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1. Introduction

Barley is the fourth most produced cereal crop worldwide, 
and grown in temperate climate regions including North-
West Europe and Canada. Around 140 million tonnes per 
year are produced globally, which are mainly used as feed 
(70%) and for beer production (27%) (FAO, 2004, 2016).

Infection with Fusarium, a fungus, can lead to the crop 
disease Fusarium Head Blight (FHB) and Fusarium 
damaged kernels (FDK), resulting in reduced yield, quality 
of the kernels and the percentage of seed germination 
(Tekauz et al., 2000). In addition, the presence of Fusarium 
spp. in barley kernels is related to gushing (Sarlin et al., 
2005), the eruptive overfoaming of beer upon opening 
(Christian et al., 2011).

Some Fusarium species produce mycotoxins, secondary 
metabolites that can cause adverse health effects in humans 
and animals upon consumption (Placinta et al., 1999). 
Fusarium mycotoxins include type A trichothecenes, 
such as T-2 toxin (T-2) and HT-2 toxin (HT-2), and 
type B trichothecenes, such as deoxynivalenol (DON). 
T-2/HT-2 toxins are the most potent trichothecenes and 
exert immunotoxic, genotoxic and neurotoxic effects (EFSA, 
2011). DON is the most studied Fusarium mycotoxin in 
small-grain cereals. It can cause acute and chronic adverse 
effects on the gastro-intestinal tract, the nervous system, 
and the immune system in animals and humans (Maresca, 
2013). Mycotoxins are chemically stable contaminants; they 
survive many processing steps and are found in multiple 
end-products, like flour, feed and beer (EFSA, 2013; Varga 
et al., 2013). Human chronic dietary exposure to T-2/HT-2 
(EFSA, 2017a) and DON (EFSA, 2017b) may exceed their 
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Barley is a small-grain cereal that can be infected by Fusarium spp. resulting in reduced quality and safety of harvested 
barley (products). Barley and other small-grain cereals are commonly studied together for Fusarium infection 
and related mycotoxin contamination, since the infection and its influencing factors are assumed to be the same 
for all small-grain cereals. Using relevant literature, this study reviewed Fusarium spp. infection and mycotoxin 
contamination, mainly T-2/HT-2 toxin and deoxynivalenol (DON), in barley specifically. For the first time, review 
results provide an extensive overview of the influencing factors for Fusarium infection and mycotoxin production 
in barley, such as weather, agricultural management and processing factors, and includes the comparison of these 
mechanisms in wheat. Results showed that Fusarium infection in barley is difficult to recognise in the field and 
mycotoxin levels cannot be estimated based on the symptoms. These factors make it difficult to establish the real 
severity of Fusarium infection in barley. In addition, most pre-harvest measures to mitigate initial Fusarium infection, 
such as cultivar use and soil cultivation, are the same for barley and wheat, but due to anatomical differences, some 
pre-harvest measures have a different effect on Fusarium infection in barley. For example, the effective moment 
(days after anthesis) of fungicide application in barley and wheat is different. Also, in wheat, there is an additional 
effect of multiple fungicide applications in reducing Fusarium Head Blight and DON concentrations, whereas in 
barley, no additional effect of multiple application is seen. Hence, care should be taken to use data from one small-
grain cereal to draw conclusions on other small-grain cereals.
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respective tolerable daily intakes in some sub-populations, 
in particular young population groups.

The rate of infection and production of mycotoxins by 
Fusarium spp. in small-grain cereals can be influenced by 
pre-harvest agronomic measures and other factors, like 
weather and post-harvest processing (EC, 2006c). Although 
some review papers on infection and these influence factors 
are available for wheat or small-grain cereals in general (Bai 
and Shaner, 2004; Dweba et al., 2017; Kabak et al., 2006; 
Kazan et al., 2012; Liu and Ogbonnaya, 2015; Parry et al., 
1995; Van der Fels-Klerx and Stratakou, 2010; Wegulo, 
2012; Wegulo et al., 2015), no complete overview exists for 
barley. In addition, several cited reviews draw conclusions 
for small-grain cereals based on wheat data. It is generally 
assumed that Fusarium infection and the effect of influence 
factors on this infection and mycotoxin formation are the 
same for all small-grain cereals. This literature study aimed 
to investigate Fusarium infection, its related trichothecene 
contamination (T-2/HT-2 and DON) and the effect of 
influence factors, like weather, agronomic management 
and processing in barley specifically, and identify possible 
differences and similarities with wheat.

2. Material and methods

An extensive literature review was conducted including 
scientific papers published up to July 2017. The keywords 
(Fusarium OR FHB OR mycotoxins OR trichothecenes 
OR deoxynivalenol OR T-2 OR HT-2) AND (barley OR 
small-grain cereals) AND (management OR measures) 
were used to search SCOPUS and PubMed.

The search results were screened for their relevance to the 
study objectives based on their titles and abstracts. Papers of 
the relevant records were retrieved, and checked based on 
their full contents. The reference lists of all relevant studies 
were checked for additional relevant papers (snowballing 
effect) of which the abstracts were again checked for their 
relevance to the study objectives.

3. Results

Anatomy of barley

Barley (Hordeum vulgare L.) belongs to the family of grasses 
and has anatomical similarities and differences with other 
small-grain cereals, such as wheat. Due to anatomical 
differences the susceptibility between small-grain cereal 
types can differ (see next section on Infection).

In small-grain cereal plants, the grain kernels develop in 
the spike, also called head or ear. This spike consists of 
multiple spikelets that are connected by a node on the 
rachis, the main stem. A spikelet consists of one or more 
florets that can develop to kernels, the actual edible grains. 

The arrangement of the florets differs between barley types. 
In barley, three spikelets are connected on a rachis node on 
alternating sites of the rachis, and each spikelet contains 
one floret. In six-rowed barley, all three florets are fertile 
and will develop into kernels. In two-rowed barley, only the 
middle floret will develop into a kernel (Forster et al., 2007). 
When viewed from above, six-rowed barley has a ring of six 
kernels around the rachis whereas two-rowed barley has two 
kernels on opposite sides of the rachis. During the flowering 
stage (anthesis) of the plant, anthers extrude from the floret. 
Barley can be either chasmogamous (open-flowering) or 
cleistogamous (closed-flowering). Chasmogamous barley 
has full anther extension whereas cleistogamous barley has 
no or a limited anther extension (Heta and Hiura, 1963; 
Vivar et al., 1997). In closed-flowering barley, only self-
fertilisation occurs (Briggs, 1978).

