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ABSTRACT
The effect of CO2, temperature, and presence or absence of light on the growth of Fusarium
graminearum and secretion of deoxynivalenol (DON) during micro-scale floor malting of CDC
Copeland barley was evaluated. DON levels, as quantified by ELISA, ranged from 0.09-1.72
mg/kg. Only temperature (12°C vs. 25°C) and initial fungal load (inoculated vs. noninoculated) and the interaction between these two variables were significant (p<0.01), where
DON increased with temperature and inoculation, but where there was a greater increase in
DON with inoculated samples at 25°C than at 12°C.
Germinating barley produced CO2 at a rate of 0.009 mg CO2/min per gram at 20°C. To test
whether CO2 concentration inside sealed growth chambers could be controlled by a CO2
absorbent, a saturated solution of potassium hydroxide (KOH) was evaluated where surface
area and volume were varied. The rate of CO2 absorption increased with increasing surface
area and volume of KOH solution. However, the decrease in CO2 was accompanied by
decreased relative humidity (RH), which could inhibit barley germination. To examine whether
a humectant inside the germination chambers could counteract the dehydrating effect of KOH,
a saturated solution of potassium chloride (KCl) was tested. In the presence of KCl, there was
a decreased loss of RH inside germination chambers but with the amount of KCl used, a
constant RH was not achieved. However, the results suggest that a larger volume, or a different
humectant, may be more effective but it was determined that, for the purposes of this study, it
was not necessary to pursue this question further.
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CHAPTER 1 INTRODUCTION
Statistics Canada reported beer as the preferred alcoholic beverage among Canadians in 2019
(Statistics Canada, 2020). In recent years, craft brewing has gained popularity. In 2018, the global
beer market was valued at $661.0 billion (USD) and is projected to reach $770.1 billion (USD) by
2023 (Ajaltouny, 2020). In Canada alone, 2020 saw an 8% increase in the number of licensed
breweries from 1120 in 2019 to 1210 in 2020 (Beer Canada, 2021). Brewing employs only a few
essential ingredients: water, grain, hops, and yeast. Malted grain is the foundation of any beer
recipe as it provides starch – the primary source of fermentable sugar for yeast during fermentation
– as well as protein and enzymes that propel the brewing process. With the recent increased
popularity in craft brewing, breweries are looking for ways to set themselves apart from the
competition, whether that individuality comes from adjuncts or brewing methods. Any source of
fermentable sugar, aside from barley, is considered an adjunct and can contribute to mouthfeel,
desired haze, head retention, and even permit gluten-free brewing (Gumienna & Górna, 2020).
Alterations to the traditional brewing method, including high gravity brewing, wild fermentation,
and the addition of spices, fruit, and extracts, can influence alcohol content, beer flavour, and
colour.
Although the ancient practice of floor malting has generally been superseded by pneumatic
malting, the demand for floor malt has increased throughout the industry. Since the germination
process basically requires only a room with a concrete floor, micro-maltsters can practice floor
malting economically and do so with locally sourced grains. Additionally, the energy used in floor
malting (e.g., fossil fuel, electrical) is considerably less than with pneumatic malting, which
supports a “green” initiative. However, the greatest benefits are thought to arise from the malt
characteristics. Each malt room boasts unique microflora which influence the flavours and aromas
experienced by consumers. A downside to the practice, however, is the potential development of
mycotoxins from fungi, such as Fusarium species. The accumulation of carbon dioxide within the
grain bed and seasonal changes in temperature are believed to contribute to mould growth and
toxin production (Medina, Akbar, Baazeem, Rodriguez, & Magan, 2017). Similarly, process
sanitation is important since floor maltsters handle the product more frequently than with
pneumatic malting, e.g., spreading grain on the floor, turning the grain bed, and transporting grain.
Ultimately, these factors can influence the quality of a finished beer.
1

With the re-emergence of floor malting, maltsters and brewers have raised concerns regarding
fungal proliferation and production of deoxynivalenol (DON) also known as vomitoxin, a
mycotoxin that jeopardizes product quality and consumer health. Since DON is believed to possess
carcinogenic, cardiotoxic, and immunosuppressive qualities at increased levels, Health Canada
advises an upper limit of 1 mg/kg DON in products that may be consumed by humans (Freire &
Sant’Ana, 2018; Health Canada, 2020). Immediate symptoms of DON toxicity include nausea,
headache, dizziness, and fever (Sobrova et al., 2010). Toxin-contaminated brewing byproducts,
such as spent grains used for animal feed, may extend the problem of DON toxicity to livestock.
Therefore, fungal infection of cereal grains can affect both consumer health and agricultural
viability with potentially significant economic implications.
The agriculture and forestry sector of the Province of Alberta provided a case example of the
economic implications of a Fusarium head blight (FHB)1 outbreak in wheat on revenue loss. Based
on data collected in 2016, it was estimated that a farmer could lose CA$101 per acre, or $250 per
hectare, if the grade of wheat had to be decreased to “feed wheat”, having 5% Fusarium damaged
kernels (FDK), from grade 3 or higher (0.25–2% FDK) (Komirenko, 2018). Similarly, the
Province of Manitoba experienced a severe FHB outbreak that caused CA$75 million profit loss
in 1993 alone. Subsequent years experienced as much as $50 million in annual loss (Inch &
Gilbert, 2003). From 1993 to 1998, the US suffered a US$406 million loss from barley malt
infected with DON (Pascari, Ramos, Marín, & Sanchís, 2018).
The primary objective of this study was to investigate the influence of temperature, CO2
accumulation, and light on the growth of F. graminearum and secretion of DON in floor malted
barley versus pneumatic malt. Secondly, since germinating barley generates CO2 which is thought
to exacerbate mould growth and DON production, the rate of CO2 generation from germinating
barley and the suitability of potassium hydroxide as a CO2 absorbant was assessed.

1

Common fungal infection in cereal crops
2

Hypotheses to be tested:
No. 1: Fungal growth and DON production from CDC Copeland barley is influenced by one or
more of the following factors during germination: temperature, CO2 concentration, and the
presence or absence of light.
No. 2: The amount of CO2 generation from germinating barley significantly increases with respect
to time, and the level of CO2 in a closed environment can be controlled by using a saturated
solution of potassium hydroxide as a CO2 absorbant.

3

CHAPTER 2 LITERATURE REVIEW
2.1 Malting
The practice of malting barley dates back to 250 CE (Briggs, 1998). Although the mechanisms by
which malt is produced have evolved, three essential steps have remained; steeping, germination,
and kilning. The general goal of malting is to expose the grain’s starch reserves and activate
enzymes necessary to break down starch and protein. Submerging the grain in water, or steeping,
initiates germination which is indicated by a rootlet emerging from the grain seed. This step
generally lasts 1-2 days at 12-18°C, or until a moisture content of ~45% w.b.2 is achieved (Baxter
& O’Farrell, 1980; Bourque, 2013). Germination then proceeds for 4-5 days between 12-20°C
(Wolf-Hall, 2007). Carbon dioxide is naturally produced during germination and must be
evacuated from the area where germination occurs, whether that be a germination room, box, or
drum, as it is thought to slow down germination (Hampton, Boelt, Rolston & Chastain, 2013;
Hertrich, 2013). The extent of germination can be estimated by measuring the length of a new
seedling, or acrospire, emerging from the rootlet. Protein and carbohydrates continue to break
down and contribute to rootlet growth until germination is halted by drying or kilning as indicated
by an acrospire that is ¾ the length of the seed as outlined in ASBC Malt Method 2 (ASBC, 2015).
This final step differentiates pale from chocolate or crystal malt; pale malt is not subjected to high
temperatures, whereas chocolate or crystal malt are produced by roasting pale malt at temperatures
ranging from 60-110°C for a set time/temperature schedule. Since roasting prevents enzymatic
activity, these specialty malts usually constitute no more than 5% of the grain bill and contribute
to colour and unique flavours and aromas (Gąsior, Kawa-Rygielska, & Kucharska, 2020).
2.1.1 Pneumatic versus floor malting
Steeping and kilning are carried out similarly in both methods; germination, however, is where
pneumatic and floor malting differ.
Pneumatic malting is most common among both commercial and craft maltsters due to its
simplified procedure and product consistency. Germination is initiated in a chamber that allows
for circulation of humidity and temperature-controlled air through the grain bed. Typically, grain
beds will exceed 1 m in depth (Briggs, 1998). In contrast, floor malting is not temperature
2

Equivalent to 45 g water per 100 g matter
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controlled and requires frequent, manual turning of the grain bed, i.e., every 4-5 h, to release
trapped CO2, reduce temperature, and prevent rootlets from matting (Kilfoil, 2020). Initially,
barley is arranged in heaps anywhere from 20-90 cm tall on a concrete floor to encourage an
increase in temperature to promote chitting3 (Briggs, 1998). Once chitting begins (~24 h), the
heaps are leveled to a uniform thickness and germination is allowed to continue for approximately
3 d or until sufficient germination has occurred. A shallow bed decreases heat accumulation
whereas a thicker grain layer allows more heat to accumulate thus promoting a rise in temperature.
The desired bed depth may change as ambient temperature changes with the season, however, the
grain bed rarely exceeds 30 cm. A temperature range of 13-17°C is targeted although the grain bed
may reach as high as 30°C near the end of germination. To avoid uneven germination during
summer months, the malting season is limited to spring, fall, and winter (Briggs, 1998).
Pneumatic malting produces large, consistent batches of malt and utilizes automated equipment.
Consequently, the number of personnel is minimized but the malting schedule is fixed and
inflexible (Briggs, 1998). Floor malting, however, requires a higher workforce and batch-to-batch
variability is expected. In-floor insulation, air-conditioning, and mechanical bed turning have
modernized the ancient art of floor malting to help meet the increasing demand for specialty malts.
2.2 Barley varieties
2.2.1 Two-row versus six-row barley
At first glance, two-row and six-row barley can be distinguished by how the kernels are arranged
at each node around the stalk (Figure 1) (Mosher, 2009).

Figure 1. A cross-sectional
view of a two-row barley stalk
(left) and six-row barley (right).

3

act of rootlets emerging from individual grains, sprouting
5

Maltsters assess barley varieties based on germination energy4 (at least 95% over a three-day
period), protein content (11-12.5% d.b.) and moisture content (>13.5% w.b.). Plump yet uniform
kernels that are free of disease, fungal growth, insects, and general contaminants are preferred
(Brewing and Malting Barley Research Institute, 2015). Brewers consider flavour and aroma
characteristics and prefer low free amino nitrogen (FAN), low total protein, low diastatic power5,
and low Kolbach index6. Two-row barley has low diastatic power, low protein content, and greater
carbohydrate content relative to six-row barley which is why it is most widely – if not exclusively
- used among craft brewers as base malt. Because six-row has increased enzymatic activity and
less carbohydrates available for conversion to fermentable sugars, it is typically used in adjunct
brewing which favours industrial brewing by way of cost reduction.
2.2.2 Two-row varieties
Traditional two-row barley malts used throughout North America, ca. 1960, were of European
origin and include Betzes, Piroline, Hanchen, and Hanna (Hertrich, 2013). Klages and Harrington
represent the first two-row varieties originating from North American breeding programs (1972
and 1981, respectively). They boasted increased malt extract availability as a result of increased
S/T protein ratio which facilitated adjunct brewing and production of light lagers (Hertrich, 2013).
Current varieties of two-row barley, favoured among North American brewers, include AC
Metcalfe, CDC Copeland, ABI Voyager, and Moravian whereas malts of European origin are
rarely used (American Malting Barley Association Inc., 2019; Watts & Li, 2015). In Canada, CDC
Copeland and AC Metcalfe continue to dominate the market and are recommended by the
Canadian Malting Barley Technical Centre (CMBTC) (Watts & Li, 2019). Table 1 displays
performance and quality parameters of both Canadian varieties. Table 2 lists parameters of CDC
Copeland malted in January 2019 and used in this work.

4

Percent of seeds having acrospire development that achieves ¾ to full length of the seed
Total activity of enzymes (α and β – amylase, dextrinase, and α-glucosidase) involved in
conversion of starch to sugar
6
Ratio of soluble to total protein, S/T, indicative of enzymatic protein modification
5
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Table 1. Malt analysis of two Canadian varieties and comparison to ideal conditions (American
Malting Barley Association, 2014; Watts & Li, 2015).
Parameter

AC Metcalfe

CDC Copeland

Ideal 2-Row

~81.5

~81.0

>81.0

3.0 - 4.5

2.0 - 3.5

1.6-2.5

~12.5

~12.5

<12.8

Soluble protein, %

4.7 – 5.3

4.5 – 5.0

4.8-5.6

Kolbach index, %

42 - 48

42 – 44

40-47

Diastatic power, °L8

110-150

100-130

110-150

Wort beta-glucan, mg/kg

70-120

70-110

<100

Fine extract, %
Color, EBC7
Total protein, %

Table 2. CDC Copeland 2019 batch analysis
(CMBTC, 2019).
Parameter

CDC Copeland 2019

Fine extract, %

79.9

Color, EBC

2.85

Total protein, %

13.41

Soluble protein, %

4.53

Kolbach index, %

33.8

Diastatic power, °L

144

Wort beta-glucan, mg/kg

116

2.3 Fungal growth: origin of infection
Microbial contamination of grain can occur in the field, during storage, and/or in the malthouse
(Noots, Delcour, & Michiels, 2008).
Temperature and moisture are the fundamental determinants of fungal proliferation; increased
humidity, temperate climate, insect damage, and drought promote fungal infection and evolution

7

On a scale of 1-40; 1 being pale straw colour, e.g., Pilsner, and 40 being darkest brown, e.g.,
Stout
8
On a scale of 0-160°L; 0°L having no diastatic power
7

pre-harvest (Juan, Berrada, Mañes, & Oueslati, 2017). Fusarium graminearum is the most
common mould found on barley grains (Mateo, Medina, Mateo, Mateo, & Jiménez, 2007).
Infection is facilitated by lingering spores from a previous crop year. Once settled on a barley head,
spores begin germination and enter the plant during anthesis9 (Schmale III, 2003). Growth of the
fungus begins with the formation of hyphae having binucleate cells. These cells are precursors to
perithecia10 which contain asci. Ascospores, or sexual spores, housed in asci, are discharged into
the air from perithecia in the last four days of a 14-day life cycle. Conidia, or asexual spores,
formed on the surface of the plant are subjected to short-range dispersal whereas ascospores can
be carried greater distances (Trail, 2009). Infected kernels are often identified as having blue-black
pigmented spikelets, indicative of F. graminearum perithecia, but this discoloration is not always
present on infected seeds (Grains Canada, 2019).
Attempts to inhibit mould proliferation commonly include implementing genetic resistance
strategies through selective breeding, monitoring irrigation schedules, ensuring adequate plant
nutrition and pH, introducing competitive bacteria, and administering fungicides (Kabak, Dobson
& Var, 2006). CDC Copeland barley, used in this study, is moderately resistant to Fusarium head
blight (Alberta Barley and Wheat Commissions, 2021).

Figure 2. Barley seed infected
by

Fusarium

graminearum

indicated by the blackening of
the pericarp (Clear & Patrick,
2010).

