spectrophotometry (NanoDrop One;
Thermo Fisher Scientific). The products were then analyzed on a FlashGel (Lonza).
Amplicons from strains SW3.9 and SC.3 were present as multiple bands. To isolate the
desired bands, gel extraction was performed using a 1% agarose gel and the Monarch DNA
Gel Extraction Kit (New England Biolabs). The PCR products were Sanger sequenced, and
sequences were manually trimmed and processed in CLC Genomics Workbench software to
obtain the corresponding amino acid sequences of the HYDS protein.

2.3.3 Interspecies variation in Fusarium hydrophobins

I obtained the DNA sequence of the Hyd5 ortholog from 23 different Fusarium species via
the National Center for Biotechnology Information, translated these sequences to protein
sequences and created a protein alignment using the CLC Genomics Workbench (Qiagen).
From these Fusarium species, I selected F. avenaceum to investigate whether its HYDS

protein could influence beer gushing when infecting malt, alongside F. graminearum.
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Table 3: Primers used in this study. All the primers and probes were designed in this work.

Experiment Primer name Sequence (5' to 3")
CRISPR RNA 5' crRNA GGCGAGTTGTATAAATACAG
sequences
3' ctRNA GTATAATGCGAATACGATAT
Homologous repair 5'HRT ATGGACTTGTGTGGACGGCGAGTTGT
template ATAAATACATCGACAGAAGATGATATT
GAAGGAGCACTTTTTGGGC
3'HRT AGAACTCGGTTTATATAATCCATCAAT
CAATTCCACTATTCCTTTGCCCTCGGA
CGAGTGCTGGGGCGTCGG
Hyd5 gene-specific FgHyd5 F1 TACAACAGGTTTCGAGGCTCCATTTAA
primers GCTGCGATATAGACCGGGATGGTAGGT
TTCAAAACGTCAACGG
FgHyd5 R1 TTACAAGGTACATGCATTTTGTGGGAT
CCGTAGATGGGCAAAACACACGGAGA
CAACCATCGCAAAACAC
TRI6 reference gene FgTRI6-5 GGCAAGACAAGGAAGGACAA
FgTRI6-3 CGATCCCTCGTCAACACTTATG
High Resolution FgHyd5.HRM.f1 CTTGGAGCCGTTGTCTCT
Melting analysis
FgHyd5.HRM.rl GTTTCCGCAGTCGAGGT
FgHyd5.HRM.{2 CTTCGTCTCCCACCGA
FgHyd5.HRM.r2 GAGGACACAGCAGCGA
Hyd5 gene expression Hyd5.GE.a.F GCTACTGATGTCTTGGGTGTT
analysis
Hyd5.GE.a.R ATGCCTTGGTCAAGGATGG
Fg.GAPDH.F ACCACCGTCCACTCCTACAC
Fg.GAPDH.R GGCGAACAGTCAAGTCAACA
Sanger sequencing of Hyd5.f CCTGGACACCAGTAGGGGTA
the Hyd5 gene
Hyd5.r CTTGGAGCCGTTGTCTCTG

Malting of Fusarium
infected barley

Hv.Actin Forward

Hv.Actin Reverse
FaEF F
FaEF R

GTCTCCAGCTCCTGTTCATAAT

GAGAGGTTACTCCTTCACAACC
CTGGGTTCTTGACAAGCTCA
CGGTGACATAGTAGCGAGGA
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2.4. Hydrophobins in Fusarium during malting and their connections to beer gushing
2.4.1 Malting of Fusarium infected barley

To infect malt with both F. graminearum (WT strain DAOMC 233423) and Fusarium
avenaceum (strain FaLH27), spores were produced in CMC broth as described above. Barley
seeds (varieties Newdale and AAC Goldman) were disinfested by exposure to dry heat 70 °C
for 18 hours (Gilbert et al., 2005). In a sterile crystallizing dish (90x50 mm), 40 g of barley
was mixed with 80 mL of a spore suspension (1x10° spores/mL) containing either <
graminearum or F. avenaceum (separately), or a non-inoculated control (sterile MilliQ water

added). Malting was done as in section 2.1.3.