Infection

Fusarium spores can survive in the soil, crop residues or 
grain seeds, and reach the spike via wind or water from 
rain or irrigation (Osborne and Stein, 2007; Parry et 
al., 1995). During warm and wet conditions the spores 
germinate and the fungus infects the plant. Mesterházy 
(1995) summarized the five types of plant resistance to 
Fusarium infection: (1) resistance to initial infection; (2) 
resistance to spread of pathogen; (3) resistance to kernel 
infection; (4) tolerance; and (5) resistance to toxins (Miller 
et al., 1985; Schroeder and Christensen, 1963; Snijders, 
1988). Both type 1 and 2 resistance are found in barley, 
with type 2 as the predominant type (Bai and Shaner, 2004).

The fungus can penetrate the rachis and spreads via direct 
floret-floret contamination. Further contamination via 
direct floret-floret contact occurs mainly in six-rowed 
barley, because the florets are closer together compared 
to two-rowed barley (Langevin et al., 2004). In barley, it is 
possible that only three florets in a spikelet are infected, 
whereas the neighbouring spikelets are free from infection 
(Tekauz et al., 2000). Infection is sometimes restricted to 
these initially infected florets and does not spread to the 
adjacent florets (Boddu et al., 2007). Chasmogamous barley 
is most susceptible to Fusarium infection during anthesis 
(Oliveira et al., 2012; Yoshida et al., 2007, 2012), possibly 
due to production of fungal growth stimulants (Strange 
and Smith, 1971), whereas cleistogamous barley is most 
susceptible ten days after anthesis (Yoshida et al., 2007). 
Although anthesis mainly occurs while the head is still 
protected from infection (McCallum and Tekauz, 2002), 
it is observed that barley heads can extrude already fully 
infected (Osborne and Stein, 2007).
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Symptoms

Fusarium infection can be determined in different ways. 
On the field, FHB can be determined by visual inspection 
of the percentage of infected florets (Yoshida et al., 2007), 
percentage of infected spikelets (Ban and Suenaga, 2000; 
Bérubé et al., 2012; Buerstmayr et al., 2004; Chrpová et 
al., 2011; Nesvadba et al., 2006; Xue et al., 2006), and 
percentage of infected kernels in a spikelet (Urrea et al., 
2002) or ear (Vančo et al., 2007). These percentages can 
be used to determine an FHB index (% incidence * % 
severity) (Tekauz et al., 2000). After harvest, FHB can be 
determined by the percentage of FDK as described by the 
visual symptom score of the kernels, the presence of fungi 
or the weight of the kernels.

In infected barley, symptoms are not distinctive, can be 
hidden, or may be confused with other diseases. Infected 
barley can be recognised by necrotic patches and bleaching 
of the florets (Boddu et al., 2007) and discoloured kernels 
(tan, orange, brown, pink or red) scattered throughout 
the head. When the bottom of the head is infected, 
the stem may turn dark brown (Tekauz et al., 2000). 
Sometimes, fungal mycelium, (orange-pink) spore masses 
or black spots are visible on the kernels (Canadian Grain 
Commission, 2016). A pink-red colour of the kernels can 
be caused by production of naphthoquinone pigments by 
Fusarium species (Oliveira et al., 2012). Under extreme 
stressful conditions for the fungus, it can biosynthesise 
these pigments (Medentsev et al., 2005). In addition to 
discoloration of the barley kernels, FDK can also decrease 
in weight by 20% compared to healthy kernels (Tekauz et al., 
2000). In hulled barley, FDK cannot be distinguished from 
healthy kernels, because the hull can conceal the damage 
(Abramson et al., 2004). In addition, symptoms can be 
confused with those caused by other pathogens (Bérubé et 
al., 2012); for example, discoloration at the basal end of the 
kernel can also be caused by Helminthosporium sativum 
and Alternaria alternata (Clear et al., 1996). Overall, these 
factors make it difficult to establish the real severity of 
Fusarium infection in barley.

Mycotoxins

Most Fusarium species are able to produce mycotoxins. It 
is suggested that these toxins may act as virulence factors 
and increase the aggressiveness of the fungus in small-grain 
cereals (Bai and Shaner, 2004; Jansen et al., 2005; Langevin 
et al., 2004). Boddu et al. (2007) showed that a Fusarium 
strain that produces trichothecenes (DON) and a non-
trichothecene producing mutant strain, were both able 
to infect barley florets without spreading to neighbouring 
florets. However, the non-trichothecene producing strain 
resulted in lower disease severity based on the percentage 
of diseased florets and smaller necrotic patches, less 
bleaching and lower amount of biomass as compared to 

the trichothecene producing strain. These results indicate 
that trichothecene (DON) production is a factor in the 
pathogenicity and severity of Fusarium infection in barley. 
However, Langevin et al. (2004) only found differences in 
pathogenicity of a non- and trichothecene producing strain 
(DON) in one of the four barley cultivars studied. Jansen 
et al. (2005) showed that spreading was inhibited by the 
plant regardless of the presence of DON.

Fusarium infection can activate the plant defence system 
(Hofer et al., 2016b) and mycotoxins might play a role 
in this activation. When DON was applied to one barley 
floret, it spread to other florets, diluting its concentration 
(Gardiner et al., 2010). Upon infection with a trichothecene 
producing strain, transcription of plant defence genes 
increased compared to infection with a non-trichothecene 
producing strain. One of the plant defence mechanisms is 
detoxification by glucosylation. Glucosylation of mycotoxins 
by the plant is thought to be the mechanism behind the 
presence of so called ‘masked’ or ‘modified’ mycotoxins. 
The masked mycotoxin deoxynivalenol-3-glucoside (DON-
3G), a plant conjugate of DON, was found when barley 
was inoculated with DON (Gardiner et al., 2010; Meng-
Reiterer et al., 2015). Also, conjugated forms of T-2 and 
HT-2 were found in barley (Meng-Reiterer et al., 2015). 
In end-products, high concentrations of DON-3G were 
found in beer (Varga et al., 2013; Zachariasova et al., 2012).