9

Flowering period of a plant
Fruiting body containing sexual spores

10

8

To avoid growth post-harvest, low moisture and low temperature storage is employed (Bokulich
& Bamforth, 2013). Aeration of the grain mass and presence of insects influence the prevalence
of contamination as well. Since field fungi do not grow below a water activity (aw) of 0.9 and 2025% (w.b.) moisture, barley is dried to below 13% (w.b.) moisture once harvested. At constant
moisture, the observed aw decreases with temperature; therefore, lower temperatures are desired
(Dickie, Ellisf, Kraakj, Ryder, & Tompsett, 1990). Vegetative Fusarium mould is likely to die
during storage, however, spores survive and remain present for years (Noots et al., 2008).
Xerophilic fungi, primarily Aspergillus and Penicillium species, are of utmost concern during
storage since they thrive at high moisture (greater than 20% (w.b.)) and low water activity, e.g.,
aw down to 0.68 (Noots et al., 2008). Beattie et al. (1998) investigated the influence of various
storage conditions on the viability of Fusarium. They found that circulating air at 24°C decreased
the percentage of infected barley kernels from 85% to 66%. Relative humidity was not reported in
the study, however, the initial moisture content of barley prior to storage was 12% (w.b.).
Sherwood & Peberdy (1974) considered the influence of moisture content on the prevalence of
Fusarium and the presence of zearalenone, a mycotoxin secreted by Fusarium species. Moisture
contents exceeding 15% (w.b.) facilitated infection and development of zearalenone. Similar to
Beattie et al. (1998), Sherwood et al. (1974) reported the least amount of mycotoxin production
when grain was stored around 25°C (Sherwood & Peberdy, 1974). It is important to reduce initial
mould growth as certain malting conditions promote fungal vitality.
2.4 Factors that promote growth during malting
The microflora that are unique to the malthouse potentially subject each batch to infection. Several
factors influence propagation post-infection.
2.4.1 Temperature and water activity
Temperature and moisture are interrelated as they both influence aw. During steeping, barley is
subjected to 100% moisture to drive the necessary catabolic enzymatic processes (Hertrich, 2013).
At constant moisture, temperature largely determines the free water available for microbial
processes such as fungal growth. Researchers have demonstrated that germination can proceed as
low as 0.87 aw but F. graminearum does not grow below 0.9 aw (Ramirez, Chulze & Magan, 2006).
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Storage fungi11, however, can grow down to 0.75 aw (Fontana, 2020). If moisture is controlled,
water activity increases with increasing temperature. Manstretta, Morcia, Terzi & Rossi (2016)
reported F. graminearum ascospores, on maize stalks, appeared after 14 days of incubation
between 20-25°C at 100% relative humidity (RH). Alberta Agriculture and Forestry reported the
temperature at which germination is most efficient as 20°C for barley (Government of Alberta,
1980). Interestingly, Neagu & Borda (2013) found that mould colonies increased in size with
increasing temperature and aw up until 33°C, above which colony growth was reduced compared
to samples incubated at 18°C at aw values ranging from 0.963-0.995.
2.4.2 Light
Sexual spores, or ascospores, are primarily responsible for transmitting fungal infection among
plant material and light is crucial in the development of asci-bearing perithecia (Trail, 2009).
Manstretta et al. (2016) reported the optimal range of perithecium growth to occur at wavelengths
between 300 and 320 nm. Additionally, direct exposure to the light source achieved greater
perithecial growth and spore production compared to grains that were buried. Grains 5-10 cm deep
did not yield any ascospores (Manstretta et al., 2016).
2.4.3 Depth of grain bed
In a review of causal and survival conditions of F. graminearum, Leplat, Friberg, Abid, &
Steinberg (2012) report that ascospore production occurs only in the upper few centimeters of the
grain bed, whereas perithecia can grow and survive on seeds buried up to 25 cm deep. The grain
bed must be of uniform height to avoid variation in airflow throughout the bed; thinner areas will
allow higher airflow whereas thicker areas will suffer from diminished airflow (Hertrich, 2013).
Restricted air movement throughout the grain bed may promote formation of CO2 pockets.
2.4.4 CO2 evolution
Several studies have investigated the effects of elevated atmospheric CO2 on the growth of fungal
species in cereal grains (Ferrocino et al., 2013; Hibberd, Whitbread & Farrar, 1996; Kobayashi et
al., 2006; Melloy et al., 2010; Plessl et al., 2005). Melloy et al. (2010) studied the prevalence of
Fusarium pseudograminearum, observed as crown rot, in wheat grown under elevated CO2, i.e.,

11

Aspergillus and Penicillium species
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550 mg/kg. They reported that fungal biomass increased significantly under increased CO2
compared to ambient conditions of 380 mg/kg CO2. Hibberd et al. (1996) reported an increased
growth rate of powdery mildew, Erysiphe graminis, on barley grown under 700 mg/kg CO2
compared to 350 mg/kg CO2. Researchers have noted, however, the influence of CO2 on fungal
viability depends on the species itself (Ferrocino et al., 2013; Thompson & Drake, 1994).
2.5 Formation of mycotoxins by fungal species
The presence of fungal species alone does not pose as much concern as the imminent development
of toxic substances.
2.5.1 What are mycotoxins?
Mycotoxins are food contaminants produced by fungi (Juan et al., 2017). Fusarium is the most
common genus of mould that infects barley and similar cereal grains, causing Fusarium head blight
disease (FHB), although mycotoxins derived from Penicillium and Aspergillus moulds have also
been reported (Mateo et al., 2007). Different fungi can produce the same toxin on the order of
µg/L. The risk of mycotoxin contamination spans a variety of food products including cereal,
coffee, fruit, vegetables, wine, beer, and animal feed (Pascari et al., 2018). Table 3 displays
common fungal species and their respective mycotoxins.
Table 3. Fungal genus and corresponding mycotoxins that
pose the greatest risk to public health and economic stability
(Pascari et al., 2018).
Fungus

Mycotoxin

Fusarium

deoxynivalenol, nivalenol, HT-2 toxin, T-2
toxin, zearalenone

Aspergillus aflatoxin, ochratoxin A, patulin
Penicillium ochratoxin A, patulin
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Deoxynivalenol is the most commonly detected mycotoxin in beer, however, there are several that
may be present including aflatoxin, T2 toxin, and zearalenone (Freire & Sant’Ana, 2018). A
terpenoid structure, comprised of linked isoprene units, is shared among these compounds, that are
further classified as trichothecenes (Pascari et al., 2018).
Since mycotoxins are resistant to extreme temperatures and changes in pH, they pose several
threats to human and animal health and complications to the brewing process (Pascari et al., 2018).
2.5.2 Fusarium Head Blight and the production of deoxynivalenol (DON)
Fusarium head blight disease is a common infection of barley crops and is caused by Fusarium
graminearum (anamorph12 of Gibberella zeae). The fungus expresses genes for DON production
immediately following infection of a plant which manifests as blackening of the seed surface
(indicative of fungal perithecia) as illustrated previously in Figure 2.
When seeds are plated on potato dextrose agar (PDA), hyphae appear white to pink in color. Upon
aging, hyphae darken to orange and ultimately mature into red mycelia (Cambaza, Koseki, &
Kawamura, 2018; Leplat et al., 2012). Under a microscope, conidia are sickle-shaped, slim and
are mostly three septate13 (Nelson, Toussoun, & Marasas, 1983).
In response to osmotic stress, F. graminearum engages in secondary metabolism and releases DON
(Duran, Cary, & Calvo, 2010). DON creates reactive oxygen species (ROS), primarily hydrogen
peroxide, and initiates cell death within 24 h of infection thereby releasing nutrients from grain
cells to nourish the growing fungus and facilitate reproduction (Desmond et al., 2008; Walter,
Nicholson & Doohan, 2010). Greenhalgh, Neish, and Miller (1983) investigated the ability of 3
lab-isolated F. graminearum strains to produce DON on rice and corn substrates. DON synthesis
across the 3 strains varied greatly with 0.2, 17, and 69 mg/kg DON observed after 14 d incubation
at 28°C. The maximum concentration of DON was observed after 28 d incubation at 28°C and
40% initial moisture content (IMC) on rice substrate. After comparing their own findings with that
in the literature, Greenhalgh et al. (1983) concluded that optimum incubation conditions for DON

12

13

Refers to the asexual part of life cycle
Divided into three sections
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production by F. graminearum on solid substrate is 28°C, between 30-40% IMC, for a period of
at least 3 weeks.
In contrast, Oliveira, Mauch, Jacob, Waters, and Arendt (2012) inoculated sanitized barley grains
with 2% (v/w) suspension of F. culmorum macroconidia before steeping, germination, and kilning.
Analysis of the infected barley grain after 5 d incubation at 25°C (post-inoculation) yielded 0.2
mg/kg DON upon analysis via LC-UV. Similarly, Atanasova-Penichon et al. (2018) assessed DON
concentration in F. graminearum-inoculated culture medium. DON was first detected 3 d postinoculation but levels increased to 17.2 mg/g, or 1.72 x 104 mg/kg after just 14 d (post-inoculation).
Variability of mycotoxin production between strains of mould and solid substrates (e.g., corn, rice,
barley, media) are acknowledged in the literature (Greenhalgh et al., 1983; Hope, Aldred, &
Magan, 2005).
The concentration of DON in grain samples infected by FHB can exceed 20 mg/kg which is
considerably higher than the 1 mg/kg maximum concentration allowed in food products (Schmale
III, 2003). Clear et al. (1997) found the highest concentration of DON to be in the seed’s hull and
reported that de-hulling seeds in the laboratory decreased DON by 49%. Similarly, Schaafsma,
Frégeau-Reid, & Phibbs (2004) reported 55% of the total DON concentration was found in the
pericarp, or husk, of corn kernels when they compared germ, pericarp, and endosperm fractions of
grain.
Other sources of DON include infection by F. culmorum, F. roseum, and F. sporotrichioides
although F. graminearum is most prevalent in grain crops (Malachová, Varga, Schwartzzimmermann, & Berthiller, 2015; U.S. National Toxicology Program, 2009). DON is a type B
trichothecene, as shown in Figure 3, and is very heat stable (Bp: 543°C, Mp: 151°C).

*

Figure 3. Deoxynivalenol. Adapted from
Sigma Aldrich (2017). The labelled
13 C8 classifies DON
hydroxyl group (*) at
as a type B trichothecene.

Its three hydroxyl groups increase the polarity of DON, making it soluble in polar organic solvents
such as methanol, ethanol, chloroform, acetonitrile, and water (U.S. National Toxicology Program,
2009). Alkaline conditions have been shown to decrease DON levels, while the toxin is stable in
neutral to acidic conditions, e.g., in wort (pH 5.2-5.4) (Wolf-Hall, 2007). As a detoxification
reaction to the presence of the toxin, plants convert the species to less toxic 15 acetyl-DON (15ADON) and 3-acetyl-DON (3-ADON) via acetylation as shown in Figure 4 (Ran et al., 2013).

a)

b)