Fusarium density was evaluated using qPCR. Total DNA was extracted from 0.1 g of ground
malt with a Fungi/Yeast Genomic DNA Isolation Kit (Norgen), following the manufacturer’s
instructions. DNA purity and concentration were determined spectrophotometrically
(NanoDrop One, Thermo Fisher Scientific). To avoid biases from variable DNA extraction
efficiency in estimating F. graminearum density, the pathogen density was calculated as the
ratio of F. graminearum gene copies to barley gene copies in each sample. The abundance of
the barley actin gene was quantified using the primers Hv.Actin Forward and Hv.Actin
Reverse (Table 3). For the amplification of F. graminearum DNA, the GAPDH region was
targeted using the primers Fg.GAPDH.F, and Fg. GAPDH.R. For F. avenaceum DNA, the
elongation factor 1-alpha region was amplified using the primers FaEF _F and FaEF R (Table
3). In non-inoculated control samples, F. graminearum and F. avenaceum densities were
quantified using the respective primers and designated as control 1 and control 2. Fusarium

density in malt was measured following the protocol outlined in (Jayathissa et al., 2024).

2.4.2 Beer gushing in Fusarium infected malt

To evaluate the gushing potential of malt samples contaminated with F. graminearum, F.
avenaceum, and control samples, I used the modified Carlsberg method as in Chapter 1
section 2.6 (Jayathissa et al., 2024). Beer was provided by the Canadian Malting Barley
Technical Centre, Winnipeg, MB, from a single brewing batch. Beer bottles were equilibrated
to room temperature. Twenty grams of ground malt was blended with 80 mL of sterile
distilled water, and then centrifuged for 10 minutes at 4,500 x g at 25 °C. The supernatant
was filtered through fluted filter paper. For each sample, 50 mL of beer was replaced with 50

mL of filtered malt extract in a bottle, which was recapped (Midwest Homebrewing and
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Winemaking Supplies). The modified Carlsberg assay proceeded as described above (n = 8

bottles per treatment).
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3. RESULTS

3.1 Deletion of Hyd5 in Fusarium graminearum

I used an in vitro assembled CRISPR-Cas9 system for achieving complete Hyd5 gene
deletion in F. graminearum. I employed dual gRNAs targeting both upstream and
downstream protospacer adjacent motif sites flanking the Hyd5 gene. This approach resulted
in efficient deletion of the Hyd5 gene, demonstrating the efficacy of in vitro-assembled dual
Cas9 ribonucleoprotein complexes with microhomology repair templates for precise genome
manipulation in F. graminearum. Among the 17 putative transformants that were recovered,
four strains were tested for the Hyd5 gene deletion and hygromycin gene insertion. All four
knockout strains (AHyd5 KO 1, AHyd5 KO 2, AHyd5 KO 11, AHyd5 KO 12) demonstrated
successful Hyd5 gene deletion, but estimated hygromycin resistance gene insertion copy
number varied (2, 1, 1, and 13 copies, respectively). Only AHyd5 KO 2 and AHyd5 KO 11
were retained and stored at -80 °C. The AHyd5 KO 11 strain was selected for all subsequent
applications in this study. The expected integration site was confirmed by Sanger sequencing

(Figure 14).

3.2 In planta Hyd5 gene expression

In this experiment, I tested whether loss of Hyd5 impacts virulence and examined the Hyd5
gene's expression in planta. Hyd5 gene expression was measured at different growth stages to

assess its potential relationship to visual disease severity.

Visual disease severity was not significantly explained by inoculation treatment, cultivar, or
growth stage (Table 4; Figures 15-17). When testing only the WT-inoculated treatment,
disease severity was impacted by an interaction between growth stage and Hyd5 gene
expression (p = 0.01), which may indicate that the importance of Hyd35 to disease

development may differ among plant growth stages.
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Figure 15: Fusarium head blight disease severity, expressed as the percentage of infected
spikelets, compared between two barley cultivars, AAC Goldman and Newdale, across
inoculation treatments. Error bars represent the standard deviations. See Table 4 for summary
of statistical testing.
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Figure 16: Fusarium head blight disease severity, expressed as the percentage of infected
spikelets, compared between inoculation at three different growth stages, across barley
cultivars. Error bars represent the standard deviations. See Table 4 for summary of statistical
testing.

64



[
@
Q
[}
E [ ]
S 40 -
@ ® ° °
=0 ° °
o O o o
G>J.f£ ° o .
o] ® e ©
mu—
(Do ® [ 1Y
W ®
T 5 . .
& @ 20- i
DC
@
e o
[4b]} ®
Qo ®
@© °, °
%) ®e
&8 .
0 - ot p-Pues e . BE—
e -
X =
tp]
o
-
T
Treatment

Figure 17: Fusarium head blight disease severity, expressed as the percentage of infected
spikelets, compared between three different inoculation treatments (F. graminearum DAOMC
233423 WT, AHyd5 KO, and a water control), across barley cultivars and inoculation time
points. See Table 4 for summary of statistical testing.