In Europe between 15 and 55% of the barley (products) is 
contaminated with DON (EFSA, 2017b) and between 2 
and 50% with T-2/HT-2 (EFSA, 2011; 2017a). Mean DON 
concentrations are around 484 µg/kg in unprocessed 
barley, 152 µg/kg in barley grains for human consumption, 
8.4-11.3 µg/kg in beer, and 187 µg/kg in feed (EFSA, 2013, 
2017b; Varga et al., 2013). Mean T-2/HT-2 concentrations 
are between 22.8 µg/kg in unprocessed barley, 10-13 µg/
kg in barley for human consumption and 0.82-3.3 μg/l 
in beer (EFSA, 2011, 2017a). In the EU, Commission 
Regulation 2006/1881/EC sets maximum levels for DON 
at 1,250 µg/kg in unprocessed cereals and 200-750 µg/
kg in cereal (products) for direct human consumption 
(EC, 2006a). Commission Recommendations state 
maximum levels for DON is 8 mg/kg in cereals and cereal 
products intended for animal feed (2006/576/EC; EC, 
2006b) and maximum levels of T-2/HT-2 at 250-500 µg/
kg in barley products for feed and compound feed, 200 µg/
kg in processed barley (including malting barley), 50 µg/kg 
in barley for direct human consumption and 15-100 µg/kg 
in barley products for human consumption (2013/165/EU; 
EC, 2013). Regarding exposure to mycotoxins due to barley 
consumption, barley is a minor contributor to dietary T-2/
HT-2 exposure, and its contribution is mainly due to beer 
consumption by adults (EFSA, 2011, 2017a). In contrast, 
barley is not a high contributor to DON exposure (EFSA, 
2013, 2017b).
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Correlation between symptoms of Fusarium infection and 
mycotoxins

For barley, results for the correlation between disease 
severity, mycotoxin levels and other symptoms are not 
consistent. In some studies, a correlation was found 
between disease severity and the presence of Fusarium 
species (Salas et al., 1999), visually infected kernels (Berger 
et al., 2014; Legzdina and Buerstmayr, 2004), or a reduction 
in grain weight (Fernandez et al., 2007a). However, other 
studies could not find such a correlation between disease 
severity and presence of Fusarium species (Nesvadba et 
al., 2006; Tekauz et al., 2000) or visually infected kernels 
(Tekauz et al., 2000). In some studies, presence of DON 
was correlated to the disease severity (Berger et al., 2014; 
Buerstmayr et al., 2004; Chrpová et al., 2011; Legzdina 
and Buerstmayr, 2004; Salas et al., 1999; Thin et al., 2004), 
visually infected kernels (Berger et al., 2014; Legzdina and 
Buerstmayr, 2004), a decrease in kernel weight (Chrpová et 
al., 2011) or presence of Fusarium species (Bérubé et al., 
2012; Salas et al., 1999; Schöneberg et al., 2016; Tekauz 
et al., 2000). However, in other studies, no correlation 
between presence of DON and disease severity (Nesvadba 
et al., 2006), visually infected kernels (Tekauz et al., 2000), 
a decrease in kernel weight (Tekauz et al., 2000) or presence 
of Fusarium species (Abramson et al., 1998; Xue et al., 
2006) was found. In addition, no significant correlation 
was found between the presence of Fusarium avenaceum, 
Fusarium equiseti, Fusarium graminearum, Fusarium poae, 
or Fusarium sporotrichioides, and DON content in barley 
(Abramson et al., 1998; Xue, 2013; Xue et al., 2006).

4.  Influence factors on Fusarium infection and 
mycotoxin levels

Weather

Weather is one of the most influencing factors on Fusarium 
infection and the production of mycotoxins in barley 
(Berger et al., 2014; Bernhoft et al., 2012; Bondalapati 
et al., 2012; Linkmeyer et al., 2016). Weather conditions 
determine germination, growth of fungi and selection of 
species (Doohan et al., 2003). Germination of the fungus 
normally occurs with warm and moist weather, depending 
on the type of Fusarium species. Presence of these species 
differ per region and climate conditions. For example, 
F. graminearum is the predominant Fusarium species 
in warmer regions, whereas in cooler regions Fusarium 
culmorum and F. avenaceum are predominant (Champeil 
et al., 2004). Since not all Fusarium species produce the 
same mycotoxins, the type of mycotoxin present is also 
climate and weather dependent.

Based on a model with barley samples from North-West 
Europe collected between 1989-2009, presence of DON 
in barley was positively correlated with temperature and 

precipitation in April, probably around ear formation (Van 
der Fels-Klerx et al., 2012). Also, T-2/HT-2 production by 
F. sporotrichioides was associated with wet field conditions 
in summer, probably during ripening, in Canada in 1993 
(Abramson et al., 2004). In the Czech Republic, a high 
incidence of T-2/HT-2 was associated with relatively low 
mean temperatures in May and July in 2008 during barley 
anthesis, which are conditions favourable mainly for type 
A trichothecene producers such as F. sporotrichioides and 
F. poae (Malachova et al., 2010).

Barley variety

Choosing a resistant barley cultivar can be effective to 
mitigate Fusarium infection and mycotoxin accumulation. 
Barley cultivars have different susceptibility to Fusarium 
infection and mycotoxin accumulation (Bérubé et al., 2012; 
Chrpová et al., 2011; Langevin et al., 2004; Xue, 2013; Xue 
et al., 2006). Susceptible characteristics include six-rowed 
barley, and open-flowering types and hulled varieties.

A Japanese study with forty-six cultivars, observed higher 
FHB severity in chasmogamous and six-rowed barley 
compared to cleistogamous and two-rowed barley from 
2001 to 2002 (Yoshida et al., 2005). Also, the number of 
infected spikelets was higher in wheat than in six-rowed 
barley (Langevin et al., 2004).

The presence of a hull is another characteristic determining 
a difference in susceptibility. Most barley cultivars have a 
hard inedible hull around the kernel (hulled or covered 
barley), but in some cultivars this hull is loosely attached 
(hulless barley) and generally falls off during harvest. In 
the edible parts of both hulled and hulless Korean barley, 
the highest total mycotoxin content was found in the 
bran (Hong et al., 2014). Although hulled and hulless 
barley did not differ in FHB incidence in 18 cultivars in 
Northern America and 174 cultivars in Austria (Berger et 
al., 2014; Legzdina and Buerstmayr, 2004), the presence 
of a hull might be related to the extent of trichothecene 
contamination in barley. DON, 3-acetyldeoxynivalenol 
and 15-acetyldeoxynivalenol concentrations were higher in 
hulled barley compared to the hulless variant (Legzdina and 
Buerstmayr, 2004), whereas T-2/HT-2 can be up to twice 
as high in hulless compared to hulled cultivars based on 
data from the Czech Republic in 2005 (Malachova et al., 
2010); however, not all studies could find a difference for 
DON (Berger et al., 2014).