Figure 4. 15-acetyl-DON (a) and 3-acetyl-DON (b) (Sigma Aldrich, 2018).
Similarly, glucosylation of DON by grain enzymes convert the native structure to DON-3glucoside (D3G) in which a glucose molecule is esterified via the hydroxyl group attached to
carbon 3 (labelled with an asterisk in Figure 2). This pathway is initiated as a defense mechanism
in plants (Habler et al., 2016). Since commercial DON test kits cannot detect D3G, it is commonly
referred to as a masked mycotoxin (Jin et al., 2018).
Mycotoxin contamination of food products jeopardizes public health, economic stability, and a
company’s reputation. Ingestion of DON-contaminated food products can cause nausea, vomiting,
abdominal discomfort, diarrhea, and headache. In animals, brief exposure to DON can manifest as
reduced appetite and vomiting while extended exposure risks organ complications and
abnormalities in offspring (U.S. National Toxicology Program, 2009). Yang, Yu, Tan, Liu, & Wu
(2017) compared the toxicity of type B trichothecenes, including 3-ADON, 15-ADON, and D3G,
to DON itself on human gastric epithelial cells. In the order of increasing toxicity, they determined
that 3-ADON << 15-ADON < DON, and D3G does not invoke a toxic cell response. However,
Maul et al. (2012) reported that 3-ADON is converted to DON during mammalian digestion.
Although its derivatives do not pose as great a threat as DON itself, their formation is reversible
which risks reformation of the toxin at any stage of brewing.
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2.5.3 The effect of deoxynivalenol on beer quality
DON-infected malt results in poor germination, decreased fermentation, risk of gushing, and
overall poor product quality (Schwarz, 2017). Mycotoxins reduce the extent of germination which
results in diminished enzymatic activity and fermentable sugars. During mashing, infected malt
may increase protein digestion by fungal proteases, which influences color, flavor, and foam
stability of beer (Wolf-Hall, 2007).
Koshinsky, Cosby, & Khachatourians (1992) observed a lag period during fermentation in which
the rate of oxygen uptake by yeast was decreased in wort samples exceeding 50 mg/L DON.
Similarly, Kłosowski, Mikulski, Grajewski & Błajet-Kosicka (2010) observed a significant
reduction in fermentation productivity (measured as volume of ethanol produced per liter of mash
per hour) in samples containing 2.3 mg/L DON compared to control samples free of mycotoxins.
Gushing of beer, observed as the sudden foaming and overflow of beer upon opening and without
previous agitation, is a noteworthy issue possibly related to DON production. This phenomenon is
believed to be initiated by hydrophobins that coincide with high levels of DON (Mastanjević,
Krstanović, Mastanjević, & Šarkanj, 2018). Produced by filamentous fungi such as Fusarium
species, hydrophobins are highly surface active, mildly hydrophobic proteins which provide
nucleation sites for CO2 in solution (Schwarz, 2017). The relationship between DON and gushing
is debated in the literature but gushing results in product loss and may ultimately deter consumers,
contributing to economic loss. As a result, maltsters generally reject barley that exceeds 0.5 mg/kg
DON (Jin et al., 2018).
2.6 Influence of the brewing process on DON levels
The literature reports contrasting results on the fate of DON in brewing. Schwarz (2017) reviewed
the prevalence of malt-derived DON in finished beer. Several studies reported recovering from
70% to greater than 100% of the concentration of DON present in the original malt sample.
Similarly, Schwarz, Casper, & Beattie (1995) reported that 80-93% of the DON concentration
present in the initial malt sample persisted into the final beer, with a negligible amount found in
the spent grain. In contrast, Lancova et al. (2008) reported that the highest concentration of
mycotoxins was detected in the rootlets, post-germination, that are removed and discarded with
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spent grain. This raises concern for ingestion by animals as spent grains are often fed as livestock
feed.
2.6.1 Malting
Steeping not only initiates germination of the grain but of fungal spores as well. Vegetative fungal
cells are formed which contribute to measured DON concentration (Speers, A., personal
communication). Although steeping can reduce DON levels to less than 10% of the original
concentration, levels of D3G have been observed to increase by up to 400% (Habler et al., 2016;
Lancova et al., 2008). In contrast, Habler et al. (2016) reported a 25% decrease in ADON
derivatives. Lake, Browers, Yin, & Speers (2007) attempted to degrade DON from barley, without
affecting germination ability, by treating barley samples with sodium bisulfite before malting. The
group noticed a 93% reduction in DON concentration post-malting - when treated with 10 g/L
sodium bisulfite - which was similar to the reduction observed in control samples of 86%. This
considerable reduction of DON in control samples was thought to be primarily a result of DON
leaching into the steep water.
Ideal germinating conditions (temperate temperatures, elevated moisture and humidity) in the
malthouse support microbial growth (MacIntosh et al., 2014). The rate of germination increases
with temperature, as does CO2 production (Day, 1891). Wolf-Hall (2007) observed an increase by
as much as 114% DON during germination. Glucosidases, present in kernels, are capable of
converting DON to D3G which decreases the apparent DON concentration but results in
underestimation of the true toxin concentration, as commercial DON analysis cannot detect D3G
(Maul et al., 2012). Habler et al. (2016) reported as much as 5100% increase in D3G after
germination while only a 200% increase in DON was observed. Furthermore, they reported a 500700% increase in ADON derivatives after germination.
Since kilning seldom exceeds 90°C, DON is unaffected as it is stable up to 170°C (Wolf-Hall,
2007). Furthermore, Wolf-Hall (2007) reported no significant reduction in DON levels after
autoclaving samples at 121°C for 72 min. Habler et al. (2016) observed an increase in DON and
its modified structures after kilning, ranging from 200%, 900%, and 3700% for DON, D3G, and
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ADON derivatives, respectively. Additionally, they reported a 500-700% increase in fungal
DNA14 (from F. culmorum) from malt samples to the finished beer.
2.6.2 Mashing and kettle boil
Water soluble mycotoxins remain present during mashing and have been observed to increase as
much as 400%. Wolf-Hall (2007) suggested that proteases and amylases act to release additional
DON from infected malt. Gilbert, Woods, Turkington & Tekauz (2005) reported that temperatures
exceeding 90°C are sufficient to kill DON-producing mould but the mycotoxin itself persists into
the process. Ideally, a vigorous and consistent boil is achieved and maintained to kill spoilage
organisms and drive off dimethyl sulfide (DMS) but this is often not complete. Any fluctuation in
temperature could prolong the time required to destroy unwanted organisms; therefore, absolute
eradication of mould is not guaranteed. Clear, Patrick, Turkington, and Wallis (2002) reported
complete eradication of Fusarium spp. from barley seeds dry heated at 80°C for 5 d and 9 d for
seeds heated at 70°C. The necessary heat treatment, however, depends on the grain itself, e.g.,
eradication of Fusarium spp. from wheat seeds took 2 d and 5 d at 80°C and 70°C, respectively
(Clear et al., 2002).
2.6.3 Fermentation
It is proposed that the uptake of DON by yeast cells contributes to decreased DON concentration
(Wolf-Hall, 2007). Nathanail et al. (2016) proposed that yeast cells can prevent type B
trichothecenes from persisting into a beer by adsorbing the toxins onto the cell wall. Additionally,
yeast can initiate glucosylation and acetylation of DON thereby transforming it into less toxic
forms. Nathanail et. al (2016) reported a 15% decrease in DON after fermentation with a strain of
Saccharomyces pastorianus. Similarly, Joannis-Cassan, Tozlovanu, Hadjeba-Medjdoub, Ballet &
Pfohl-Leszkowicz (2011) reported 68% adsorption efficiency of zearelenone, a type B
trichothecene, by baker’s yeast.
Schwarz et al. (1995) reported that 80-93% of the DON concentration present in the initial malt
sample, persisted into the final beer. Scott, Kanhere & Weber (1993) evaluated 50 Canadian and
imported beer samples and found that 29 were infected by DON and 5 gave values ranging from
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5-50 µg/L (Scott et al., 1993). Further testing done by Scott (1997) revealed four of twenty beer
samples contained an average of 0.0125 mg/L, or 12.5 µg/L, DON. The Joint Expert Committee
on Food Additives (JECFA) suggests a tolerable daily intake (TDI) of 1 µg/kg body weight for
DON; this limits the maximum daily intake of DON to 80 µg for the average male over 20 years
of age, given a weight of 80 kg (Statistics Canada, 2015). From data collected by Scott et al. (1993),
an 80 kg male would exceed the suggested TDI after ten 355 mL bottles of beer at 25 µg/L or five
bottles at 50 µg/L DON.
2.7 Current methods of DON analysis
Analysis of mycotoxins in samples of malt and beer require extensive clean-up steps prior to
derivatization to free the analyte from its complex matrix. Additionally, fungal toxins generally
occur on the order of µg/L; therefore, protocols must achieve a suitable detection limit
(Malachová et al. 2015).
2.7.1 Extraction of DON from solid samples
Homogeneity of the sample is a concern with DON detection in cereal grains since it is primarily
found in the grain’s hull (Pereira, Fernandes & Cunha, 2014). For this reason, grains are ground
prior to extraction. Solid-liquid extraction is among the most popular for analyte separation. DON
is classified as a type B trichothecene which is a class that is soluble in polar solvents such as
methanol, ethanol, and acetonitrile (Canady et al., 2001). Acetonitrile in water (84:16 v/v) is the
most commonly used solvent for extraction of DON (Gräfenhan et al., 2013; Cristina Juan, Ritieni,
& Mañes, 2012; Pereira et al., 2014). Yue, Zhang, Yang, Ou-Yang, & Liu, (2010) reported 98%
recovery of DON from spiked samples when extracted with 80:20 v/v acetonitrile in water
compared to 89% recovery from samples extracted with the popular 84:16 v/v ratio. Water
functions as a mobilizing solvent by facilitating release of mycotoxins from the sample matrix
while acetonitrile binds the analyte (Meneely, Ricci, van Egmond, & Elliott, 2011). The
temperature at which extraction is done must be considered as well. Extraction efficiency and
temperature are related, where increased temperature promotes analyte extraction. The sensitivity
of the analyte must be considered, however, since mycotoxins are subject to degradation at
increased temperatures. For this reason, extraction temperatures below 40°C are recommended as
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higher temperatures could result in underestimation of actual DON levels (Zhang, Dou, Zhang,
Logrieco, & Yang, 2018).
2.7.2 Sample clean-up of DON in solution
Sample clean-up is employed post-extraction to remove matrix components, concentrate the
analyte, and improve sensitivity (Zhang et al., 2018). Solid phase extraction (SPE) and
immunoaffinity columns (IAC) are popular methods of analyte concentration (Pereira et al., 2014).
SPE employs a solid sorbent and organic eluent (Zhang et al., 2018). The adsorbent material
implemented on the inert column depends on the analyte, the matrix, and potential interferences.
Appropriate selection of the adsorbent does not guarantee perfect recovery as pH, solvent type and
ionic strength of the analyte must also be considered (Pereira et al., 2014). Traditionally, SPE
columns were analyte-specific; therefore recovery was limited to one species. Recent advances in
SPE chemistry have allowed multiple mycotoxins to be extracted using the same column, however,
analyte specificity is sacrificed (Zhang et al., 2018).
Romer Labs’ Mycosep 227 is a form of SPE and is most widely used for isolation of DON and its
derivatives (Jakovac-Strajn & Tavčar-Kalcher, 2012; Lattanzio, Solfrizzo, & Visconti, 2008;
Nathanail, Sarikaya, Jestoi, Godula, & Peltonen, 2014; Pereira et al., 2014). This push-through
style column contains a patent-protected composition of adsorbents designed specifically for DON
analysis (Milanez & Valente-Soares, 2006). Although limited to one use, Mycosep clean-up
columns offer a facile, one-step clean-up method.
IAC offer an alternative to SPE with improved selectivity. A suitable IAC employs DON-specific
antibodies thereby retaining the analyte on the column, which is then eluted with acetonitrile or
methanol. IAC columns, however, are costly, permit one use, and are at risk of cross-reactivity
with non-DON trichothecenes of similar structure (Pereira et al., 2014). Additionally, a purely
aqueous solution is preferred since organic solvents interfere with antigen binding (Meneely et al.,
2011).
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2.7.3 Chromatographic separation
Isolation of mycotoxins is commonly facilitated via chromatography. Whether liquid or gas,
analyte separation occurs by partitioning between a mobile and stationary phase. The unique
chemistry of each sample component decides when it elutes from the column.
In liquid chromatography (LC), the composition of the mobile phase and temperature of the
column are considered during analysis. Normal phase LC employs a hydrophilic, or polar,
stationary phase while reversed-phase LC utilizes a hydrophobic, or non-polar, stationary phase.
Since DON is moderately polar, reversed-phase LC methods are commonly used (De Boevre et
al., 2012; Gupta et al., 2011; Soleimany, Jinap, & Abas, 2012). The polar mobile phase commonly
consists of water, acetonitrile, and/or methanol in a gradient fashion (Gupta et al., 2011).
Gas chromatography separates the sample matrix primarily based on boiling point. Since the
mobile phase is a gas, only thermally stable, volatile compounds can be eluted. Derivatization of
non-volatile compounds is possible but lengthens the time associated with sample preparation. The
amount of sample injected onto the column can be altered by running split or splitless injection
techniques. Split injection deviates a fraction of the sample away from the column whereas
splitless techniques administer the entire sample to the column. Split injection provides the best
resolution and most consistent analysis. Splitless injection is used mostly for trace analysis and is
subjected to band broadening. Programmed temperature vaporizing is a type of on-column
injection by which the injector is heated at a constant rate once the sample is introduced. This
allows for selective vaporization of individual compounds in a mixture. Regardless of the injection
technique, programmed temperature ramps are used in place of isothermal analysis to improve
peak resolution and decrease run time.
2.7.4 Analyte detection: mass spectrometry
Mass spectrometers provide increased sensitivity and selectivity for an analyte compared to other
detectors, e.g., flame ionization, electron capture, ultraviolet, fluorescence, etc. Whether the
sample is a liquid or gas, it must be ionized before entering the mass analyzer.
Gas phase samples become ionized predominantly through electron impact (EI) or chemical
ionization (CI). In EI, the sample is bombarded by an electron beam which abstracts an electron
from the analyte, creating a high energy species. A high degree of fragmentation results as the
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excited molecule relaxes. The resulting fragments are positively charged and are propelled through
the chamber, toward the detector, by negatively charged accelerator plates.
CI employs a reagent gas as a vehicle for proton or hydride transfer between the gas and sample
components. An electron beam is targeted at the reagent gas to form a positively charged species.
Through a series of reactions, the ionized gas either donates (positive mode) or removes (negative
mode) a proton from the molecule, transferring the charge to the sample components. As with EI,
the resulting ion is accelerated through the chamber toward the detector. CI results in comparably
less fragmentation than EI and a molecular ion remains intact.
Electrospray ionization (ESI) is primarily used for liquid samples entering a mass spectrometer.
The sample is sprayed through a fine tip with an applied voltage to create ionized droplets. The
eluent is evaporated and coulombic explosion releases a single ionized molecule from droplets.
Individual ions are centered toward the detector by a counter electrode. Similar to CI, ESI results
in minimal fragmentation.
Irrespective of the ionization technique, mass spectrometry utilizes properties of a magnetic field
to screen resulting ions. A magnetic field can be achieved with an ion trap or a quadrupole mass
analyzer.
An additional mass spectrometer may be coupled to the first spectrometer. This method is known
as tandem mass spectrometry (MS/MS). Once fragmented by the first spectrometer, desired
precursor ions of a given mass to charge ratio (m/z) are selected to undergo further fragmentation
by the second spectrometer to give product ions. This secondary fragmentation increases analyte
sensitivity by reducing noise experienced by the detector.
2.7.4.1 Analysis of DON by GC-MS
Since DON is non-volatile, it must be derivatized prior to injection into the gas chromatograph.
Silylation by trimethyl silyl reagents and acylation by heptafluorobutyryl imidazole, trifluoroacetic
acid anhydride, or pentafluoropropionic anhydride, are commonly used derivatizing agents for
DON analysis (Ran et al., 2013). TMS reagents, namely N,O-bistrimethylsilyl acetaminde (BSA),
trimethylchlorosilane (TMCS), and N-trimethylsilyimidazole (TMSI), are most widely reported in
the literature, with great success (Jakovac-Strajn & Tavčar-Kalcher, 2012; Jin et al., 2018; Pereira
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et al., 2014; Rodríguez-Carrasco, Moltó, Berrada, & Mañes, 2014; Tang et al., 2018). Bouafifssa
et al. (2018) achieved a limit of detection (LOD) of 0.5 µg/L DON when using BSA:TMCS:TMSI
(3:2:3 v/v/v). Bertuzzi, Rastelli, Mulazzi, Donadini & Pietri, (2011) reported a LOD of 0.5 µg/L
DON when using a similar reagent composed of TMSI:TMCS (1:0.2, v/v). Acylation provides a
suitable alternative to TMS reagents, achieving detection limits on the order of µg/L, but can be
twice the cost (Seidel et al., 1993).
The use of an internal standard allows estimation of instrument precision and quantification of
analyte.
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C-deoxynivalenol, trichothecolone, and Mirex (perchloropentacyclodecane) have all

been used as internal standards when evaluating DON via GC-MS (Eskola & Rizzo, 2001; Wilson
et al., 2017). Eskola & Rizzo (2001) assessed the suitability of trichothecolone, a type-B
trichothecene, as an internal standard when evaluating trichothecenes in cereal grains. They
discovered that the derivatization efficiency of trichothecolone varied considerably from that of
DON; therefore, quantification of the analyte was compromised. Since 13C-DON exhibits identical
chemistry as its non-isotopically labeled counterpart and does not occur naturally in grain, it is an
ideal internal standard. The cost of this substance, however, greatly exceeds other options. Mirex
offers a cost-effective alternative to isotopically labelled DON, elutes in a timely manner with
good peak separation, and provides satisfactory response from an electron-capture detector
(Hastings & Stenroos, 1995; Schwarz et al., 2014; Seidel et al., 1993; Wilson et al., 2017).
2.7.4.2 Analysis of DON by LC-MS and/or LC-MS/MS
LC techniques represent the most widely used method of mycotoxin analysis. In contrast to GC,
LC-based methods do not require derivatization of mycotoxins; therefore, additional mass and
fragmentation patterns of the derivatized species need not be considered when examining mass
spectra. Li et al. (2012) reported a LOD and limit of quantification (LOQ) of 0.3 µg/kg and 0.8
µg/kg DON when analyzing commercial cereal samples via UPLC-MS/MS. Similarly, Soleimany
et al. (2012) investigated the presence of mycotoxins in cereal grains and achieved a LOD of 10
µg/kg DON by analysis via LC-MS/MS. In a review of current methods of DON detection,
Bertuzzi, Rastelli, Mulazzi, Donadini, & Pietri (2018) described LC-MS methods as highly
reproducible and having excellent sensitivity. Although low detection limits have been achieved,
LC-MS methods are at risk of ion suppression or enhancement due to matrix effects (Soleimany
22