In explaining Hyd5 gene expression during growth on barley heads (see Table 4 for model),

the inoculation treatment factor (i.e., WT vs. AHyd5 KO strain vs. non-inoculated control)

was highly significant (Figure 18; p = 3.61x10).
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Figure 18: Hyd5 was expressed during in planta growth on barley (relative to the

housekeeping gene GAPDH). The experiment used two barley varieties (Newdale and AAC
Goldman) and three inoculation treatments (£ graminearum DAOMC 233423 WT, AHyd5
KO, and water control). Significant differences among treatments are indicated by different

lowercase letters. Error bars represent the standard deviation. See Table 4 for a summary of
statistical testing.

As expected, the mean Hyd5 gene expression for the WT treatment (1.42; a unitless ratio)
was significantly higher than for either the AHyd5 KO or the control treatments (Tukey
contrasts, p < 0.05), while there was no difference between the control and the AHyd5 KO

treatments.
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Figure 19: Expression of HydS5 (relative to the housekeeping gene GAPDH) was significantly
impacted by an interaction between inoculation treatment and plant growth stage. Error bars
represent the standard deviation. See Table 4 for a summary of statistical testing.

The inoculation treatment also interacted significantly with the plant growth stage (Figure 19;
p =0.031), indicating that differences in Hyd5 gene expression among inoculation treatments
were not consistent at every growth stage. Specifically, the WT treatment showed
significantly higher Hyd5 gene expression compared to both the AHyd5 KO and control
treatments when inoculated at heading or at flowering (p < 0.05), but not when inoculated at
the post-flowering growth stage. The interaction between cultivar and inoculation treatment
was also significant (p = 0.016), indicating that differences in Hyd5 gene expression among
inoculation treatments were not consistent across both barley cultivars. Post-hoc pairwise
comparisons revealed that Hyd5 gene expression was significantly higher for the WT
treatment than for either the AHyd5 KO or control treatments only on AAC Goldman but not
on the Newdale variety (Figure 20).
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Figure 20: Expression of Hyd5 (relative to the housekeeping gene GAPDH) was significantly
impacted by an interaction between cultivar and inoculation treatment. Significant
differences among treatments are shown by p-values, with "NS" indicating no significant
difference. Error bars represent the standard deviation. See Table 2 for a summary of
statistical testing.

3.3 Hyd5 gene expression increased significantly from steeping to germination during
malting
[ was able to detect expression of the F. graminearum Hyd5 gene during growth on barley

under malting-like conditions. Furthermore, there was a significant increase in the Hyd5 gene
expression between the steeping and germination stages (Figure 21; p = 0.03415). I was
unsuccessful in obtaining high quality RNA from the final malt stage, likely due to RNA
degradation caused by the higher temperatures used during kilning; I am not able, therefore,

to infer the extent of Hyd5 expression during late stages of the malting process.

68



0.05
——
0.04 -
o d
O
)
w0
o
o 0.034
<
)
2
q) [ ]
D .02 1
{p]
ke
=~
I
0.01 1
/1 = O
0.00 ' i ' |
(®)] =
£ o
D- e
2 2
G £
(]
(@)]

Malting stage

Figure 21: Expression of the F. graminearum Hyd5 gene was detected during growth on
barley under malting conditions. Expression of HydS5 (relative to the housekeeping gene
GAPDH) was observed to increase significantly between the steeping and germination stages
(T-test, p = 0.03415), as measured by quantitative PCR. Error bars represent the standard
deviation (n = 3).

3.4 Reduced beer gushing in malt infected with the AHyd5 KO strain

There was a trend toward reduced beer gushing from malt that had been infected with the
AHyd5 KO strain, compared to the WT strain. The water control (no malt extract added to the
beer bottle) exhibited minimal gushing (2.67 g lost per bottle). The non-inoculated control
and AHyd5 KO treated malt samples showed similar gushing levels (mean of 39.3 vs. 373 g
lost, respectively). In contrast, malt infested with the WT strain, which contained the
functional Hyd5 gene, produced the highest average gushing (64.7 g lost). This supports the
potential role of HYDS in promoting beer gushing, although in this experiment the difference
was not statistically significant (Figure 22; p = 0.621). The malt used here appears to have

had some gushing-inducing capacity, perhaps associated with fungal growth in the field.
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Figure 22: Malt infected with the WT strain, which has a functional Hyd5 gene, showed the
highest average beer gushing compared to the AHyd5 KO strain treatment (Tukey contrasts, p
=0.621). The x-axis represents different malt treatment conditions: water control, non-
inoculated control, AHyd5 KO strain, and WT strain. Error bars represent standard deviations
(n=3).