Sowing date

Barley can be sown in spring (spring barley) or the previous 
autumn/winter (winter barley), and harvested in summer 
or autumn. Winter barley cultivars need vernalisation 
and spring barley cultivars are not always resistant to 
frost. Spring and winter barley differ in sowing time 
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and susceptibility to Fusarium infection. In 2010, the 
predominant Fusarium species was F. graminearum in 
winter barley (cv. Campanile and Fridericus) and Fusarium 
langsethiae in spring barley (cv. Quench) from Germany 
(Linkmeyer et al., 2016). In Switzerland, F. graminearum 
incidence and DON content were higher in winter barley 
(fodder) compared to spring barley (malting) from 2013 
and 2014 (Schöneberg et al., 2016). In France, DON levels 
in malting barley were lower in spring barley compared to 
winter barley in 2006, but higher in 2007 and 2008 (Orlando 
et al., 2010). T-2/HT-2 levels in France were higher in spring 
barley compared to winter barley from 2006-2008 (Fournier, 
2009). Another French study reported higher levels of T-2/
HT-2 in winter barley from 2006-2007 (Barrier-Guillot, 
2008). The levels of T-2/HT-2 in spring barley were reported 
to be up to four times higher than those in winter barley 
in France between 2006 and 2008 (Orlando et al., 2010). 
A study on European malting barley showed no difference 
between T-2/HT-2 levels in 2007, but reported higher T-2/
HT-2 in spring barley compared to winter barley in 2008 
(Slaiding, 2008, 2009). In addition, spring barley sown in 
autumn was less contaminated with T-2/HT-2 compared 
to spring barley sown in spring. Two potential reasons for 
these differences are a difference in cultivar susceptibility 
and difference in co-occurrence of the susceptible time 
of barley and the infectious time of the Fusarium species 
(Orlando et al., 2010).

Fertilisation

Fertilisation with nitrogen, applied during sowing or tillage 
did have a positive effect on growth and yield of barley and 
wheat grown in Uruguay between 1989-1991 (Baethgen 
et al., 1995). However, fertilisation can also influence 
Fusarium infection and trichothecene production. When 
barley was grown on high nitrogen soil, the percentage of 
FDK, presence of F. graminearum and DON levels were 
higher compared to plants grown on low nitrogen soil 
in greenhouses (Hofer et al., 2016a; Yang et al., 2010). 
In contrast, Pageau et al. (2008) found that nitrogen 
fertilisation had no significant effect on DON content in 
barley in Canada from 2002-2005. No studies could be 
found on the effect of fertilisation on T-2/HT-2 levels.

Lodging

Lodging, the bending of the stalk or the entire plant, is 
mainly influenced by plant characteristics and environmental 
conditions, such as soil type, high nitrogen fertilisation, high 
sowing density, drought and strong winds with heavy rain 
(Nakajima et al., 2008). Two-rowed barley (cv. CI9831) was 
more resistant to lodging than six-rowed barley (Léger), 
in Canada and China from 2001-2002 (Thin et al., 2004). 
Lodging of barley leads to a reduction of the grain yield and 
quality (Baethgen et al., 1995; Caierão, 2006). In addition, 
lodging increases the moisture content of the plant and can 

increase Fusarium infection and mycotoxin concentration 
(Nakajima et al., 2008). In barley, resistance to lodging is 
associated with lower FHB incidence (Thin et al., 2004). 
Higher DON concentrations were found after artificial 
lodging Norwegian barley samples (Tore and Pemilla) from 
1991-1993 (Langseth and Stabbetorp, 1996) and natural 
lodging in Japan from 2002-2006 (Nakajima et al., 2008). 
No studies could be found on the effect of lodging on T-2/
HT-2 levels in barley.

Fungicide use

Fungicides can be used to decrease Fusarium infection 
during cultivation. However, the evidence of effectiveness 
of fungicide use to reduce Fusarium infection in barley is 
conflicting. In addition to type and dose of a fungicide, the 
timing of fungicide application is crucial, because barley is 
only susceptible during a short period of time.

May et al. (2010) concluded that barley seeds (cv. Excel 
and Westeck) treated with fungicides improved yield in 
Canada between 2004-2005. Application of fungicides or 
herbicides during the vegetation state showed either no 
effect or an increase of the presence of Fusarium species in 
Norway in 1996 (Henriksen and Elen, 2005). This increase 
might be the result of inhibitory effects of the fungicide 
on competitor microorganisms. In addition, during the 
vegetation state, no effects of fungicide application on 
DON and T-2/HT-2 concentrations were observed in the 
Czech Republic between 2005-2008 (Malachova et al., 
2010). In some years, the combination of fungicides and 
barley cultivar resulted in higher DON concentrations or 
lower T-2/HT-2 concentrations. In Japan, between 2005-
2006, applying fungicides on two-rowed cleistogamous 
barley (cv. Nishinochikara) in different development stages 
(before anthesis and up to 30 days after anthesis), showed 
that application at the beginning of spent anther extrusion 
(11-12 days after anthesis) was most effective in reducing 
FHB incidence, FHB severity, and percentage of discoloured 
kernels, compared to other fungicide application times 
(Yoshida et al., 2008a). Spraying fungicides on six-rowed 
chasmogamous barley (cv. Shunrai) three days after 
anthesis was more effective compared to later spraying 
dates. Spraying twice gave no additional effect on FHB 
and DON concentration comparing to spraying once three 
days after anthesis in Japan in 2011 (Tateishi et al., 2014).

Biological control

Biological control, i.e. the application of other 
microorganisms to suppress fungal growth or infection, 
is not well examined in barley. Piriformospora indica used 
as a biological control agent in barley increased grain weight 
and decreased root rot (Achatz et al., 2010; Deshmukh 
and Kogel, 2007; Harrach et al., 2013). However, the 
effect of P. indica on FHB or mycotoxin content in barley 
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is not known. In wheat, P. indica reduced FHB and DON 
concentration, and increased grain weight (Rabiey and 
Shaw, 2016). No studies could be found on the effect of 
biological control on T-2/HT-2 levels in barley.