et al., 2012). Additionally, co-elution of DON derivatives presents an issue with ionization in the
mass spectrometric portion of analysis; therefore isotopically labelled internal standards are critical
(Bertuzzi et al., 2018).
Ultraviolet and fluorescence detection coupled with LC have been used to evaluate mycotoxins in
food matrices but these methods are limited by their high detection limit and reduced sensitivity
compared to mass spectrometric detection.
2.7.5 Enzyme-linked immunosorbent assay (ELISA)
ELISA is based on antigen binding and is used as a qualitative method of analysis. Once DON is
bound to its respective antibody, a visualizing agent, such as tetramethylbenzidine, is added to
quantify the analyte. Although ELISA methods are cost effective, portable, and simple to run, each
test kit serves a single use, and color development can take as long as 2 h (Pereira et al., 2014).
Kolosova et al. (2008) reported poor agreement between DON levels determined by ELISA and
LC-MS/MS. When samples of known DON concentration were examined, ELISA overestimated
the concentration. Similarly, Ran et al. (2013) reported the tendency of ELISA methods to report
false positive results and suffer from cross-reactivity of structural analogs and/or matrix
components. In contrast, Sinha, Savard, & Lau (1995) developed a direct competitive ELISA
method for the detection of DON in grain samples. The method proved highly selective for DON
and 15-ADON and reported a LOD and LOQ of 0.05 mg/L and 0.1 mg/L, respectively.
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CHAPTER 3 MATERIALS AND METHODS
3.1 Evaluating mould population from grain samples
Floor-malted barley was sourced from Horton Ridge Malting (Hortonville, NS, Canada),
pneumatic malted barley came from the Canadian Malting Barley Technical Centre (CMBTC;
Winnipeg, MB, Canada), and unmalted barley was sourced directly from an organic farm in
Saskatchewan, Canada. All three grain samples were of the CDC Copeland variety, lot # B-19031.
Fungal infection of each sample was observed via a plating method according to Gräfenhan et al.
(2013). Potato Dextrose Agar (PDA; Sigma-Aldrich, Oakville, ON, Canada) was prepared at halfstrength (18 g PDA per litre of water), autoclaved for 15 min at 121°C, and allowed to cool
sufficiently to handle before pouring ~12 mL into Petri dishes in a biological safety cabinet (BSC).
Prior to plating, 3 x 10 seeds each of floor-malted, pneumatic malted, and unmalted barley (i.e.,
30 total) were surface disinfected with 10 mL 0.3% NaClO for 1 min. Once dried in a laminar flow
hood, seeds were plated onto PDA, 10 seeds per Petri dish, in a BSC and sealed with Parafilm TM.
Plates were then placed in an incubator (New Brunswick Scientific Co., Inc., Edison, NJ, USA) at
25°C for five days, cycling darkness (12 h) with fluorescent and blue light (12 h) as suggested by
Manstretta et al. (2016). Aluminum foil covered the window of the incubator to establish complete
darkness within the chamber while blue light (480 nm) was provided by a UVP Visi-Blue
Transilluminator (Fisher Scientific, Ottawa, ON, Canada).
3.2 Micro-malting
Eight cubic chambers made of 0.6 cm thick extruded, sheeted acrylic (19.7 cm3, internal
dimensions), constructed by Concept Plastics Inc. (Dartmouth, NS, Canada), were used as
individual germination chambers (Figure 5). Five sides of the cube were glued in place while the
sixth side was removeable and served as the lid. Silicone caulking (Momentive Performance
Materials, Huntersville, NC, USA) was applied to all joints between the four walls and the bottom
side to further seal the chamber and prevent gas from escaping or entering when sealed. A circular
port for installing a CO2 probe was drilled into one side of each chamber, 15.5 cm from the bottom
and 1.7 cm in diameter (Figure 5). To simulate a concrete floor as used in floor malting, SikaGrout
212, a non-shrink, cementitious grout (Sika Canada, Pointe-Claire, QC, Canada) was poured into
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wooden moulds to create eight, 19.7 x 19.7 x 1.2 cm solid surfaces to cover the bottom of each
acrylic chamber. Each grout slab was then sealed with Surf-Pro Smart Sealer (Surf-Pro, StAmable, QC, Canada) to prevent deterioration due to moisture. Two steel wires (2 mm diameter)
were embedded into each grout slab to allow for easy removal from the chambers. Each chamber
was equipped with a Vaisala GMP221 CO2 probe (0-5000 ppm, Vaisala, Helsinki, Finland),
connected to a Campbell CR23X Micrologger (Campbell Scientific, Edmonton, AB, Canada) for
continuous CO2 detection.

Figure 5. Germination chamber
with grout floor and CO2 probe
installed.
A Sanyo MIR-153 refrigerated incubator (Sanyo Electric Co. Ltd, Ora-gun, Gunma, Japan)
allowed for temperature control during steeping and germination. A Hamilton-Beach 32100C food
dehydrator (Hamilton-Beach, Markham, ON, Canada), equipped with five, 31 x 24.5 x 3.5 cm
plastic trays were used to kiln malted samples. To prevent barley from falling through plastic slats,
aluminum mesh (1 mm) was cut to fit within each tray.
3.2.1 Preparation of F. graminearum suspension for barley inoculation
Five isolates of F. graminearum, collected from barley and/or wheat on Prince Edward Island,
Canada from 2016-2019, were obtained from the Agriculture and Agri-Food Canada Research and
Development Centre in Charlottetown, PEI. These highly virulent strains were proven producers
of 3-acetyl deoxynivalenol. The strains were identified as: FG 16-2, FG 16-66, FG 17-108B, FG
75, and FG183 by Agriculture and Agri-Food Canada.
Isolates were propagated according to Schöneberg et al. (2018) with modifications from Martin et
al. (2017). Isolates were cultured separately on PDA by incubating at 18°C for 7 d, cycling 12 h
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light with 12 h darkness. Two hundred mL of sterile V8 broth15 was inoculated with two mould
colonies of the same strain (from PDA) and shaken on an orbital shaker (C24 Incubator Shaker,
New Brunswick Scientific, Edison, NJ, USA) for 7 d at 24°C and 200 rpm. In a BSC, mycelia
were removed by filtering the fungal slurry through Whatman 4 filter paper (20-25 µm pore size)
into two, 50 mL sterile centrifuge tubes. Samples were then centrifuged for 10 min at 3000 x g.
The resulting pellet was then suspended in sterile distilled water. The spore suspension was then
subjected to 5, ten-fold serial dilutions followed by incubation on PDA plates for 24 h. Cell
count/mL of the undiluted spore suspension was approximated by the following equation:
Equation 3-2 C =

𝐴𝑥𝐷
𝑉

Where C is the number of cells per mL in the undiluted spore suspension, A is the average colony
count on the PDA plate after 24 h incubation, D is the dilution factor, and V is the volume of
inoculum plated on PDA. Once cell count was approximated, the fungal suspension was adjusted
to 1 x 106 cells/mL prior to inoculation.
Barley grains were surface disinfected, according to Oliveira et al. (2012) before fungal
inoculation. Seeds were soaked in 0.3% NaClO solution (1 L per kg barley) for 1 min, drained,
then dried in a laminar flow hood for 24 h. Once dry, seeds were exposed to blue light (480 nm)
for 10 min (UVP Visi-Blue Transilluminator, Fisher Scientific, Ottawa, ON, Canada). Thirty mL
of the fungal suspension (~1 x 106 cells/mL) was sprayed onto the seeds to saturate the surface
using a 250 mL spray bottle. Grains were mixed well and incubated at 25°C for 5 d with mixing
every 12 h after the initial 24 h. Infected grain was steeped immediately after the 5 d incubation
period.
3.2.2 Steeping
Barley was weighed on a benchtop balance and transferred into a sterilized nylon strain bag (38.1
x 50.8 cm, Noble Grape, Halifax, NS, Canada), tied shut with a rubber band and immersed in a
bucket of water (8 L water per kg of grain). After 1 min, the bag of barley was removed and
reweighed to estimate wet weight, Winit (Eq. 3-1). The bag was then returned to the bucket of water
which was then set into the refrigerated incubator at 12°C. The time and temperature regime used
15

1:5, V8 juice (Campbell Soup Company): distilled water, and 2 g sodium carbonate L-1
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for steeping was based on that outlined by Whitmore & Sparrow (1957). Samples were steeped for
48 h or until a moisture content of 45% w.b. was achieved, cycling periods of full immersion in
water (12 h) and draining in air (12 h). Percent moisture was estimated by weighing each bag of
barley after each air rest, following equation 3-1;
Equation 3-1 M (% w.b.) =

𝑊𝑡 −𝑊𝑖𝑛𝑖𝑡
𝑊𝑖𝑛𝑖𝑡

𝑥 100%

where moisture is expressed on a wet basis as the percent weight of water compared to the total
weight of the sample. Wt and Winit represent the total weight of sample at time t in hours, and the
initial weight of the sample at time = 0 h (initial wet weight), respectively.
3.2.3 Germination
Acrylic chambers and grout slabs were individually sanitized with 70% ethanol followed by 10%
bleach solution, or 0.5% NaClO, and allowed to dry completely. Steeped barley was weighed into
plastic, square containers (8.5 x 8.5 x 4.0 cm) as shown in Figure 6.

Figure 6. Steeped barley
in plastic containers
prior to germination.
The amount of barley in each container varied with the objective of each experiment. A thin layer
of vacuum grease (Beckman Institute, Inc., Palo Alto, CA, USA) was applied to the top edges of
the acrylic walls before placing the lid securely on top. A single layer of ParafilmTM was stretched
around the perimeter of the lid to further seal the joint. To monitor CO2 concentration, a cylindrical
CO2 probe was installed on one wall of each chamber as shown in Figure 5. An additional 40 g of
barley was divided into two Petri dishes (150 mm x 15 mm) and set into each of two incubators to
facilitate observation of acrospire growth. Acrospire length was assessed after 36 h had elapsed,
and every 12 h thereafter, using a micrometer, following Malt Method 2 (ASBC Methods of
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Analysis, 2015). Once acrospire growth exceeded 75% the length of the seed, germination was
considered complete (Figure 7).

Figure 7. A barley grain showing
complete germination as indicated by
length of acrospire.
3.2.4 Kilning
Germinated barley was spread out evenly on trays of a Hamilton-Beach food dehydrator (Figure
8) and dried at 50°C (122°F) for 24 h, 60°C (140°F) for 8 h, and 71.1°C (160°F) for 16 h as outlined
by Whitmore & Sparrow (1957). The observed moisture content was approximated using equation
3-1. A final moisture content of 3-4% w.b. is considered ideal. Once dried and rootlets removed
by sieving, the malt was placed in sealed polyethylene bags, labelled, and stored in a sealed plastic
container at 20°C until DON extraction.

Figure 8. Front view of a
benchtop food dehydrator
used to kiln malted barley
samples
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3.3 Germination trials
3.3.1 Effect of floor type and temperature on rate of germination
Acrylic, sealed grout, and unsealed grout were evaluated as germination surfaces. A 2 cm grain
bed was established in each chamber with 460 g barley, steeped as described above. The effect of
each floor type on the rate of germination was assessed at 12°C and 25°C as described in Table 4.
Table 4. Experimental design for evaluating the effect of
temperature and floor type on rate of germination. The six
individual conditions were replicated twice.
Temperature, °C

Material

12

Acrylic

Sealed

Unsealed

25

Acrylic

Sealed

Unsealed

To estimate extent of germination, acrospire length was measured from 10 random seeds in each
chamber after 48 h of germination. Germinated barley was then discarded.
3.3.2 Rate of CO2 evolution from germinating barley
Fourteen square, plastic containers were filled with 25 g of steeped barley. Six germination
chambers were used for this experiment, where 1 container of barley (25 g) was placed into each
of 2 chambers, 2 containers of barley (50 g) were placed in a further 2 chambers, and 4 containers
of barley (100 g) were placed inside each of the last 2 chambers. A Petri plate filled with water,
was placed in chambers containing only 25 g of barley to ensure ~100% RH, as determined by a
humidity sensor inside the chamber as shown in Figure 9 (La Crosse Technology, La Crosse,
Wisconsin, USA). Relative humidity was also monitored in each of the chambers containing 50 g
and 100 g of barley. Chambers were sealed and germination was allowed to proceed at 20°C for
24 h. CO2 concentration was monitored over the germination period, after which the barley was
discarded.
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Figure 9. A top-down view of two germination chambers to establish
conditions of “low [CO2]” (left) and “high [CO2]” (right).
3.3.3 Evaluating KOH as a CO2 absorbant in the absence and presence of germinating barley
In an attempt to control CO2 concentration within germination chambers, a saturated solution of
KOH (22 M) was evaluated as a CO2 absorbant. To assess the efficacy of KOH absorption in the
absence of germinating barley, a 50 mL beaker, 150 mL beaker, and a Petri dish were each filled
with 20 mL 22 M KOH and placed inside 3 separate germination chambers. These three containers
evaluated the effect of surface area on CO2 absorption where a surface area of 11.6, 22.2, and 57.6
cm2 were represented by the 50 mL beaker, 150 mL beaker, and Petri dish, respectively. Pure CO2
was delivered into each chamber via Pasteur pipette until a concentration of 4000 mg/kg CO2 was
achieved, the chambers were sealed, and CO2 concentration was monitored over a 4-day period.
Similarly, saturated KOH was evaluated as a means to prevent or reduce the accumulation of CO2
from germinating barley. The KOH solution was poured into Petri dishes and the surface area of
KOH was varied by placing either 1, 2 or 3 Petri dishes within each chamber, thereby doubling
and tripling the surface area, respectively. Petri dishes were positioned on three-legged plastic
pedestals (5 cm tall) above a 1 cm bed depth (230 g) of steeped barley (Figure 10). All chambers
were sealed and the barley allowed to germinate at 20°C for 50 h. CO2 concentration was
monitored over this period as previously described.