3.5 Purification and characterization of recombinant HYDS protein
The heterologous expression and purification of the HYDS protein were entirely conducted

by Dr. David Langelaan and Raymond He at Dalhousie University as part of a collaborative

effort for this project. The results are available in the appendices.

3.6 Pure HYDS induces severe gushing

The addition of purified HYDS protein to bottled beer produced severe gushing, which was
significantly greater than for water controls (Figure 23; T-test, p = 3.35x10°'"). Bottles with
hydrophobin added at a final concentration of 0.03 ppm showed 50 times more gushing

compared to the control (150 vs. 3 g lost, respectively).
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Figure 23: The addition of purified FgHYDS5 protein from F. graminearum to bottled beer
led to severe gushing, with significantly more beer lost compared to the water control (T-test,
p =3.35x10'"). Significant differences among treatments are indicated by different lowercase
letters. Error bars indicate the standard deviation (n = 10).

3.7 Strains of Fusarium graminearum display variation in Hyd5 gene sequence, but not

in HYDS protein sequence

High resolution melt analysis revealed multiple variants at the DNA level within the Hyd5
gene. Among the 189 F. graminearum strains tested, nine distinct sequence variants were
identified, represented by strains GU2-1, GU2-4, SB1.2, SB3.2b, SC.5a, CT2.b3, S01.1a,
SW3.9, and SC.3. However, Sanger sequencing revealed that all isolates exhibited an
identical amino acid sequence for HYDS. My HRM analysis was designed to avoid detecting
intronic variants, which do not affect protein sequences, but even so, all identified nucleotide
variants were silent mutations that translate to the same amino acid. Thus, no variations were
observed in HYDS at the protein level among the isolates studied (all strains matching

existing NCBI accession: XP_011317673.1).
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3.8 Species within the genus Fusarium display variations in HYDS protein

Among the 23 Fusarium species investigated, the HYDS protein sequence showed a high
degree of similarity to that of F. graminearum, with identities ranging from 75-100 %. This
indicates a conserved nature of the HYDS protein across different Fusarium species,
suggesting its potential functional importance within this genus. At the same time, differences
in protein sequence suggest that some Fusarium species may produce HYDS5 with greater or
lesser propensity to cause gushing in beer. I chose to investigate F. avenaceum because it
possesses differences in HYDS5 amino acid sequence compared to F. graminearum (80 %
similarity at the protein level for FgHYDS5 vs. FaHYDS5) and is commonly found in

association with barley.
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Figure 24: Both Fusarium graminearum and F. avenaceum can grow during malting. FgWT
= F. graminearum DAOMC 233423; FaLH27 = F. avenaceum LH27; control = non-
inoculated treatment. Fusarium density was quantified via qPCR using Fusarium specific
primers, expressed relative to the abundance of a barley gene within each DNA extract. The
graph displays the average Fusarium density in infected malt. Individual data points represent
the Fusarium density in barley cultivars (Newdale and AAC Goldman), indicated by two
distinct shapes. Significant differences among treatments are indicated by different lowercase
letters. Standard deviations are represented by error bars (n = 8). See Table 4 for a summary
of statistical testing.

72



3.9 Fusarium avenaceum grows in the malting environment and may induce gushing

Both fungal species achieved meaningful densities in the malting experiment with F.
graminearum and F. avenaceum (Figure 24). The inoculation treatment was highly significant
in explaining Fusarium density in malt (Table 4), with the FgWT treatment showing higher
density compared to the control (Tukey contrasts, p < 0.0001) and compared to the FaLH27
treatment (p = 0.0002). Although the FaLH27 treatment showed numerically higher Fusarium
density than the control (mean of X vs. Y), this difference was not significant (p = 0.36). The
barley cultivar also significantly impacted Fusarium density (p = 0.0018), with AAC
Goldman supporting a higher Fusarium density compared to Newdale (Figure 25A; 3.45 vs.
1.52 respectively; values are a unitless ratio). However, there were no significant differences
in beer gushing between cultivars (Figure 25B) or among the inoculation treatments (Figure

26).
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Figure 25: A) The mean Fusarium density was significantly greater in the AAC Goldman
variety compared to the Newdale variety, while B) beer gushing did not differ significantly
between the two (see Table 4 for statistical testing). Fusarium density is a unitless ratio of
Fusarium:barley gene copies. Beer gushing is measured as g of beer lost upon bottle opening.
Standard deviations (across Fusarium species) are shown with error bars (n = 12).
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Figure 26: Gushing potential in beer (measured as g lost per bottle) for malts infected with £
graminearum DAOMC 233423 (FgWT), F. avenaceum LH27 (FaLH27), or a non-inoculated

control. Shown are means + standard deviations (n = 8). There were no significant differences
(ANOVA, p =0.717).
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Table 4: Summary of ANOVA results (p-values) examining the relationships between
experimental variables (listed in rows) and different study measures (listed in columns).