Soil cultivation

Fusarium present on plant debris can survive and 
contaminate the next planted crop. Tillage and ploughing 
bring the contaminated plant debris deeper into the soil 
which can avoid contamination of the next crop. In contrast, 
with minimum tillage and direct drilling, plant residues 
are not buried and are associated with higher infection of 
cereals compared to deep ploughing (Imathiu et al., 2013). 
In Canada between 1999-2002, incidence of FDK was lower 
under conventional tillage (seven or more tillage operations) 
or no tillage compared to minimum tillage (one to six 
operations) in more than six cultivars tested (Fernandez 
et al., 2007b). However, the effectiveness of tillage type 
on FHB differed between susceptible and more resistant 
cultivars. For example, lowest disease levels were reached 
under conventional tillage for susceptible cultivars and 
under zero tillage under more resistant cultivars (Fernandez 
et al., 2007b).

Incidence of F. graminearum and DON content in barley 
was higher under minimum tillage compared to ploughing, 
regardless of previous crop in Switzerland between 2013 
and 2014 (Schöneberg et al., 2016). DON contamination 
in spring barley did not differ significantly between tillage, 
chisel or direct drilling in the Czech Republic between 2007-
2014 (Matušinsky et al., 2016). Orlando et al. (2010) found 
no effect of tillage (ploughing/non-ploughing) on T-2/HT-2 
levels in France in 2006-2008. Although tillage can reduce 
barley infection, Bérubé et al. (2012) concluded that tillage 
(mouldboard plough, spring tillage or direct drilling) had 
minor influence on disease incidence and DON content 
in three barley cultivars compared to weather and crop 
rotation in Canada between 2007-2008.

Crop rotation

With crop rotation, different types of crops will succeed 
each other in the field, to limit recontamination of crops. 
For example, sowing Fusarium prone crops after each other 
increases the chance of recontamination from the soil. In 
barley, incidence of F. graminearum and DON content were 
higher when barley succeeded maize compared to cereal or 
pasture in Switzerland between 2013 and 2014 (Schöneberg 
et al., 2016). DON levels in barley were significantly higher 
when the previous crop was barley compared with dry pea, 
soybean, or red clover in Canada from 2002-2005 (Pageau et 
al., 2008). In barley succeeding barley or wheat, T-2/HT-2 
levels were higher compared to barley succeeding maize, 
beet or other crops in France in 2006-2008 (Orlando et 
al., 2010). Although Fernandez et al. (2007a) did not find 

a difference between FHB in barley succeeding a cereal 
crop, oilseed, pulse or summer fallow, the percentage of 
FDK was lower when the previous crop was summer fallow 
compared to the other crops tested, in Canadian barley 
between 1999-2002.

Harvesting

Although harvest date is difficult to influence due to 
weather conditions, a delayed harvest should be avoided. 
In three barley cultivars (AC Vision, Brucefield, and OAC 
Baxter), a delayed harvest by two weeks was correlated 
with the increase in the incidence of total Fusarium and 
F. sporotrichioides in Canada between 2004-2005 (Xue et al., 
2008). Harvesting two weeks before the expected harvest 
significantly lowered the presence of total Fusarium and 
F. sporotrichioides. A change in harvest date could not be 
statistically correlated to presence of other Fusarium species 
or DON (Xue et al., 2008).

Infected kernels are difficult to be separated from 
healthy kernels because infected kernels might not have 
distinguishable symptoms and infected kernels weigh on 
average only 20% less than healthy kernels, based on a 
Canadian study with six-rowed malting barley (cv. Excel, 
Foster, Robust and Stander) (Tekauz et al., 2000). Techniques 
based on weight to separate FDK at harvest (Salgado et al., 
2011) might therefore not be effective in barley compared to 
wheat where the infected kernel weight decreases up to 50% 
(Tekauz et al., 2000). In Canadian barley harvested in 1994, 
DON accumulated in the outer part of the kernel. Up to 
50% of the initial DON concentration can be lost in hulless 
barley, because the hull is easily removed at harvest (Clear 
et al., 1997). In addition, commercial dehulling strategies 
can remove the outer hull as well (Trenholm et al., 1991). 
No studies could be found on the effect of harvesting on 
T-2/HT-2 levels in barley.

Processing

Although mycotoxins can hardly be removed during 
processing, mycotoxin concentrations can be diluted or 
accumulated during certain processing steps. Presence 
of Fusarium fungi and the use of infected kernels during 
processing can result in a decrease of the quality of the 
end-product. After harvest, several processing steps like 
rolling, extruding, cooking and flaking can be applied for 
feed production (EFSA, 2011). For food consumption, 
malting and brewing are the most common processing 
steps. Hong et al. (2014) report that washing or boiling of 
barley can decrease the DON content by 80%. Although 
very few other studies are available on the effects of barley 
processing, several studies have assessed the quality and 
safety regarding Fusarium infection during the malting and 
brewing process (see also the recent review by Schwarz, 
2017).
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Barley kernels that are smaller or coloured red are suggested 
to be related to gushing. These red kernels are an indication 
of Fusarium infection (Oliveira et al., 2012). Other studies 
also report a relationship between Fusarium infected 
kernels and a decrease of malt quality (Nielsen et al., 
2014; Oliveira et al., 2013), or a negative relation between 
Fusarium resistance and malt quality (Urrea et al., 2005). 
The probability of gushing is reduced by eliminating the red 
kernels from the batch; however, gushing can still occur as 
some infected kernels show no symptoms (Christian et al., 
2011). Primary gushing is caused by elements in the raw 
materials and malt, whereas secondary gushing is caused by 
factors during the production process. Two type of proteins 
have an influence on the extent of gushing and both are the 
result of fungal infection. Hydrophobins are excreted by 
fungi, and non-specific lipid transfer proteins (ns-LTPs) are 
produced by the plant upon fungal infection (Christian et 
al., 2011). Barley samples inoculated with F. graminearum 
and F. poae had increased proteinase, β-glucanase and 
endoxylanase levels compared to the control samples. In 
malt prepared from infected grain, levels of free amino 
nitrogen were elevated and wort β-glucans levels were 
reduced. The quality of the malt and wort is negatively 
affected by these enzymes (Schwarz et al., 2002). DON 
levels slowly increased during the early stages of malting 
and were also elevated during the kilning process when 
the temperature was increased, causing a stress response 
in the fungi (Oliveira et al., 2012).