30

Figure 10. Six germination chambers each containing 230 g of steeped
barley and either 1, 2, or 3 Petri dishes with 22 M KOH solution as CO2
absorbant.
3.3.4 Influence of temperature on mould growth
Sixty steeped barley seeds were plated on 6 PDA plates (10 seeds per plate). The plates were sealed
with Parafilm™ and 3 plates were placed in an incubator set at 12°C and the other 3 plates were
placed in an incubator set at 25°C. Plates were incubated for 4 d at each temperature. Plates were
removed from the incubators and assessed visually for mould growth where colour, size, and
number of colonies were considered.
3.3.5 Effect of CO2 level on mould growth
One hundred and sixty steeped barley seeds were plated on 16 PDA plates (10 seeds per plate) as
described above. Four plates (with the cover left off) were placed in each of 4 germination
chambers 2 of which were designated as “low CO2” and the other 2 as “high CO2”. Chambers
designated as “low CO2” were sealed immediately. Chambers designated as “high CO2” were
adjusted to 4000 mg/kg CO2 with pure gaseous CO2 administered using a Pasteur pipette, and then
sealed. Germination was allowed to proceed within each chamber for 3 d at 20°C and CO2
concentration was monitored over this period.
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3.3.6 Effect of temperature, light, and CO2 level on mould growth and production of DON
Sixty grams of barley was weighed out into each of sixteen square, plastic containers such that a
4 cm grain bed was established in each. Three of these containers (180 g total) were placed in each
of 4 germination chambers designated as “high CO2”, while one container (60 g) of barley was
placed in each of 4 chambers designated as “low CO2”. To maintain a relative humidity (RH) of
~100%, a petri dish filled with water was placed in “low CO2” chambers and monitored with a
humidity sensor (La Crosse Technology, La Crosse, WI, USA). To establish “dark” conditions, 2
of the chambers with “low CO2” and 2 of the chambers with “high CO2” were covered in aluminum
foil. Then, incubation was carried out at either 12°C or 25°C, such that barley was allowed to
germinate under each of the conditions of low or high temperature (12°C or 25°C), low or high
CO2 and in the dark or light, as previously described. The experimental design is shown in Table
5. CO2 concentration was monitored as before.
Table 5. A 24 full factorial design was used to assess
the effect of temperature, dark/light, and CO2 level on
mould growth. The eight conditions were replicated
twice each with both F. graminearum inoculated
barley and non-inoculated barley (four experimental
runs total).
Temperature, °C

Dark/light

CO2 level

12

light

high

12

dark

high

12

dark

low

12

light

low

25

light

low

25

dark

low

25

light

high

25

dark

high

Once germination was complete, samples were dried in a food dehydrator following the protocol
outlined previously for kilning barley samples. All malt samples collected were stored in
polyethylene bags at 20°C in a dry and dark place before further analysis.
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3.4 DON analysis via GC-MS
3.4.1 Extraction of DON from malt and sample clean-up
Analyte extraction was done following the method published by Jakovac-Strajn & Tavčar-Kalcher
(2012). Five grams of each malt sample was homogenized using a bench top disc mill set to a gap
of 0.22 mm (Bühler Inc., Markham, ON, Canada). The milled grain was then transferred to a 50
mL centrifuge tube with 25 mL of 84% acetonitrile (ACN) in water (Sigma-Aldrich, Oakville,
ON, Canada). The tubes were agitated with a linear shaker for 1 h (Burrell Scientific, Pittsburgh,
PA, USA) then centrifuged at 2000 x g for 5 min on an IEC Centra MP4R centrifuge International
Equipment Co., Needham Heights, MA, USA). Eight mL of the aqueous extract was transferred
to a 15 mL test tube. A solid phase extraction column (Mycosep 227, Romer Labs, Union,
Missouri, USA) was plunged into each test tube to remove non-DON impurities. After collecting
the supernatant, the Mycosep 227 column was washed with 8 mL of solvent (84% acetonitrile in
water) to dislodge any analyte that may have adhered to the column. Both supernatants were then
combined (16 mL total).
3.4.2 Preparation of calibration standards
DON (1 mg vials) and Mirex (perchloropentacyclodecane) were sourced from Sigma-Aldrich
(Oakville, ON, Canada). One mL pure acetonitrile was added to a vial of 1 mg DON to create a
1000 mg/L solution. A 10 mg/L working standard was created by pipetting 0.25 mL of 1000 mg/L
DON into a 25 mL volumetric flask and diluting to volume with pure acetonitrile.
An 870 mg/L stock solution of Mirex was made by transferring 87 mg Mirex to a 100 mL
volumetric and dissolving in hexane. An 87 mg/L working solution was then made by transferring
2.5 mL of the stock solution to a 25 mL volumetric and filling to the mark with hexane. An aliquot
of 0.5 mL of 87 mg/L Mirex was transferred to a 50 mL volumetric and diluting to volume with
hexane. This 0.87 mg/L Mirex solution served as an internal standard.
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3.4.3 Analyte derivatization
The procedure used for derivatization was based on that published by Tang et al. (2018). Silylating
mixture II, according to Chambaz & Horning (1969), BSA: TMSI: TMCS, 3:3:2 v/v/v and sodium
phosphate dibasic, were sourced from Sigma-Aldrich (Oakville, ON, Canada). Hexanes Optima
was purchased from Fischer Scientific (Ottawa, ON, Canada).
In a fume hood, 2 mL of sample supernatant or DON standard was pipetted into a clean, dry,
screw-capped, round-bottom test tube before being evaporated to dryness under nitrogen (30°C)
in a nitrogen evaporator (N-EVAP, Organomation Associates, Berlin, Massachusetts, USA). One
hundred µL of the silylating reagent was added to the dried extract, recapped promptly, mixed on
a vortex mixer for 30 s then heated at 80ºC for 1 h on a heating block (Thermo Scientific, Fairlawn,
NJ). Then 0.5 mL, 0.87 mg/L Mirex in hexane and 1 mL, 0.1 M phosphate buffer (pH 7) was added
to each tube and vortexed for 1 min. Once settled and phases separated (~1 min), the upper hexane
layer was pipetted into a clean GC vial, equipped with a 200 µL insert, for instrumental analysis.
3.4.4 GC-MS conditions
A Trace 1310 gas chromatograph (Thermo Scientific, Fairlawn, NJ) was equipped with a Zebron
ZB-5, 30 m x 0.25 mm I.D. x 0.25 µm column (Phenomenex Inc., Torrance, California, USA) and
coupled to a ISQ7000 single quadrupole mass spectrometer (Thermo Scientific, Fairlawn, NJ).
Using helium as the carrier gas, the inlet temperature was set to 270°C. One µL of sample was
injected (splitless) at 60°C, and held at 60°C for 2 min, then a temperature ramp of 25°C/min was
set to reach 240°C followed by a ramp of 5°C/min to reach a final temperature of 300°C, and held
for 5 min. Fragment ions, characteristic of TMS-DON are: 512, 497, 422, and 407 m/z (He, Young,
& Forsberg, 1992). Resulting spectra were analyzed using Chromeleon™ Chromatography Data
System (Thermo Scientific, Fairlawn, NJ).
3.5 DON analysis via LC-UV
All LC-UV analysis was conducted under the guidance of Dr. Alan Doucette (Dalhousie
University, Chemistry Department) with the help of his graduate student Philip Jakubec and
laboratory technician, Negar Vakili.
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3.5.1 Preparation of calibration standards
One mg DON standard was dissolved in 1 mL pure ACN to prepare 1000 mg/L stock solution.
Using a micropipette, 1.2 mL of 400 mg/L working solution of DON was prepared from 1000
mg/L stock, diluted with 84% ACN in water. From this working solution, 200, 100, 50, and 20
mg/L DON standards were prepared. Matrix-matched standards were then prepared in 2 mL
conical microcentrifuge tubes by spiking 0.5 mL standard into 0.2 g of milled, clean malt, and
vortexed for 30 s. A 0.5 mL aliquot of 84% ACN in water was added to each sample, making up
the total volume to 1 mL. Samples were then shaken for 1 h at 20°C on a linear shaker then
centrifuged for 10 min to separate solids. The supernatant was removed by Pasteur pipette and
collected in a clean 2 mL microcentrifuge tube. Assuming 100% extraction efficiency, this method
produced 200, 100, 50, 25, and 10 mg/L DON extracts.
3.5.2 LC-UV Conditions
An Agilent Technologies 1200 Series LC-UV was equipped with a Waters Bondapak C18, 125 Å,
3.9 mm x 300 mm x 10 µm I.D. column (Agilent Technologies, Santa Clara, California, USA;
Waters Ltd., Missisauga, ON, Canada). A 25 µL sample was injected and eluted in isopure water
and acetonitrile, according to Table 6, in 11 min at a flow rate of 1 mL/min. Column reequilibration resulted in a total run time of 22 min. A wavelength of 254 nm was isolated by the
UV/Vis detector for detection of DON (Gupta et al., 2011).
Table 6. Solvent gradient used
to elute DON from C18 column.
Time, min

% H2O

%ACN

0.0

100

0

1.0

100

0

11

70

30

15

20

80

16

100

0

22

100

0
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3.6 DON analysis via LC-HRMS and ELISA
All malt samples collected from the germination trials outlined in Section 3.3.6 (i.e., evaluation of
temperature, light, and CO2 level on mould growth) were sent to the Ottawa Research and
Development Centre, a division of Agriculture and Agri-Food Canada (AAFC) for ELISA and
LC-HRMS analysis by Dr. Barbara Blackwell.
To obtain a representative sample, 25 g of malt was ground via disc mill and passed through a 0.4
mm screen. Disposable test tubes containing 1.0 g of the collected powder were labelled and
shipped to the AAFC Research Centre in Ottawa.
3.6.1 Preparation of samples for LC-HRMS
Indira Thapa, a technician in Dr. Blackwell’s lab, performed LC-HRMS analysis on the samples
provided. A 0.3 g sample of powdered malt was weighed out and extracted with 2 mL
H2O:ACN:Acetic acid (18:80:2 v/v) by sonication and an end-on-end rotary extractor. Samples
were then centrifuged and 1 mL of supernatant was dried before reconstitution with 1 mL
ACN:H2O:Acetic acid (18:80:2 v/v). The resulting solutions were stored at -20°C until analysis.
3.6.2 Conditions of LC-HRMS
Samples were analyzed using a Thermo Scientific Dionex Ultimate 3000 UHPLC coupled with
Thermo LTQ Orbitrap XL high resolution mass spectrometer system. Chromatographic conditions
were adapted to increase separation of DON, 15-ADON and DON-3G using a Kinetex, F5 100 Å
C18 column (Phenomenex, 2.1 x 50 mm, 1.7 µm) with a flow rate of 0.350 mL min-1. Separation
was achieved with mobile phase (A) being LC-MS grade water (Thermo Scientific, Fairlawn, NJ)
containing 0.1% formic acid and 5 mM ammonium acetate, and mobile phase (B) being LC-MS
grade methanol (Thermo Scientific, Fairlawn, NJ) containing 0.1% formic acid and 5 mM
ammonium acetate. The gradient program started with 5% mobile phase B for 0.5 min, increased
to 95% over the following 10.5 min, then held at 95% B for 3 min. Finally, the gradient returned
to 5% B over the course of 2 min and remained at this concentration for 4 min to equilibrate
between samplings. The HRMS was performed using Thermo LTQ Orbitrap XL high resolution
mass spectrometer in ESI+ mode, monitoring m/z 50-1000 range with the following parameters:
capillary temperature (320˚C), sheath gas flow (40 arbitrary units), auxiliary gas flow (5 units),
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sweep gas flow (2 units), source voltage (4.2 kV), capillary voltage (35 V), tube lens (100 V),
maximum injection time (500 milliseconds), 1 microscan per MS scan. DON, 15-ADON and
DON-3G were identified by comparing retention times, accurate mass within 5 mg/kg and mass
fragmentation patterns observed from in-house (DON, 15-ADON) and commercial (DON-3G:
Sigma-Aldrich) standards.
Quantification of DON, 15-ADON and DON-3G was carried out by building a processing method
in Thermo XCalibur 2.2 software (ThermoFisher Scientific Inc., Waltham, MA, USA). An
extracted ion chromatogram of precursor ion was generated using a ± 5 mg/kg mass accuracy
threshold. An ICIS peak integration algorithm using 9 smoothing points and baseline window of
70 was used. External calibration curves were used while building a processing method. The LOD
and LOQ were determined as the lowest concentration achievable whereupon the ion detected and
peak area of three consecutive injections resulted in a percent relative standard deviation (%RSD)
less than 20% between the three injections.
3.6.3 DON analysis via ELISA
One g of a representative malt sample was extracted with 5 mL methanol:water (1:9 v/v) in 10 mL
plastic tubes before end-over-end mixing for 1 h. Samples were then centrifuged for 5 min at 1300
x g. The filtrate was then subjected to competitive direct ELISA described by Sinha et al. (1995).
Results are reported in mg/L with a LOQ of 0.1 mg/L.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Qualitative analysis of fungal growth on barley and malt samples
4.1.1 Comparison of microflora present on unmalted barley, pneumatic malt, and floor malt
Unmalted CDC Copeland barley, pneumatic malt, and floor malt were plated on PDA to propagate
any mould inherently present in the grain samples (Figure 11).

B

A

0h

120 h

0h

120 h

C

0h

120 h

Figure 11. Barley grains plated on PDA; A: unmalted barley, B: pneumatic
malt, C: floor malt, observed at time zero (0 h) and after 5 days of
incubation at 25°C (120 h).
All three grain samples appeared visually free of contamination and were of a similar size and colour.
After 120 h of incubation at 25°C, considerable differences were observed between the samples.
Unmalted barley exhibited off-white secretions that darkened due to the growth of a brownpigmented mould. Since samples were left for 5 d, considerable acrospire development was seen in
unmalted samples, indicative of germination. Pneumatic malt showed grain-originated secretions
similar to those observed for the unmalted barley but the thick, yellow liquid did not change colour
over the 5 d period. Floor malt showed the most prominent changes in the form of extensive mould
growth. From 24 h (not shown) to 120 h, floor malt secreted an off-white residue but then proceeded
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to host white mycelia. The white hyphae then darkened to black and took over the entire Petri plate,
preventing further visual analysis. The black mould was most likely Aspergillus niger since pure
strains cultured on PDA at 27°C share the same growth pattern, i.e., initially white mycelia, quickly
becoming black (Moslem, Mashraqi, Abd-Elsalam, Bahkali, & Elnagaer, 2010). Additionally,
Aspergillus spp. are commonly found after storage of barley (Krasauskas, 2017). Further analysis
such as DNA identification via polymerase chain reaction (PCR) would be necessary to confirm the
mould’s identity but was not done in this study. However, this may be of interest in future studies
since several Aspergillus species are known to secrete ochratoxin A, a harmful mycotoxin, (Mateo
et al., 2007).

4.1.2 Effect of temperature on mould growth on steeped barley
12°C

25°C

48 h

72 h

96 h

Figure 12. Mould growth on steeped barley plated on PDA as a
function of temperature.
Figure 12 shows development of mould growth over 96 h at either 12°C or 25°C. Steeped barley at
both incubation temperatures exhibited a thick, clear secretion within 24 h of incubation (not shown).
Secretions developed from samples held at 25°C darkened to orange-yellow, then to pink-red as
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shown after 96 h. Similarly, white mycelia appeared on samples at 25°C within 48 h and darkened to
green-grey within 96 h. Samples held at 12°C exhibited a similar progression but considerably slower.
The relationship between temperature and mould growth is supported in the literature, where more
growth occurs at higher temperatures. Several studies report the optimum temperature range of spore
production by F. graminearum to be 20-25°C at 100% RH (Leplat et al., 2012; Manstretta et al.,
2016; Neagu & Borda, 2013). Similarly, Neagu & Borda (2013) observed an increase in mould colony
size with increasing temperature.
Although mould species were not identifiefd, several colonies exhibited characteristics typical of F.
graminearum. Figure 13 shows F. graminearum isolates cultured on PDA for inoculation of unmalted
barley.
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5

Figure 13. F. graminearum strains cultured on PDA at 20°C:
(1) FG 16-2, (2) FG 16-66, (3) FG 17-108B, (4) FG 75, and (5)
FG183. Strains were obtained from Agriculture and Agri-Food
Canada, Charlottetown Research and Development Centre.