Hyd5 gene Fusarium density ~ Disease severity
expression in barley  in infected malt in barley
Inoculation treatment 3.61 x 10°™ 3.20x 10 9.49 x 107
Barley cultivar 0.49 1.83x 103 ™ 0.21
Cultivar x Treatment 1.57x 102" 1.85x 10> 8.95x 102
Cultivar x growth stage 0.32 NA 3.51x 102"
Treatment x Beer gushing NA 3.21x 102" NA
Cultivar x Treatment x Beer gushing NA 7.54x 103" NA
Growth stage x Treatment 3.12x 102" NA 0.76

Note: These measures encompass Hyd5 gene expression measured via RT-qPCR, Fusarium density measured
via qPCR and disease severity measured via visual assessment. Linear models used to explain the observed
values of each dependent variable (i.e., each column) incorporated all terms with a listed p-value; rows marked
‘NA’ indicate variables that were not included in the model for that particular dependent variable.

*¥*% p<0.001, ** p<0.01, * p<0.05
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4. DISCUSSION

In this study, I investigated the roles of HYDS from Fusarium in interactions with barley
plants and grain (i.e., during malting) and its impact on beer gushing. My primary objective
was to understand how Hyd5 gene expression relates to fungal pathogenicity and malt

quality.

In the greenhouse experiment, I investigated whether Hyd5 gene expression is evident in
planta and how the loss of the Hyd5 gene affects the Fusarium activity. Detecting Hyd5
expression in planta supports the idea that hydrophobins may be necessary to interactions
with plant surfaces. Notably, when F. graminearum was introduced at the earlier stages of
heading and flowering, there was an increased expression of the Hyd5 gene, compared to
when the pathogen was introduced post-flowering (Figure 19). This suggests a more
prominent role for Hyd5 during interaction with earlier developmental stages of the spike.
However, it may also be the case that the last inoculation point (post-flowering) simply did
not allow sufficient F. graminearum biomass accumulation to make Hyd5 expression

detectable.

Studies of the processes through which F. graminearum establishes within host tissue suggest
that Hyd5 plays a reasonable role. Kang et al. (2005) studied F. avenaceum infection of
winter wheat and observed that germ tubes did not immediately penetrate host tissues but
extended and branched on the surface; this suggests an extended need for hyphae to interact
with hydrophobic waxy plant surfaces. In my study, the increased expression of the Hyd5
gene in the F. graminearum WT strain during the heading and flowering stages suggests that
the pathogen may be more active and potentially preparing to invade the newly emerged,
vulnerable plant tissues. This parallels the findings of Kang et al. (2005), where Fusarium
species exhibit surface colonization before penetration, highlighting a common strategy
among different Fusarium species to maximize infection success. Hydrophobins may help
mediate the interaction with plant surfaces during this early stage of colonization. Luciano-
Rosario et al., (2022) Six HfbG (class II hydrophobins) genes in Penicillium expansum were
expressed during hyphal growth, suggesting that F. graminearum HYDS might also be
produced during hyphal growth.

However, in a previous study by Quarantin et al. (2019), wheat spikes inoculated with
AFgHyd5 mutants showed a similar percentage of infected spikelets compared to those

inoculated with the WT, suggesting that the AFgHyd5 mutation did not significantly impact
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infection rates. My work extends this finding to a different F. graminearum strain background
and to barley plants, as I also did not observe a difference in disease severity for my WT vs.
AHyd5 KO strains (Figure 17). However, visual severity scores can be unreliable for
fusarium head blight in barley (Jayathissa et al., 2024) as other pathogens may create similar
symptoms, and successful infection by F. graminearum does not always produce visual
symptoms. There are also some indications that cross-contamination or natural infection may
have occurred in my greenhouse context. I observed Hyd5 gene expression not only in the
WT inoculated barley plants, but also in some plants from the AHyd5 KO and water control
samples (Figure 19). Although I took precautions to prevent cross-contamination, the
presence of both disease symptoms and Hyd5 expression in the control and AHyd5 KO
treatments suggests that there may have been background contamination. Possible sources of
this contamination could be seed-borne Fusarium species on the seeds used in the
experiment, inoculum spray drift, or insects disseminating spores that were applied to other
plants. This background contamination was more evident on Newdale than AAC Goldman;
for example, unexpected Hyd5 expression was higher on Newdale (Figure 20). This fits with
Newdale having a lower rating for fusarium head blight resistance, indicating the low levels

of background contamination may have proliferated to greater extent on Newdale.