When barley is contaminated with mycotoxins, the 
contamination can also be seen in the beer produced 
from the barley. For example, when barley is initially 
contaminated with DON, an increase of DON concentration 
is seen during malting followed by a slight decrease during 
brewing. Hazel and Patel (2004) suggest that adding certain 
products to the brewing process (e.g. corn grits, syrups, 
wheat) may contribute to the mycotoxin content in the 
beer. Several studies showed an increase of DON-3G during 
brewing (Kostelanska et al., 2011; Lancova et al., 2008; 
Zachariasova et al., 2012). Levels of HT-2 decreased from 
barley to malt and brewing itself had a minor effect on 
the HT-2 levels (Lancova et al., 2008). Mycotoxins were 
transferred to the beer or the germ bud, which is used in 
the feed industry (Lancova et al., 2008). The technological 
process of beer brewing might affect the mycotoxin 
concentration. For example, a positive correlation between 
the mycotoxin concentration and the alcohol content was 
reported (Kostelanska et al., 2009; Papadopoulou-Bouraoui 
et al., 2004) with non-alcoholic beers showing the lowest 
contamination (Varga et al., 2013).

5.  Comparison of Fusarium infection and 
mycotoxins in barley and wheat

Barley and wheat are both small-grain cereals used for 
animal and human consumption, and Fusarium infection 
results in both a quality and safety loss of these cereals. 
Similarities and differences of Fusarium infection and 
mycotoxins in barley and wheat are summarised in Table 1.

The main similarities between barley and wheat are: (1) the 
influence factors on Fusarium infection in the pre-harvest 
stage, such as cultivar use, fungicide use and soil cultivation; 
and (2) the contribution of T-2/HT-2 to human exposure, 
i.e. both barley and wheat contribute to exposure, and 
current intake levels are above the tolerable daily intake 
in some (sub-)populations.

The main differences between barley and wheat in terms 
of Fusarium infection and mycotoxin accumulation are 
summarised as following:
1. Barley and wheat are anatomically different, which 

results in differences in susceptibility of the plants to 
Fusarium infection and disease severity. Barley is more 
resistant to the spread of the fungal infection within the 
plant, whereas in wheat, a fast spread of the infection 
occurs. Therefore, avoidance of initial infection is more 
important in wheat than in barley.

2. Determination of infection by visual symptoms is 
different for barley and wheat. In barley, Fusarium 
infection hardly shows any symptoms or they can be 
confused with other diseases, whereas in wheat Fusarium 
infection can be apparent in both the field (FHB) and 
in loose kernels (FDK). This leads to misestimating the 
presence of Fusarium spp. in barley. Therefore, the use 
of visual inspection to decide to take additional measures 
to prevent further spread of the disease, as is done in 
practice by wheat farmers, cannot be done by barley 
farmers. Also, techniques to separate FDK at harvest 
might not be as effective in barley as in wheat, because 
in barley FDK are more difficult to distinguish.

3. The effective moment (days after anthesis) of fungicide 
application in barley and wheat is different. Also, in 
wheat, there is an additional effect of multiple fungicide 
applications in reducing FHB and DON concentration, 
whereas in barley, no additional effect of multiple 
application is seen. In this regards, data on effective 
fungicide application in wheat, cannot be extrapolated 
to barley.

4. Barley and wheat are used for different end-products, 
which results into differences in mitigation targets and 
their timing: limiting fungal presence and growth in 
barley during post-harvest processing to improve product 
quality, and minimising mycotoxin contamination in 
wheat during pre-harvest to ensure the product safety.
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Table 1. Comparison of Fusarium infection and mycotoxins between barley and wheat.1

Section Barley Wheat Reference

Anatomy Chasmogamous (open-flowering) or cleistogamous 
(closed-flowering)

Chasmogamous (open-flowering) Briggs, 1978; Heta and Hiura, 1963; 
Thomason and Griffey, 2009; Vivar 
et al.,1997

Florets close together (six-rowed) or apart (two-rowed) Florets close together Langevin et al., 2004
Fusarium 
infection

Type I resistance more important Type II resistance more important Bai and Shaner, 2004; Jansen et al., 
2005

Direct floret-floret (six-rowed) contamination or limited 
floret-floret (two-rowed)

Direct floret-floret contamination Langevin et al., 2004

Most susceptible at anthesis (chasmogamous) or 10 
days after anthesis (cleistogamous)

Most susceptible at anthesis Oliveira et al., 2012; Yoshida et al., 
2007, 2012

Neighbouring spikelets are free from infection Neighbouring spikelets are often all 
infected

Boddu et al., 2007; Tekauz et al., 
2000

Symptoms Affected kernels are scattered throughout the head Entire spikelet and neighbouring spikelets 
are affected

Goswami and Kistler, 2004; Tekauz 
et al., 2000

Discoloured kernels (tan, orange, brown, pink or red) FDK smaller, red or white and shrivelled Boddu et al., 2006; Canadian Grain 
Commission, 2016; Goswami and 
Kistler, 2004; Tekauz et al., 1997

FDK weight decrease 20% FDK weight decrease 50% Tekauz et al., 2000
Hull can cover infection symptoms No hull Abramson et al., 2004
Symptoms can be confused with other diseases Clear symptoms for Fusarium infection Bérubé et al., 2012; Clear et al., 1996

Mycotoxins Contradicting results if trichothecenes act as virulence 
factor

Trichothecenes act as virulence factor Bai and Shaner, 2004; Boddu et al. 
2007; Jansen et al., 2005; Langevin 
et al. 2004; Maier et al., 2006; Shah 
et al., 2017

Activation of plant defence system Idem Berthiller et al., 2013;  
Gardiner et al., 2010

Plant defence regardless of mycotoxins Plant defence inhibited by mycotoxins Jansen et al., 2005
Modification of mycotoxins by barley Idem Berthiller et al., 2013; Gardiner et al., 

2010; Meng-Reiterer et al., 2015
Occurrence levels DON lower Occurrence levels DON higher EFSA, 2013; 2017b; Varga et al., 

2013 
Occurrence levels T-2/HT-2 higher Occurrence levels T-2/HT-2 lower EFSA, 2011; 2017a
Contribution to DON exposure limited High contribution to DON exposure EFSA, 2013; 2017b
Contribution to T-2/HT-2 exposure minor Contribution to T-2/HT-2 exposure EFSA, 2011; 2017a

Correlation 
between 
symptoms

Contradicting results on correlation between symptoms (Limited) correlation between symptoms Abramson et al., 1998; Berger et al., 
2014; Bérubé et al., 2012; Chrpová 
et al., 2011; Fernandez et al., 2007a; 
Legzdina and Buerstmayr, 2004; 
Nesvadba et al., 2006; Paul et al., 
2005; 2006; Salas et al., 1999; 
Schöneberg et al., 2016; Tekauz et 
al., 2000; Xue et al., 2006 

Contradicting results on correlation between disease 
severity and presence of Fusarium spp.