The similarities between mould observed on plated barley samples and pure F. graminearum colonies
support the hypothesis that F. graminearum is present in the unmalted barley. Cambaza et al. (2018)
studied the growth of F. graminearum over a 20-day period. The colour change of the colonies with
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time closely resembles that seen in Figures 3 and 4. Similarly, macroscopic images of F.
graminearum, as shown by Leplat et al. (2012), share the characteristic red colour of the mould.
Future work with PCR analysis could help confirm the mould species present in the barley samples
(Crippin, Renaud, Sumarah, & Miller, 2019). The prevalence of DON-producing F. graminearum
infection of barley is widely reported in the literature; therefore, the presence of DON in the present
study was thought to be likely.
4.2 Effect of floor type and temperature on rate of germination
The effect of acrylic, sealed grout, and unsealed grout on rate of barley germination was examined
before beginning miniature malting trials. Each floor type was evaluated at both 12°C and 25°C. After
48 h of germination, the ratio of acrospire length to seed length was determined (Table 7).
Table 7. Ratio of acrospire length to seed length as a function of
temperature and floor type; n = 10 seeds per floor type x temperature;
ntotal = 60 seeds.
Temperature

Floor type
acrylic

sealed

unsealed

12

0.70 ± 0.10

0.66 ± 0.05

0.69 ± 0.08

25

0.84 ± 0.07

0.80 ± 0.07

0.81 ± 0.09

It is common practice in industry to infer extent of germination from acrospire development (Hertrich,
2013). An analysis of variance (ANOVA) found that floor type did not significantly affect acrospire
development (p > 0.05) whereas acrospire development was significantly greater at 25°C than at 12°C
(p < 0.05). The interaction between floor type and temperature was not significant (p>0.05). This is
consistent with studies that show elevated temperatures increase rate of germination but decrease
malt quality (Hampton et al., 2013; Hertrich, 2013). Although floor type was not a significant factor,
sealed grout floors were chosen as the base of each germination chamber to more closely simulate
industrial floor malting.
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4.3 Controlling CO2 concentration within germination chambers
4.3.1 Rate of CO2 evolution from germinating barley
The level of CO2 evolved from germinating barley was monitored over a 24 h period for three
amounts of barley (Figure 14).
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Figure 14. CO2 evolution as a function of time for 20, 60, and
100 g of steeped barley at 20°C. Note that the nominal upper
detection limit for the CO2 probes was ~5000 mg/kg.

The slope of the linear region (mg CO2/kg air vs time) from each trial was plotted against mass of
barley to estimate the amount of CO2 produced per minute in each germination chamber (Figure 15).
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Figure 15. Rate of CO2 evolution as a function of mass of
germinating barley at 20°C (n=2).
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Assuming 0 g of barley produces 0 mg CO2/kg air/min, the relationship between mass of germinating
barley and CO2 produced follows Equation 4-1:
Equation 4-1:

C = 0.30B

Where C is the concentration of CO2 in mg CO2/kg air/min and B is the mass of barley in grams. The
volume of a germination chamber was 7.18 x 10-3 m3 and the density of air is ~1.225 kg/m3
(International Standard Atmosphere, ISA); therefore the average amount of CO2 produced per gram
of barley was 0.009 mg/min (from 0.30 mg CO2/kg air/min). Thus, 25 g of barley produce 0.07 mg
CO2/min or 4.2 mg CO2/h for the first 24 h.

Subsequent experiments required the level of CO2 within germination chambers to be controlled.
Since the amount of barley present determines the amount of CO2 released into the atmosphere, the
level of CO2 in “high” versus “low” CO2 germination chambers was approximated by germinating
different amounts of barley in each chamber. Since a relative humidity of 97.7% is required for
germination, grain bed depth must be sufficient to maintain moisture (Grains Research and
Development Corporation, 2018). To maintain sufficient moisture in the grain bed while keeping CO2
concentrations low, 60 g and 180 g steeped barley were added to germination chambers. Following
Equation 4-1, 60 g and 180 g should produce 18.0 and 54.0 mg/kg/min CO2, respectively. Since the
CO2 probes could only detect up to 5000 mg/kg CO2 the exact concentration per chamber could not
be recorded. All eight samples of barley germinated successfully using this method.
4.3.2 Potassium hydroxide as a CO2 absorbant
Since one of the objectives of this project was to examine the effect of CO2 concentration on mould
growth and DON production, and germinating barley within a closed container increases the
concentration of CO2, a study was undertaken to assess the efficacy of controlling CO2 concentration
with a CO2 absorbant. Alkali hydroxides are believed to catalyze the uptake of CO2; therefore sodium
hydroxide and potassium hydroxide were considered as CO2 absorbants (Bedi, Gallagher, Fee, &
Murray, 2001). However, since KOH more readily absorbs CO2 than does NaOH, different amounts
of a saturated solution of KOH were tested as CO2 absorbants in germination chambers (Masaki,
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1930). The interaction between KOH and CO2 is shown in equation 4-2 (Lombardi, Corti, Carnevale,
Baciocchi, & Zingaretti, 2010):
2 KOH(aq) + CO2(g) → K2CO3(s) + H2O(l)

Equation 4-2:

KOH also reacts with water following equation 4-3:
𝐻2 𝑂

KOH(aq) → K+(aq) + -OH(aq)

Equation 4-3:

The efficiency of KOH as CO2 absorbant was estimated by tracking CO2 concentration within each
germination chamber over time without barley present. It was hypothesized that increasing surface
area and volume of a saturated KOH solution (22 M) would increase the rate of CO2 absorption. To
evaluate the effect of surface area on CO2 absorption, 20 mL of the saturated KOH solution was
poured into each of a 50 mL beaker, 150 mL beaker, and a Petri plate then placed inside 3 separate
germination chambers. Surface areas of these 3 containers were: 11.6, 22.2, and 57.6 cm2 for the 50
mL beaker, 150 mL beaker, and Petri plate, respectively. Figure 16 shows a semi-log plot generated
from tracking CO2 concentration over time in each of the 3 chambers.
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Figure 16. Semi-log plot of CO2 concentration (mg/kg) in each of 3 germination
chambers over time; each chamber contained either a 50 mL beaker, 150 mL beaker,
or Petri plate with 20 mL of saturated KOH.
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Linear regression from a semi-log plot of log [CO2] vs. time was used to estimate the decimal
reduction time (D) associated with each surface area, i.e., the time to decrease CO2 concentration by
90%, as -1/slope of each line. D-values for each surface area were 285, 263, and 69.0 min for 11.6,
22.2, and 57.6 cm2 respectively and were calculated by taking the negative inverse slope of the
regression line (D = -1/slope).
To assess the effect of volume of 22 M KOH solution on CO2 absorption, the saturated KOH solution
was poured into Petri plates, each with a surface area of 57.6 cm2, and 1, 2, or 3 plates were placed
in germination chambers. As shown in Figure 17, increasing the surface area and volume of a
saturated KOH solution increased the rate of CO2 absorption in an approximately first order fashion.
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Figure 17. CO2 absorption by a saturated solution of KOH as a function of surface area of the
KOH solution.
A greater volume of saturated KOH(aq) increased the rate of CO2 absorption. As before, D-values were
calculated based on the negative inverse slope of the regression line from a semi-log plot of CO2
concentration over time (Figure 18). For surface areas of 57.6 cm2, 115.2 cm2, and 172.8 cm2, Dvalues were estimated to be 62.5 min, 32.3 min, and 19.2 min, respectively.
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Figure 18. Semi-log plot extrapolated from recording the concentration of CO2 (mg/kg) in
each germination chamber over time each containing 1, 2, or 3 Petri plates thereby
increasing volume of KOH.
A subsequent experiment compared the effect of increasing surface area and volume of a saturated
KOH solution on the CO2 levels within germination chambers containing 230 g of germinating
barley.
As shown in Figure 19, the initial CO2 concentration within each chamber was approximately 400
mg/kg (i.e., ambient CO2 concentration) but increased in an inverse manner with the amount and
surface area of saturated KOH within each chamber. As expected, without KOH, CO2 concentration
increased over time, as germinating barley releases CO2 through aerobic respiration (Hertrich, 2013).
Both chambers having just one Petri plate of KOH exhibited increasing CO2 levels until a plateau
was reached after ~1700 min or 28 h. This suggests that one Petri plate, containing 22 M KOH, cannot
absorb CO2 emitted from 230 g barley fast enough to maintain ambient conditions. Figure 19 shows
that the two chambers having three Petri plates (3 x 57.6 cm2 containers) fluctuated by only ~100
mg/kg and remained near atmospheric levels of ~400 mg/kg CO2. Upon observation, however, root
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development was reduced compared to chambers having one or two Petri plates. The low CO2 levels,
therefore, cannot be attributed solely to absorption by KOH but possibly due to limited germination
of the seeds reflected by reduced CO2 emission (Hertrich, 2013). The plateau reached in chambers
having only one Petri plate occurred much later than chambers containing two or three Petri plates
since germination was less hindered by a reduced amount of KOH present.
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Figure 19. CO2 concentration in chambers containing 230 g of germinating barley and 1, 2, or 3
Petri plates of a saturated KOH solution. (Note that one of the two chambers containing 2 Petri
plates could not be recorded.)
Since it was not practical to adjust the gas composition within the chambers on a continuous or regular
intermittent basis, it was hypothesized that a humectant could be used to counteract the dehydrating
effect of KOH and maintain a targeted relative humidity. To test this hypothesis, a saturated solution
of potassium chloride (KCl) was placed in two of four chambers each containing three Petri plates of
saturated KOH solution. A saturated solution of KCl will maintain a constant relative humidity in a
sealed container held at a constant temperature (e.g., 85% at 20°C) (Decagon Devices, 2015; Ramirez,
et al., 2006). Although a range of humectants is available for targeting specific relative humidities,
KCl was used because it was readily available and suitable for testing the hypothesis. Relative
humidity was monitored over an 18 h period.
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Overall, the relative humidity in each chamber decreased with time as shown in Table 8. The average
change in relative humidity in chambers containing only KOH(aq) was -25% over 18 h. In chambers
containing both KOH(aq) and KCl(aq) the average change of relative humidity was -17%. These results
show that chambers containing 20 mL saturated KCl was not sufficient to maintain a constant relative
humidity but was better in this regard than the chambers without KCl. These results suggest that a
larger volume, or a different humectant, may be more effective. However, it was determined that, for
the purposes of this study, it was not necessary to pursue this question further.
Table 8. The effect of a saturated KCl solution on relative humidity
within germination chambers containing three Petri plates of saturated
KOH at 20°C.
RH (%) at time (t) h
Chamber # Volume KCl (aq), mL