During initial fungal infection, various fungal genes are upregulated to aid in colonization,
aiming to break through the cuticle covering the aerial epidermal cells of the host plant,
which serves as the primary defense barrier. Pathogenic fungi use cutinases to penetrate this
hydrophobic barrier. Espino-Rammer et al., (2013) found that novel class II hydrophobins
(HFB4 and HFB7) in Trichoderma stimulate cutinase activity. This suggests that
hydrophobins may facilitate infection by enhancing the activities of certain enzymes. By
doing so, they could help breach the host's protective cuticle, promoting fungal entry and

colonization.

Interaction with barley in a malting context represents quite a different environment for the
fungus, compared to growth on barley heads during grain fill. For example, during the
steeping process, the grain is submerged in water, which might trigger hydrophobin
production to escape a submerged state. My validation of Hyd5 expression during malting,
and the significant increase in expression during the germination phase of malting, suggests
that hydrophobins may be necessary to fungal activity in this environment. This upregulation
indicates that Hyd5 is involved in the pathogen's adaptation and response to the host. Hyd5

may also be expressed in response to the stressful environment during malting. A previous
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study found that CmHydl, a class II hydrophobin in Cordyceps militaris, is involved in stress
responses, including mycelial tolerance to osmotic and oxidative stresses, and conidial
tolerance to high and low temperatures (Li et al., 2021). Osmotic stress, caused by changes in
water availability during malting, can affect fungal growth. Fusarium can respond to osmotic
stress by accumulating compatible solutes and modifying cell wall structures to maintain
cellular integrity. During malting, as expected, the level of RNA from the final malt was low
and quality was poor, so the samples at the malt stage were not included in the Hyd5 gene
expression analysis. This degradation in the final malt was likely due to the increased

ribonuclease activity at higher temperatures during kilning (W. J. Lee & Pyler, 1985).

Hydrophobins produced during malting have been linked to beer gushing, but the gushing
phenomenon remains unpredictable and poorly understood. Although not statistically
significant, the higher gushing levels associated with malt infected by the WT strain, which
possess the functional Hyd5 gene, suggest a possible role of this gene in beer gushing.
However, external factors, such as the fungal growth conditions in the field, could play a role,
as the malt used in this experiment appears to have some intrinsic gushing-inducing capacity.
The reduced beer gushing in malt infected with the AHyd5 KO strain is likely due to the
altered surface properties resulting from the absence of functional HYDS protein, which
impairs the formation of hydrophobic barriers and aggregates that usually trigger gushing.
This finding is consistent with Shokribousjein et al.'s (2011) suggestion that hydrophobins,
due to their surface-active properties, can form nanostructures that stabilize gas bubbles,
thereby creating nucleation sites for CO; bubbles. Consistent with our results, which showed
significantly higher gushing in bottles containing pure hydrophobin, Sarlin et al., (2005)
found a link between the level of hydrophobin in malt and the gushing potential. This implies
that analyzing hydrophobin levels could help predict the risk of gushing in malt. Sarlin et al.
(2005) examined the varying ability of hydrophobins to induce gushing. This was assumed to
be due to differences in their structure, resulting from variation in amino acid sequences. Our
initial hypothesis was that the structural differences in hydrophobins, such as variation in
their amino acid sequences, can alter their surface activity in the beer. From our HRM
analysis, the high degree of conservation among many strains does not support the idea that
variations among F. graminearum HYDS5 amino acid sequences could provide a significant
explanation for the observed variation in gushing that maltsters face. There is a possibility
that wild strains of F. graminearum could differ in the timing and quantity of HYDS that they