- Salas et al., 1999

Contradicting results on correlation between presence 
of DON and disease severity

Significant positive correlation between 
presence of DON and disease severity

Berger et al., 2014; Buerstmayr et al., 
2004; Chrpová et al., 2011; Legzdina 
and Buerstmayr, 2004; Nesvadba et 
al., 2006; Paul et al., 2006; Salas et 
al., 1999; Thin et al., 2004
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Table 1. Continued.

Section Barley Wheat Reference

Agronomy 
and 
management

Presence of DON in barley was positively correlated 
with temperature and precipitation in April

Presence of DON correlated to 
temperature in April, May, June and 
September, rainy days during June, and 
relative humidity during May and June 

Van der Fels-Klerx et al., 2012

Susceptibility differences between barley varieties Idem Bai and Shaner, 2004; Berger et al., 
2014; Bérubé et al., 2012; Chrpová 
et al., 2011; Langevin et al., 2004; 
Legzdina and Buerstmayr, 2004; 
Malachova et al., 2010; Xue, 2013; 
Xue et al., 2006

Spring and winter barley differ in sowing time, cultivar 
used, and susceptibility to Fusarium infection

- Barrier-Guillot, 2008; Fournier, 2009; 
Orlando et al., 2010; Schöneberg et 
al., 2016; Slaiding, 2008; 2009

Possible increase of FDK, fungal presence and DON 
concentration by high nitrogen fertilisation

Inconsistent effects of fertilisation on FHB 
and mycotoxin levels

Hofer et al., 2016a; Pageau et al., 
2008; Yang et al., 2010; Yoshida et 
al., 2008b

Lodging increases Fusarium infection and mycotoxin 
concentration

Idem Baethgen et al., 1995; Caierão, 2006; 
Nakajima et al., 2008; Thin et al., 
2004

Application of fungicides was most effective in reducing 
FHB incidence, FHB severity and percentage of 
discoloured kernels 3 days (chasmogamous barley) 
or 11-12 (cleistogamous barley) days after anthesi

Application of fungicides 4 days after 
anthesis was most effective to reduce 
FHB

Tateishi et al., 2014; Yoshida et al., 
2008a

Spraying fungicides twice gave no additional effect on 
FHB and DON concentration

Spraying twice had an additional 
effect on reduction of FHB and DON 
concentrations in wheat

Tateishi et al., 2014

Tillage can reduce Fusarium infection in barley Idem Bérubé et al., 2012; Fernandez et 
al., 2007b; Matušinsky et al., 2016; 
Orlando et al., 2010; Schöneberg et 
al., 2016; Wegulo, 2012; Wegulo et 
al., 2015

Crop rotation can reduce Fusarium infection in barley Idem Wegulo, 2012; Wegulo et al., 2015
Biological control leads to increase in grain weight, 

effect on FHB and mycotoxins unknown
Biological control leads to increase in 

grain weight and decrease FHB and 
mycotoxins

Achatz et al., 2010; Deshmukh and 
Kogel, 2007; Harrach et al., 2013; 
Rabiey and Shaw, 2016

Harvesting Delayed harvest increases presence fungus, not DON Idem Xue et al., 2004, 2008
Separation of FDK based on weight probably not 

effective
Separation of FDK based on weight at 

harvest is effective
Tekauz et al., 2000

Loss of DON due to loss of hull in hulless barley; 
effective commercial dehulling

Effective commercial dehulling Clear et al., 1997; Trenholm et al., 
1991

Processing Main food processes are malting and brewing Main food processes are milling and 
baking

-

Quality issues due to presence fungus Presence fungus not an issue Nielsen et al., 2014; Oliveira et al., 
2013

Quality issues due to infected kernels Contradicting results on quality issues due 
to infected kernels

Dexter et al., 1996; Horvat et al., 
2015; Kreuzberger et al., 2015; 
Nielsen et al., 2014; Oliveira et al., 
2012, 2013; Prange et al., 2005

Transfer of mycotoxins through processing steps Idem Kaushik, 2015; Nielsen et al., 2014; 
Oliveira et al., 2013; Urrea et al., 2005

 1 DON = deoxynivalenol; FDK = Fusarium damaged kernels; FHB = Fusarium Head Blight; HT-2 = HT-2 toxin; T-2 = T-2 toxin.
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6. Conclusions

This is the first study providing an extensive literature 
review on the influence factors for Fusarium infection and 
mycotoxin formation in barley, including weather, pre-
harvest and post-harvest factors. It has also comprehensively 
compared these factors and their underlying mechanisms 
between barley and wheat.

The unique anatomy of barley leads to differences 
regarding its susceptibility and susceptible infection time 
among cultivars. Fusarium infection in barley is difficult 
to recognise in the field and mycotoxin levels cannot be 
estimated based on the symptoms. Overall, these factors 
make it difficult to establish the real severity of Fusarium 
infection in barley. Weather influences Fusarium infection 
and mycotoxin production. Reduction of Fusarium 
infection and mycotoxin contamination in barley can 
be achieved by several pre-harvest measures. Although 
DON concentrations in barley do not contribute much to 
exposure of human by consumption of barley related food 
products, barley in beer can be a contributor to T-2/HT-2 
exposure. In addition, the presence of Fusarium spp. leads 
to serious quality issues in beer.

Most pre-harvest measures to mitigate initial Fusarium 
infection are the same for barley and wheat, but due to 
anatomical differences, some measures (e.g. fungicide 
application) have a different effect on Fusarium infection. 
Therefore, in future research (e.g. on biological control) care 
should be taken to use data of wheat to draw conclusions 
for barley.