t=0

t = 18

1

0

47

30

2

0

65

31

3

20

58

41

4

20

58
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4.3.3 Effect of CO2 level on mould growth
Non-inoculated, steeped barley was plated on PDA, the lid of the Petri plate removed, and set into
four sealed germinating chambers. Each chamber contained four PDA plates, 10 barley grains per
plate. “High” or “low” CO2 conditions were established by either adding pure CO2 gas to 4000
mg/kg, i.e., “high” CO2, or not adding any CO2 (i.e., ambient CO2 concentration, 410 mg/kg) in
designated chambers (Lindsey, 2020). Figure 20 illustrates the progression of fungal growth over
time. Photos were taken every 24 h from time 0 h to 96 h.
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Figure 20. Mould growth on steeped barley in “low” and “high” CO2 environments. Photographs
were taken every 24 h.
Similar to when barley was plated on PDA and incubated at 25°C, a clear substance was secreted
from seeds in both “high” and “low” conditions of CO2 shortly after t = 0 h. After 48 h, the residue
appeared to have white mycelia growing from it which suggested the presence of mould.
After 72 h at 4000 mg/kg CO2, the residue turned red in colour and white mycelia were observed. In
comparison, residue secreted from seeds exposed to 400 mg/kg CO2 turned yellow orange. The
progression of colour during growth of F. graminearum as described by Cambaza et al. (2018)
suggests seeds grown under elevated CO2 experienced more rapid fungal development compared to
those grown under ambient conditions. Results from this experiment were interpreted qualitatively to
support CO2 concentration as an influential factor of fungal growth in mini-malting trials. To quantify
fungal development, an imaging software could be used to approximate growth if colour is assumed
to be representative of maturation. Since this experiment was only conducted once, conclusions
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cannot be drawn. Repetitions under identical circumstances could be performed to further investigate
the relationship between CO2 level and fungal growth. The hypothesis that growing mould
contributed to the overall level of CO2 was supported when observed mould growth was compared
with the change in CO2 within each chamber over time as shown in Figure 21.
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Figure 21. CO2 concentration as a function of time within sealed germination chambers
containing steeped barley on PDA at 20°C.
The initial decrease in CO2 concentration in chambers labelled “high” CO2 may be a result of
stratification or mixing of the gas with air over time. This trend was not observed in “low” CO2
chambers since no CO2 was added. All four chambers demonstrated an increase in CO2 which is
expected of germinating barley. Interestingly, after ~1000 min, or 16 h, all four chambers exhibited
a similar rate of CO2 increase as well, ranging from 3.13 to 3.28 mg/kg*min-1. In chambers with low
CO2, the rate of CO2 production increased after ~1100 min, or 18 h. Although barley was not
inoculated, fungal growth was observed (Figure 20). Since F. graminearum is a filamentous fungus,
it produces amylolytic enzymes capable of breaking down complex polysaccharides, which releases
CO2 via the Krebs cycle (Xiong et al., 2017). Assuming the mould present is F. graminearum, the
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increase in slope after 18 h could be the result of CO2 emitted from both germinating barley and the
growing fungus.
To investigate the rate of CO2 evolution from the fungus alone, 3 PDA plates were inoculated with a
fusarium isolate obtained from the AAFC Charlottetown, PEI Research Centre. The level of CO2
generated from 1 inoculated PDA plate per chamber was measured over a 24 h period (Figure 22).
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Figure 22. Evolution of CO2 from mould on PDA as a function of time at 20°C.
For the first 500 min there was little or no change in CO2 concentration in chambers containing F.
graminearum on PDA in the absence of germinating barley. After the first 500 min there was a steady
increase in each of the 3 germination chambers. The slope of the linear region, from ~1000 – 2000
min (16-33 h), from the three replicates shown in Figure 22 was 3.73 +/- 0.36 mg/kg*min-1 which
represents the rate at which mould produces CO2 in the absence of germinating barley.
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Figure 23. CO2 concentration as a function of time within germination chambers containing
steeped barley on PDA (plotted in black) and cultured F. graminearum (plotted in grey) at 20°C.
When Figure 22 is superimposed on Figure 21, it is clear that CO2 evolution from germinating barley
on PDA and F. graminearum on PDA follow a similar trend (Figure 23). The time at which the slope
increased considerably occurred around 1000 min (16 h) in both experiments. Because CO2 probes
reached their detection limit at ~5000 mg/kg, the trend could not be examined above this
concentration. When compared to the rate observed from germinating barley with growing mould on
PDA (3.13 – 3.28 mg/kg*min-1) the value obtained from mould alone was greater. This observation
can be explained by comparing the two growth substrates. Key nutrients utilized by the fungus for
growth, e.g., dextrose, are much more readily available from PDA than from a barley seed. For this
reason, fungal growth is encouraged and is likely optimized on the nutrient-dense media than on
grain.
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CO2 level was monitored in five of eight miniature germination trials where initial CO2 level,
light/dark, temperature, and initial fungal load was varied (Figure 24). Only five CO2 probes were
functional; therefore, CO2 data could not be collected in all eight chambers.
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Figure 24. CO2 concentration as a function of time within germination chambers containing noninoculated steeped barley (A) and inoculated steeped barley (B). 60 g and 180 g of barley were placed in
chambers designated as having “low CO2” and “high CO2” levels, respectively.
As expected, the two chambers designated as “high CO2” exceeded the probe’s measurement range
after 300 min, or 5 h, whether inoculated or not. Interestingly, the chamber designated “25°C, light,
low CO2” exceed the probe’s measurement range after 450 min, or 7.5 h. This observation can be
supported by the relationship of temperature and rate of germination. At elevated temperatures,
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e.g., 25°C, germination proceeds faster; therefore CO2 production is accelerated (Sung et al.,
2005). The average slope of the linear region for chambers designated as “high CO2” was 11.1 and
13.5 mg/kg CO2 per min for non-inoculated samples and inoculated samples, respectively. When
the two groups are compared via Student’s T-test, the two means are not significantly different
from one another (p > 0.05). This suggests that inoculated samples do not generate CO2 faster than
non-inoculated samples. Because the CO2 probes were calibrated only to 5000 mg/kg, the trend of
CO2 evolution could not be monitored past 8 h of germination. To further investigate the evolution
of CO2 from fungus and germinating barley, probes of a higher measurement range should be used.
For the purpose of this work, however, the exact CO2 concentration was not as important as the
relative concentration of “high” vs. “low” CO2.
4.4 Quantification of deoxynivalenol from miniature floor malting trials
4.4.1 DON analysis via GC-MS
Since GC-MS methods have been published for the detection of DON from grain samples with great
success, and the equipment was readily available, efforts were put toward optimizing a method of
analyte extraction and quantification in-house. Extraction of DON from malt samples and
derivatization were carried out following published methods (Jakovac-Strajn & Tavčar-Kalcher,
2012; Tang et al., 2018).
To evaluate the efficiency of derivatization using Silylating mixture II (BSA:TMCS:TMSI, 3:2:3
v/v/v), 2 mL of 1 mg/L DON standard was evaporated to dryness before addition of 100 µg silylating
reagent. The resulting mass spectrum can be found in Appendix A. Reference ions 235, 259, 422, and
512 m/z were present which prompted further testing of malt samples using this derivatization method
(Wilson et al., 2017). Similarly, 0.87 mg/L Mirex in hexane was evaluated as an internal standard by
injecting the pure standard into the GC-MS. The resulting mass spectrum and reference ions (271 and
275 m/z) can be seen in Appendix A. Since the resulting peaks were of great intensity and did not
interfere with peaks associated with DON-TMS, Mirex was chosen an internal standard.
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Following successful detection of DON from standard solutions, ground malt was introduced as the
sample matrix. Calibration standards ranging from 0.1-2 mg/L DON in malt were created from a 10
mg/L DON stock solution and then extracted as outlined in section 3.4.1. Similarly, malt samples
without the addition of DON (“blank”) were extracted in the same manner, i.e., 84% ACN, followed
by SPE clean up. After derivatization and addition of internal standard, samples were subjected to
GC-MS. Resulting spectra did not yield any peaks characteristic of DON-TMS. Mirex-derived ions,
however, were present in the same intensity as when the 0.87 mg/L standard was injected without
DON. Additionally, a cloudy, white precipitate was noted in some but not all vials once hexane was
added. It was hypothesized that precipitation resulted from an interaction between the silylating
reagent and water coming from the phosphate buffer. These observations suggested the samples be
subjected to derivatizing for a longer period, i.e., 1 h instead of 20 min (at 80°), and that the phosphate
buffer be omitted. DON-spiked malt samples were extracted and derivatized again using this new
protocol. A 10 mg/L DON standard was derivatized as well to eliminate the extraction step, thereby
providing insight into its efficiency. Again, DON-spiked malt samples did not yield any reference
ions but the 10 mg/L DON standard solution gave a characteristic mass spectrum. Even without the
buffer, several samples yielded a cloudy precipitate.
The researchers that developed the derivatization method (i.e., Tang et al., 2018) were consulted
regarding observed precipitation. They acknowledged precipitation in their samples and
recommended those samples be centrifuged and the supernatant collected prior to analysis. They
emphasized that developing the method was not a simple task and that several hurdles were
encountered. In the present study, further considerations were given to extraction efficiency and
effectiveness of Mycosep 227 SPE columns as it was believed analyte was either lost or not extracted
completely.
Since the 10 mg/L DON sample consistency gave ion fragments characteristic of DON after GC-MS
analysis, it was used to assess extraction efficiency and the possibility that the SPE column was
retaining analyte. The 10 mg/L DON standard was extracted three times in 84% ACN. The resulting
solution was then divided in two, 8 mL samples: one aliquot subjected to SPE via Mycosep 227 and
the other evaporated to dryness immediately (no SPE). The same experiment was repeated in which
the Mycosep 227 column used for clean-up was submerged in the reconstituted solution then re56

submerged into clean ACN in an attempt to dislodge any DON that adhered to the column. The
resulting fraction was combined with the original, reconstituted, clean solution. All solutions were
then derivatized using the method by Tang et al. (2018) with modifications to the time spent heating,
i.e., increased to 1 h instead of 20 min. The resulting mass spectra for all experiments were very
inconsistent and did not allow for determination of percent recovery or efficiency of the Mycosep
227 column.
Lastly, a calibration curve was attempted by evaporating pure DON standards, ranging from 0.1 – 10
mg/L, to dryness before derivatization. This procedure was repeated several times on different days
and gave inconsistent mass spectra. Standards below 1 mg/L DON could not be detected despite
numerous attempts.
After several months of experimentation yielding inconsistent data, it was decided to abandon GCMS methods and outsource quantification of DON in case further efforts using different methodology
were not fruitful.
4.4.2 DON analysis via LC-UV and mass spectrometry
Dr. Alan Doucette (Department of Chemistry, Dalhousie University) was approached to aid in the
detection of DON from malt samples. After discussion, a graduate student, Philip Jakubec, was
brought on to facilitate the use of analytical equipment and software. Initially, LC-UV was selected
to optimize separation conditions with the intent to transfer the method to LC-MS.
For this method, 25µL of a 50 mg/L DON solution was eluted in 5% ACN in H2O (isochratic) and
absorbance read at 254 nm (Gupta et al., 2011). The resulting fraction was collected manually and
subjected to MS/MS (ESI+). A strong peak at 297.17 m/z, corresponding to [DON-H]+, was
fragmented to yield a peak of greatest intensity at 249.08 m/z and a secondary peak at 231.08 m/z.
These major fragments were observed by Romera et al. (2018) when they subjected DON standard
to UPLC-MS/MS under similar operating conditions. Having successfully identified the analyte
eluted from the LC, the mobile phase was varied to achieve a suitable retention time for running
sequential samples. With the help of lab technician, Negar Vakili, a solvent gradient was established
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to elute the analyte peak in 9 min (Table 6) on the same column (Waters µBondapak C18, 10 µm,
125 Å; 3.9 x 300 mm). A second, wider peak, was seen at 10 min. Both fractions were collected and
subject to MS/MS by Dr. Xiao Feng (Department of Chemistry, Dalhousie University) to confirm the
presence of DON and attempt to identify the second peak. The fraction collected at 9 min was
identified as DON in negative ion mode. Upon loss of a proton, H+, DON becomes C15H19O6. When
the observed value of 295.119597 m/z was compared to the literature value of 295.118712 m/z, a
score of 100.00 was assigned by the identification software (SmartFormula™, Bruker Daltronics,
Billerica, MA, USA) as shown in Appendix B. The fraction collected at 10 min could not be identified
with confidence but was suspected to be DON complexed with free sodium (Na+) as shown in
Appendix E. Complementary mass spectra, collected by Dr. Feng, can be found in Appendices C and
D.
Once DON was identified by MS/MS by Dr. Feng in the collected fraction, matrix-matched
calibration standards were created by spiking 2 g of ground malt with 200, 100, 50, and 20 mg/L
DON standards. After extraction into 84% ACN, samples were evaporated to dryness and dissolved
in pure ACN before injecting onto the LC-UV column. The resulting chromatograms did not yield
peaks at the expected 9 min mark, suggesting incomplete extraction. Efforts to confirm the second
peak (~10 min) began by adding aqueous NaCl to a 50 mg/L DON in 84% ACN solution. The signal
seen at 10 min was expected to intensify if the analyte was indeed DON-Na+. However, before
samples could be further analyzed, the Covid-19 pandemic shut down all University labs.
Before the beginning of the pandemic, and because method development was more challenging than
expected, Dr. Barbara Blackwell and her team were contacted to analyze malt samples for DON using
methods developed in their lab.
4.4.3 DON analysis via LC-HRMS and ELISA
It should be noted that 30 of 68 malt samples were analyzed twice via LC-HRMS. Since DON could
not be detected (baseline signals in 5 of 30 samples), ELISA was used as the sole quantification
method to evaluate the effect of temperature (12 vs. 25°C), light/dark, and CO2 (high vs. low) on the
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incidence of DON in germinating barley. Table 9 reports DON concentration from each of the 8
experimental conditions as outlined in Table 5. Tabulated raw data can be found in Appendix F.
Table 9. Concentration of DON, mg/kg, collected from ELISA reported as an average of
3 replicates.
Treatment
Temperature, °C