produce under malting conditions.
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By comparing the crystal structures of three class II hydrophobins—HFBI, N-Cys HFBI
variant, and HFBII from Trichoderma reesei—it was revealed that despite their low sequence
identity (meaning their amino acid sequences differ significantly), their overall three-
dimensional structures are conserved (Hakanpéda et al., 2004 (a, b), 2006). Thus, there may be
a high degree of functional redundancy among hydrophobins from diverse fungi, and
multiple hydrophobin variants from a wide range of fungi may contribute to gushing. I began
to explore this possibility by identifying interspecies variations in the HYDS5 protein among
Fusarium spp. and performing some experiments with F. avenanceum. A study by
Mgbeahuruike et al. (2013), which examined the distribution and evolution of hydrophobin
genes in fungi, including Phlebia brevispora and Heterobasidion irregulare, highlighted
significant interspecies differences, which aligns with my findings on HYDS protein variation
among Fusarium species. Additionally, Mgbeahuruike et al. (2013) noted that different
hydrophobins display distinct regulatory patterns during fungal growth on wood and in
culture filtrates, underscoring the functional diversity of these proteins. Therefore, the
observed interspecies variation in HYDS protein suggests that gushing should not be
unequivocally blamed on F. graminearum, as other fungi may also contribute to this quality
defect. While I have demonstrated conclusively that HYDS from F. graminearum can cause
severe gushing, a similar demonstration could probably be made for hydrophobins from other
filamentous fungi that also find the malting environment suitable for growth. Our previous
study by Jayathissa et al. (2024) further supports this, as we found no clear correlation
between F. graminearum density in barley and gushing in malt samples, indicating that F.

graminearum alone may not be a reliable indicator of gushing potential.

In conclusion, this study underscores the complex interplay between F. graminearum
hydrophobins, particularly HYDS, and the occurrence of beer gushing and fungal
pathogenicity. My findings reveal that HYDS plays a critical role in inducing gushing. At the
same time, its involvement in pathogen activity appears to be significantly influenced by
various stages of plant development and environmental conditions. The reduced gushing
observed in malt infected with the AHyd5 KO strain highlights the protein's importance in the
gushing phenomenon, while the variations in Hyd5 gene expression across different stages of
barley development emphasize its role in the pathogen's adaptation and colonization
strategies. Moreover, this study supports the previously identified links between
hydrophobins and the propensity of malt to cause gushing in beer. These insights suggest that

managing hydrophobin levels and understanding their regulation could be crucial for both
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disease control and brewing quality. Future research should investigate the molecular
mechanisms underlying hydrophobin activity and explore targeted interventions to mitigate

both fungal infection and malt gushing.

5. SUMMARY

In barley, Fusarium graminearum infection leads to FHB, affects malting quality, and
contributes to beer gushing. Understanding the genetic and environmental factors that
influence the severity of Fusarium infection, disease progression, and their impact on malting
and brewing is critical for improving disease management and crop quality. This thesis aimed
to investigate these dynamics by studying natural and greenhouse-inoculated barley-
Fusarium interactions, focusing on F. graminearum strains and the role of the hydrophobin

protein HYDS in fungal pathogenicity and beer gushing.

The research highlighted the complex relationship between F. graminearum and its effects on
barley, malt, and beer production. Significant variations in disease severity, F. graminearum
density, and DON content were observed across different barley cultivars and growing
seasons, underscoring the multifaceted nature of FHB. The involvement of hydrophobins,
particularly HYDS, emerged as a crucial factor in both disease development and beer

gushing, emphasizing the importance of this protein in Fusarium-barley interactions.

To investigate this further, I adapted an existing gene-editing protocol for F. graminearum by
combining Cas9-gRNA in vitro assembly with a microhomology repair template, optimizing
the process for Fusarium transformation. This work establishes a platform for site-specific
gene targeting, which can be applied across different genetic backgrounds of F. graminearum.
The reduced gushing observed in malt infected with the AHyd5 KO strain highlights the role
of HYDS in beer gushing, while variations in Hyd5 gene expression across barley

development stages reflect the pathogen’s adaptive strategies.

Furthermore, the micromalting process demonstrated the limited influence of F. graminearum
infection on DON accumulation in malt, and F. graminearum density was not a reliable
predictor of gushing in beer. These findings suggest that gushing is influenced by a range of
complex factors, with hydrophobin regulation playing a key role. Understanding and

managing hydrophobin levels could improve both disease management and brewing quality.

Overall, this research underscores the need for continued exploration into the molecular

mechanisms governing F. graminearum and its interaction with barley. For example, specific
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antibodies against Hyd5 could be used to develop ELISA assays to measure its levels in
barley or malt samples. This knowledge will be crucial in developing effective disease
control strategies and reducing the economic losses faced by the malting and brewing

industries due to FHB and gushing.
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7. APPENDICES
7.1 Supporting information
7.1.1 Heterologous expression and purification of hydrophobin HYDS protein