Dark/light

12

light

12

[DON], mg/kg
CO2 level,

Inoculated

Non-inoculated

5000

0.24 ± 0.10

0.19 ± 0.06

dark

5000

0.23 ± 0.05

0.11 ± 0.03

12

dark

400

0.25 ± 0.04

0.15 ± 0.02

12

light

400

0.27 ± 0.02

0.20 ± 0.02

25

light

400

0.75 ± 0.49

0.30 ± 0.03

25

dark

400

0.71 ± 0.50

0.27 ± 0.04

25

light

5000

0.87 ± 0.44

0.32 ± 0.30

25

dark

5000

1.26 ± 1.15

0.24 ± 0.09

mg/kg

A 4-factor, 2-level analysis of variance (n = 64) shows that only temperature and initial mould load
were significant factors in DON production (p<0.001). Similarly, the sole significant interaction was
between these two variables (p<0.05) where there was a greater increase in DON with inoculated
samples at 25°C than at 12°C. The ANOVA table can be found in Appendix G. The effect of
temperature on mould growth is widely accepted in the literature, specifically that temperatures of
20-28°C promote growth of F. graminearum (Greenhalgh et al., 1983; Hope et al., 2005; Mastanjević
et al., 2018). Mshelia et al. (2020) studied the effect of temperature, water activity, and CO2 on growth
of F. graminearum and production of mycotoxins. They reported that neither CO2 level (i.e., 400,
800, and 1200 mg/kg) nor temperature (i.e., 30°C and 33°C) significantly affected fungal growth or
mycotoxin production. Since only elevated temperatures were considered and spanned only 2°C, this
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finding cannot be compared to the current work. Kim, Son, & Lee (2014) evaluated the influence of
constant light or darkness on DON production by three strains of F. graminearum. Under constant
light, DON could not be detected in any samples, whereas in constant darkness, DON levels were
reported as 14, 24, and 65 mg/L from the three fungal strains.
When the reported DON levels in the present study are compared to the upper limit for human
consumption set by Health Canada, only barley germinated in the dark, at 25°C, under high CO2
after inoculation with F. graminearum exceeds the value of 1 mg/kg DON. These conditions are
likely optimal for fungal growth and/or mycotoxin production. Assuming fungal growth is
indicative of mycotoxin production, DON levels are expected to be greatest in chambers incubated
at elevated temperatures, i.e., 25°C. If CO2 level does not influence fungal growth or mycotoxin
production, barley germinated at 25°C, in the dark, and under low CO2 should show similar DON
levels. As seen in Table 9, a difference of 0.55 mg/kg DON is seen when only CO2 level is changed
(1.26 versus 0.71 mg/kg). Since reported DON levels were low, the possible influence of CO2 level
was not readily apparent. This result prompts further work into the effect of CO2 on growth of F.
graminearum and production of DON.
The values reported in Table 9 were lower than expected. The duration of incubation of barley
post-inoculation, steeping, and virulence of the selected strain toward DON production may be the
reason why the observed values were lower than expected. As previously stated, barley was
sprayed with inoculum and left to incubate for 5 d at 25°C as described by Oliveira et al. (2012).
Greenhalgh et al. (1983) however, suggested an incubation period of at least 21 d at 28°C for
adequate DON production (66-411 mg/kg DON). Similarly, Wu et al. (2017) reported maximum
DON production after 28 d incubation at 23.75°C which was only 2.8 mg/kg. Hope et al. (2005)
reported initial DON production, by F. graminearum on wheat grain, after 10 d incubation at 25°C
(0.98 aw). DON levels peaked to 20 mg/kg only after 30-40 d incubation under the same conditions.
In contrast, Boddu, Cho, Kruger, & Muehlbauer (2006) assessed the concentration of DON in
barley spikes after inoculation with F. graminearum and reported 12.8 mg/kg DON 3 d after
inoculation and 55.7 mg/kg DON 6 d after inoculation. Atanasova-Penichon et al. (2018) assessed
DON concentration in F. graminearum inoculated culture medium. DON was first detected 3 d
post-inoculation but levels increased to 17.2 mg/g, or 1.72 x 104 mg/kg after just 14 d (postinoculation).
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Once inoculated, barley was steeped in water to reach ~45% (w.b.) moisture. Since the process of
steeping requires several air rests to allow more complete absorption of water by the grain,
inoculum may have been lost when steep water was drained and refreshed (Jin et al., 2018; Lake
et al., 2007). Inoculating post-steep however, would not allow the mould sufficient incubation time
as germination would commence once sufficient moisture is achieved. Ideally, barley would have
been inoculated during anthesis, or flowering, pre-harvest to allow a more complete invasion of
the fungus into the seed.
The resistance of particular barley varieties to fungal infection and mycotoxin accumulation may
contribute to decreased growth as well. Martin et al. (2017) suggested that increased β-glucan
content of barley may promote resistance to mycotoxin accumulation. Xinyao, Osman, Helm,
Capettini, & Singh (2015) evaluated 402 barley breeding lines from Alberta, Canada from 2011 to
2014 for resistance to Fusarium head blight (FHB). Varieties that were taller, late to mature, and
of the two-row variety reported lower incidence of FHB.
The parameters of the miniature malting trials carried out in this work were designed to mimic
commercial floor malting. Although the literature suggests at least three weeks incubation of
Fusarium spp. to produce measurable levels of DON, this timeline was not practical nor
representative of industry practices. Commercial malting, whether germinated pneumatically or
on a floor, involves 1-2 d steeping followed immediately by 4-5 d of germination (Wolf-Hall,
2007). The present work subjected inoculated grain to 5 d incubation at 25°C before 2 d of steeping
then 5 d germination. Although reported DON levels were low, the effect of germination variables
on production of DON by Fusarium graminearum were successfully investigated. Under
commercial floor malting conditions, DON production increased with temperature and
inoculation. Inoculating grain for a longer period prior to malting may have given a greater initial
fungal load but the influence of germination variables on DON production likely would show a
similar trend. Lastly, it should be noted that although “non-inoculated” samples were not manually
infected, they all reported at least 0.11 mg/kg DON. Since all seeds were surface decontaminated
prior to malting, this finding suggests the presence of DON in the seed itself prior to harvest and
confirms the importance of screening for DON in all barley prior to processing.
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CHAPTER 5 CONCLUSION AND FUTURE WORK
This work investigated the effect of germination variables on growth of F. graminearum and
production of deoxynivalenol (DON) during floor malting. Micro-scale steeping, germination, and
kilning were performed to evaluate temperature (12°C vs. 25°C), CO2 level (high vs. low),
presence or absence of light, and initial fungal load (inoculated vs. non-inoculated) on DON
production. DON was successfully quantified via ELISA in the range 0.09 – 0.32 mg/kg and 0.23
- 1.72 mg/kg DON from non-inoculated and inoculated malt samples, respectively. A 4-factor, 2level ANOVA determined that temperature and initial fungal load were significant factors in DON
production (p<0.001). Furthermore, the interaction between these two factors was significant
(p<0.01) as there was a greater increase in DON with inoculated samples at 25°C than at 12°C.
Neither CO2 level nor presence or absence of light were significant factors in DON production.
This result suggests that several precautions could be taken during floor malting to restrict the
growth of F. graminearum and accumulation of DON:
(1) To reduce initial fungal load, barley could be screened for DON prior to malting.
(2) Disinfection of the germination floor between batches may help prevent accumulation of
unwanted microflora.
(3) During germination, frequent and thorough raking of malt beds should help minimize
pockets of elevated temperature within the grain bed, and creation of micro-environments
conducive to fungal growth.
(4) Lastly, floor malting in warmer weather should be avoided to reduce the risk of elevated
temperatures in the malt house. Installation of air conditioning in the germination room
may be beneficial but frequent turning of the grain bed would be of even greater
importance to circulate the conditioned air through the germinating bed.
Preliminary miniature malting trials revealed the rate of CO2 evolution from germinating barley to
be 0.009 mg CO2/min per gram barley at 20°C. For 25 g of barley, 0.07 mg CO2/min or 4.2 mg
CO2/h is produced for the first 24 h of germination which corresponds to 100 mg CO2 released
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into the air. To control CO2 concentration within sealed germination chambers, potassium
hydroxide (KOH) was tested as a CO2 absorbant. The rate of CO2 absorption by KOH was
dependent on both volume and surface area of saturated KOH solution. Decimal reduction time
decreased with increasing surface area and volume of KOH solution. In addition to decreasing
ambient CO2, aqueous KOH also decreased relative humidity (RH) which could decrease
germination. To counteract the drying effect of KOH, a saturated solution of potassium chloride
(KCl) was evaluated as a humectant. Although loss of RH was impaired by aqueous KCl, a
constant RH was not attained. Future work could employ a greater volume of a different humectant
to better stabilize RH, but this hypothesis was not tested since it was not necessary in the current
work.
Although the present work provides notable insight into germination parameters associated with
floor malting, further investigation into the practice should be considered.
(1) To better assess the influence of CO2 on growth of F. graminearum and secretion of
DON during germination of barley, inoculated seeds could be incubated for a longer
period, i.e., > 21 d, to obtain a greater initial fungal load. Additionally, evacuation
followed by continuous cycling of gas of predetermined CO2 concentration through
germination chambers would allow for more precise control of CO2 level within
chambers. Alternatively, a CO2 absorbant in conjunction with a humectant, e.g.,
glycerol in water, could be investigated further to maintain a relative humidity closer
to 100% to facilitate germination of barley seeds (Forney & Brandl, 1992).
(2) Preliminary investigation into the presence of mould in both pneumatic and floor
malted barley revealed significant fungal growth when seeds were plated on PDA
(Figure 11). The presence of any fungus was sufficient to proceed with the current work
but identification of mould species on PDA plates and in the malthouse was not
performed. Depending on the sanitation regime implemented in malt houses, fungus
can be present in abundance as evidenced in Figure 11. Polymerase chain reaction
(PCR) DNA analysis can be used to identify mould variety using DNA extracted from
a sample and compared to species-specific primers (Oliveira et al., 2012). The change
in relative abundance of fungal species can be tracked throughout germination as well
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by collecting samples periodically. This endeavour can be taken further to investigate
the effect of germination variables on several species of mould throughout germination
using next-generation metagenomic sequencing (Takahashi, Kita, Kusaka, & GotoYamamoto, 2015).
(3) Flavour, aroma, and appearance of beer brewed with pneumatic or floor malted barley
can be characterized and compared. Small batch brews can be made to assess malt
samples both qualitatively and quantitatively. To emphasize malt profile, small batch
recipes would use entirely either floor or pneumatic malt, omit hops, and utilize a strain
of yeast yielding minimal perceivable flavour or aroma compounds, e.g., Safale™ US05 American Ale Dry Yeast (Fermentis, Marcq-en-Barœul, France) or Wyeast
American Ale, WY1056 (Wyeast Laboratories Inc., Odell, OR, USA). To determine
whether there is a sensory difference between the two sample groups, a triangle test
would be performed according to ASBC Sensory Analysis Method 7. If a significant
difference between samples is detected, per ASBC Sensory Analysis Method 7 Table
1, samples can be profiled following ASBC Sensory Analysis Method 10. Colour can
be quantified spectrophotometrically by measuring absorbance of a sample free from
turbidity at 430 nm in a 1 cm cell according to ASBC Beer Method 10. Flavour and
aroma compounds can be quantified via headspace solid–phase microextraction (HSSPME) and GC-MS methods, respectively (Lehnhardt, Becker, & Gastl, 2020).
(4) Efforts could also be targeted toward evaluating malt quality with respect to
fermentability when malted under the conditions established in the current work, i.e.,
elevated temperature, light vs. dark, high vs. low CO2, and fungal load. To
quantitatively assess malt performance, a Congress Mash (EBC Method 4.5.1, 2000)
should be carried out. From resulting wort samples, several characteristics can be
evaluated including fermentable extract, total acidity, pH, colour, viscosity, and free
amino nitrogen (FAN) as outlined in ASBC Beer Methods 4, 8, 9, 10, 31, and 32
(ASBC, 2015). Furthermore, conducting a miniature fermentation assay, as outlined in
ASBC Yeast Method 14 (ASBC, 2015) would provide insight into fermentability of
floor malted samples.
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Similarly, the effect of DON on the incidence of premature yeast flocculation (PYF)
could be studied. MacIntosh et al. (2014) reported significant PYF behaviour in malt
infected with common barley pathogens, including F. graminearum, when
spectrophotometric data was analyzed per ASBC Yeast Method 14 (ASBC, 2015). This
finding accuses a fungal metabolite, such as DON, as a possible catalyst to PYF. To
test this hypothesis, several wort samples of identical composition, e.g., extract, pH,
FAN, would be prepared to increasing initial concentrations of DON and fermented
with an identical yeast strain and pitching rate (cells/mL). Throughout fermentation,
density and absorbance (at 600 nm) would be recorded to ensure yeast activity and
degree of flocculation, respectively.
(5) The effect of yeast strain on DON levels during fermentation can be investigated.
Several studies have reported the ability of Saccharomyces spp. to bind or biotransform
DON during fermentation, thereby lowering DON levels in beer (Nathanail et al., 2016;
Wall-Martínez et al., 2019). To eliminate variability in fermentable extract, wort
should be obtained from one malt source and mashed at once before distributing
samples prior to pitching. Since DON levels are of concern rather than fungal
proliferation, DON standard should be spiked into half of wort samples while unspiked
wort would serve as control samples. Sample density and DON level should be
recorded frequently.
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APPENDIX A

A

Reference ions: 235, 259, 422, 512 m/z

Reference ions: 271, 275 m/z

B

Figure 25. Mass spectra generated from 1 mg/L DON-TMS solution (A) and 0.87 mg/L Mirex in hexane as an internal standard (B) after
gas chromatographic separation.
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309.173935
309.172598
309.171250

9.2
-0.9
-5.9
-3.0
3.3
7.8
7.9
-0.7
-5.1
-9.4

295.119597
309.174165

Intens.
x106

-MS, 0.0-1.9min #2-112

1265.1480

1.0
0.8
0.6
0.4

1293.1791

0.2
281.2487

309.1742

Figure 26. Mass spectrum (negative ESI mode) produced from the first fraction collected from liquid chromatography.
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Analysis Name

D:\Data\Xiao\Mar 06 2020000003.d

Method

Xiao all 1.m

Sample Name
Comment

500 ppm DON 9.2-9.5 RT neg

APPENDIX C

Operator

x

Instrument

compact

8255754.20059

Acquisition Parameter
Source Type

ESI

Ion Polarity

Negative

Set Nebulizer

0.5 Bar

Focus

Not active

Set Capillary

3500 V

Set Dry Heater

180 °C

Scan Begin

50 m/z

Set End Plate Offset

-500 V

Set Dry Gas

4.0 l/min

Scan End

1500 m/z

Set Charging Voltage

2000 V

Set Divert Valve

Source

Set Corona

0 nA

Set APCI Heater

0 °C

Meas. m/z

Ion Formula

Score

m/z

err [ppm]

295.119597

C15H19O6
C3H23N2O13
C4H19N6O9

100.00
95.63
37.93

295.118712
295.120562
295.121900

-3.0
3.3
7.8

Intens.
x104

-MS, 0.0-1.9min #2-112

1295.1782

1.5

1.0

0.5

295.1196

Figure 27. Identification of the target peak, 295.119597 m/z, as suggested by SmartFormula™.
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Method

Xiao all 1.m

Sample Name
Comment

500 ppm DON 10.5-10.9 RT

APPENDIX D

Operator

x

Instrument

compact

8255754.20059

Acquisition Parameter
Source Type

ESI

Ion Polarity

Positive

Set Nebulizer

0.5 Bar

Focus

Not active

Set Capillary

3500 V

Set Dry Heater

181 °C

Scan Begin

50 m/z

Set End Plate Offset

-500 V

Set Dry Gas

4.0 l/min

Scan End

1500 m/z

Set Charging Voltage

2000 V

Set Divert Valve

Source

Set Corona

0 nA

Set APCI Heater

0 °C

Intens.
x105

+MS, 0.0-0.4min #2-21
319.1

3

2

1

239.1

266.2
128.1

360.3

408.3

452.3

552.6

615.2

685.4

Figure 28. Mass spectrum (negative ESI mode) produced from the second fraction collected from liquid chromatography.
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Analysis Name
Method

Xiao all 1.m

Sample Name
Comment

500 ppm DON 10.5-10.9 RT

APPENDIX E

Operator

x

Instrument

compact

8255754.20059

Acquisition Parameter
Source Type

ESI

Ion Polarity

Positive

Set Nebulizer

0.5 Bar

Focus

Not active

Set Capillary

3500 V

Set Dry Heater

181 °C

Scan Begin

50 m/z

Set End Plate Offset

-500 V

Set Dry Gas

4.0 l/min

Scan End

1500 m/z

Set Charging Voltage

2000 V

Set Divert Valve

Source

Set Corona

0 nA

Set APCI Heater

0 °C

Meas. m/z

Ion Formula

m/z

err [ppm]

319.1159

C15H20NaO6

319.1152

-2.1

Intens.
x105

+MS, 0.4-1.0min #25-56

1+
319.1159

2.0

1.5

1.0

1+
320.1194

0.5

1+
321.1235

318.2181

Figure 29. Identification of the peak of greatest intensity, 319.1159 m/z, as suggested by SmartFormula™.
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APPENDIX F

Table 10. DON concentration (mg/kg) reported by ELISA conducted on grain samples collected from miniature
malt trials where temperature, CO2 level, light, and initial fungal load were varied.

Inoculated

Sample

Germination Treatment

#

(°C, light/dark, [ CO2])

Inoculated

Inoculated

Inoculated

9

2

0.37

33

3

0.20

4

0.24

19

1

0.14

25

2

0.23

2

1

0.19

10

2

0.31

34

3

0.21

4

0.22

20

1

0.09

26

2

0.13

3

1

0.23

11

2

0.22

35

3

0.30

4

0.26

18

1

0.16

27

2

0.13

4

1

0.30

12

2

0.25

36

3

0.26

4

0.27

17

1

0.18

28

2

0.21

44
Non-inoculated

[DON],
mg/kg

0.14

43
Non-inoculated

[DON], mg/kg

1

42
Non-inoculated

Replicate #

1

41
Non-inoculated

Average

12°C, light, 5000 mg/kg

12°C, dark, 5000 mg/kg

12°C, dark, 400 mg/kg

12°C, light, 400 mg/kg
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SD,
mg/kg

0.24

0.10

0.19

0.06

0.23

0.05

0.11

0.03

0.25

0.04

0.15

0.02

0.27

0.02

0.20

0.02

Inoculated

Sample

Germination Treatment

#

(°C, light/dark, [ CO2])

Inoculated

Inoculated

Inoculated

13

2

1.18

37

3

0.32

4

1.16

21

1

0.28

29

2

0.32

6

1

0.25

14

2

0.92

38

3

0.34

4

1.32

22

1

0.24

30

2

0.29

7

1

0.43

15

2

1.17

39

3

0.55

4

1.31

23

1

0.53

31

2

0.11

8

1

0.35

16

2

1.72

40

3

0.29

4

2.68

24

1

0.30

32

2

0.17

48
Non-inoculated

[DON],
mg/kg

0.34

47
Non-inoculated

[DON], mg/kg

1

46
Non-inoculated

Replicate #

5

45
Non-inoculated

Average

25°C, light, 400 mg/kg

25°C, dark, 400 mg/kg

25°C, light, 5000 mg/kg

25°C, dark, 5000 mg/kg
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SD,
mg/kg

0.75

0.49

0.30

0.03

0.71

0.50

0.27

0.04

0.87

0.44

0.32

0.30

1.26

1.15

0.24

0.09

APPENDIX G
Table 11. Analysis of variance of a 4-factor, 2-level experiment for DON concentration (mg/kg)
(n = 64). I = Inoculation (yes/no), T = Temperature (high/low), L = Light (light/dark), C = CO2
(high/low).
Source

Sum of squares

df

Mean-square

F-ratio

P

I

1.756

1

1.756

13.344

0.001***

T

2.176

1

2.176

16.537

0.000***

L

0.003

1

0.003

0.019

0.891

C

0.090

1

0.090

0.684

0.412

I*T

1.266

1

1.266

9.620

0.003**

I*L

0.062

1

0.062

0.475

0.494

I*C

0.090

1

0.090

0.684

0.412

T*L

0.022

1

0.022

0.171

0.681

T*C

0.202

1

0.202

1.539

0.221

L*C

0.051

1

0.051

0.385

0.538

I*T*L

0.062

1

0.062

0.475

0.494

I*T*C

0.123

1

0.123

0.931

0.339

I*L*C

0.076

1

0.076

0.575

0.452

T*L*C

0.031

1

0.031

0.233

0.632

I*T*L*C

0.051

1

0.051

0.385

0.538

Error

6.315

48

0.132

N/A

N/A

**p < 0.01. ***p < 0.001
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