A codon-optimized sequence coding for HYDS (Fusarium graminearum

v3.0|scaffold 1:6013270-6014092) was purchased from BioBasic Inc. and ligated into a
modified pET-21 derived plasmid so that the open reading frame coded for a hexahistidine-
tag (H), the B1 domain of Streptococcal protein G (GB1), a thrombin cleavage site (Th), and
HYD5 (HGB1ThHYDS). Chemically competent E. coli SHuftle (DE3) (New England
Biolabs) was transformed with the plasmid and grown overnight on selective plates at 37 °C.
Bacterial cultures (1 L) were inoculated from a single colony and grown in lysogeny broth
(LB) media with ampicillin (100 pg/mL) at 37 °C. When the optical density at 600 nm
reached 0.6-0.8, protein expression was induced by the addition of isopropyl B-D-1-
thiogalactopyranoside to a final concentration of 0.5 mM. Following overnight incubation at
20 °C, cells were collected by centrifugation (4550 x g) and then resuspended in lysis buffer
(20 mM Tris pH 8, 250 mM NaCl). Cells were lysed by sonication (2 min) and the lysate was
clarified by centrifugation for 20 min at 25,000 x g. The supernatant was applied to a gravity
column containing Ni2+ charged nitrilotriacetic acid coupled to agarose resin (MCLAB),
washed with lysis buffer containing 10 mM imidazole, and eluted with elution buffer (20 mM
Tris pH 8, 250 mM NacCl, 300 mM imidazole). After elution, 500 U of thrombin was added
and the sample was dialyzed overnight at 4 °C against 20 mM Tris pH 8, 50 mM NaCl and 1
mM CaClo. After cleavage, the HYD5 was isolated using Ni** affinity chromatography.
Reduced glutathione (2 mM) and oxidized glutathione (1 mM) were added and the protein
was allowed to refold overnight at 4 °C. Anion exchange chromatography (Q Sepharose,
Cytiva) via fast protein liquid chromatography (AKTA) was used to further purify HYDS.
Sample quality was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and reverse phase high-performance liquid chromatography (Beckman System
Gold with a C18 column, gradient of 5-55 % acetonitrile containing 0.5 % trifluoroacetic acid

over 20 min).

7.1.2 Purification and characterization of recombinant HYDS protein

The HYDS protein from F. graminearum was successfully produced in E. coli and purified.
After Ni** affinity chromatography, one major band was visible by SDS-PAGE
(Supplementary Figure S1). The second run of Ni** affinity chromatography isolated pure

HYDS. However, the FPLC purification chromatogram showed several peaks (data not
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shown), suggesting a mixture of HYDS5 conformations. Such conformational differences
could arise from different disulfide bonding patterns during the refold of HYDS5. Additionally,
the HPLC result showed that HYDS5 (22 min) from FPLC only contains a single peak (17
min), which suggests a homogeneous conformation of HYDS5 was obtained after FPLC. The
overall yield of HYDS5 was about 3-5 mg/L induced culture.
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Supplementary Figure S1: SDS-PAGE monitoring of HYDS purification. A) the Ni**
affinity chromatography purification of HYDS, L: ladder; BI: before induction; O/N:
overnight expression; LS: lysis sample; Ni?*: the first run of Ni*" affinity chromatography;
FT: flow through; W: wash; E: elution; C: cut; rNi**: the second run of Ni*" affinity
chromatography; RF: refold. B) HPLC qualification of HYDS purification. The single peak
indicates the homogenous formation of HYDS, which was used for further analysis.
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7.2 List of abbreviations
15-ADON  15-acetyl deoxynivalenol
3-ADON 3-acetyl deoxynivalenol
ANOVA Analysis of Variance

Cas CRISPR-associated

cDNA Complementary DNA

CMC Carboxymethyl Cellulose

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
crRNA CRISPR RNA

DNA Deoxyribonucleic Acid

DON Deoxynivalenol

DSB Double Strand Break

ELISA Enzyme Linked Immunosorbent Assay
FHB Fusarium Head Blight

FPLC Fast Protein Liquid Chromatography
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HDR Homologous-Directed Repair
HPLC High-performance liquid chromatography
HRM High Resolution Melting Analysis
HRT Homologous Repair Template
HSW Henriquez Spring Wheat

HYD Hydrophobin

ITS Internal Transcribed Spacer

KO Knockout

NHEJ Non-Homologous End Joining
NIV Nivalenol

PAM Protospacer Adjacent Motif

PCR Polymerase Chain Reaction

PDA Potato Dextrose Agar

PEG Polyethylene Glycol

gPCR Quantitative PCR

RNA Ribonucleic Acid

RNP Ribonucleoproteins

RT-gPCR Reverse Transcription Quantitative Polymerase Chain Reaction
SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
sgRNA Single-guide RNA

tractfRNA  trans-activating crRNA

PYF premature yeast flocculation
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