Acknowledgements

This study has been financed by the Ministry of Economic 
Affairs in the Netherlands, through the Public Private 
Cooperation (PPS) project ‘Prediction of mycotoxins in 
cereals’ (project number AF-TKI-14225) of the Topsector 
Agri&Food. The authors acknowledge the involvement of 
the parties in the project.

References

Abramson, D., Clear, R.M., Usleber, E., Gessler, R., Nowicki, T.W. and 
Märtlbauer, E., 1998. Fusarium species and 8-keto-trichothecene 
mycotoxins in Manitoba barley. Cereal Chemistry 75: 137-141.

Abramson, D., McCallum, B., Tekauz, A. and Smith, D.M., 2004. HT-2 
and T-2 toxins in barley inoculated with Fusarium sporotrichioides. 
Canadian Journal of Plant Science 84: 1189-1192.

Achatz, B., Kogel, K.-H., Franken, P. and Waller, F., 2010. Piriformospora 
indica mycorrhization increases grain yield by accelerating early 
development of barley plants. Plant Signaling and Behavior 
5: 1685-1687.

Baethgen, W.E., Christianson, C.B. and Lamothe, A.G., 1995. Nitrogen 
fertilizer effects on growth, grain yield, and yield components of 
malting barley. Field Crops Research 43: 87-99.

Bai, G. and Shaner, G., 2004. Management and resistance in wheat and 
barley to Fusarium Head Blight. Annual Review of Phytopathology 
42: 135-161.

Ban, T. and Suenaga, K., 2000. Genetic analysis of resistance to 
Fusarium Head Blight caused by Fusarium graminearum in 
Chinese wheat cultivar Sumai 3 and the Japanese cultivar Saikai 
165. Euphytica 113: 87-99.

Barrier-Guillot, B., 2008. T-2 and HT-2 in cereals in France. 5th EC 
Fusarium Toxin Forum. January 10-11, 2008. Brussels, Belgium.

Berger, G., Green, A., Khatibi, P., Brooks, W., Rosso, L., Liu, S., Chao, 
S. and Griffey, C., 2014. Characterization of Fusarium Head Blight 
resistance and deoxynivalenol accumulation in hulled and hulless 
winter barley. Plant Disease 98: 599-606.

Bernhoft, A., Torp, M., Clasen, P.E., Løes, A.K. and Kristoffersen, A.B., 
2012. Influence of agronomic and climatic factors on Fusarium 
infestation and mycotoxin contamination of cereals in Norway. 
Food Additives and Contaminants, Part A 29: 1129-1140.

Berthiller, F., Crews, C., Dall’Asta, C., Saeger, S.D., Haesaert, G., 
Karlovsky, P., Oswald, I.P., Seefelder, W., Speijers, G. and Stroka, 
J., 2013. Masked mycotoxins: A review. Molecular Nutrition and 
Food Research 57: 165-186.

Bérubé, M.E., Vanasse, A., Rioux, S., Bourget, N., Dion, Y. and 
Tremblay, G., 2012. Effect of glyphosate on Fusarium Head Blight 
in wheat and barley under different soil tillages. Plant Disease 
96: 338-344.

Boddu, J., Cho, S., Kruger, W.M. and Muehlbauer, G.J., 2006. 
Transcriptome analysis of the barley-Fusarium graminearum 
interaction. Molecular Plant-Microbe Interactions 19: 407-417.

Boddu, J., Cho, S. and Muehlbauer, G.J., 2007. Transcriptome analysis 
of trichothecene-induced gene expression in barley. Molecular 
Plant-Microbe Interactions 20: 1364-1375.

Bondalapati, K.D., Stein, J.M., Neate, S.M., Halley, S.H., Osborne, L.E. 
and Hollingsworth, C.R., 2012. Development of weather-based 
predictive models for Fusarium Head Blight and deoxynivalenol 
accumulation for spring malting barley. Plant Disease 96: 673-680.

Briggs, D.E., 1978. Barley. Chapman & Hall, London, UK.
Buerstmayr, H., Legzdina, L., Steiner, B. and Lemmens, M., 2004. 

Variation for resistance to Fusarium Head Blight in spring barley. 
Euphytica 137: 279-290.

Caierão, E., 2006. Effect of induced lodging on grain yield and quality 
of brewing barley. Crop Breeding and Applied Biotechnology 
6: 215-221.

Canadian Grain Commission, 2016. Identifying wheat and barley 
seed affected by Fusarium Head Blight. Available at: https://tinyurl.
com/y7ncgfyt.

Champeil, A., Doré, T. and Fourbet, J.F., 2004. Fusarium Head Blight: 
epidemiological origin of the effects of cultural practices on head 
blight attacks and the production of mycotoxins by Fusarium in 
wheat grains. Plant Science 166: 1389-1415.

Christian, M., Titze, J., Ilberg, V. and Jacob, F., 2011. Novel perspectives 
in gushing analysis: a review. Journal of the Institute of Brewing 
117: 295-313.

ht
tp

://
w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/W
M

J2
01

7.
22

55
 -

 M
on

da
y,

 F
eb

ru
ar

y 
26

, 2
01

8 
4:

45
:4

9 
A

M
 -

 I
P 

A
dd

re
ss

:1
97

.1
56

.8
9.

22
8 

https://tinyurl.com/y7ncgfyt
https://tinyurl.com/y7ncgfyt


 Fusarium infection and trichothecenes in barley

World Mycotoxin Journal 11 (1) 43

Chrpová, J., Šíp, V., Štočková, L., Stemberková, L. and Tvarůžek, L., 
2011. Resistance to Fusarium Head Blight in spring barley. Czech 
Journal of Genetics and Plant Breeding 47: 58-63.

Clear, R.M., Patrick, S.K., Nowicki, T., Gaba, D., Edney, M. and Babb, 
J.C., 1997. The effect of hull removal and pearling on Fusarium 
species and trichothecenes in hulless barley. Canadian Journal of 
Plant Science 77: 161-166.

Clear, R.M., Patrick, S.K., Platford, R.G. and Desjardins, M., 1996. 
Occurrence and distribution of Fusarium species in barley and oat 
seed from Manitoba in 1993 and 1994. Canadian Journal of Plant 
Pathology 18: 409-414.

Deshmukh, S.D. and Kogel, K.H., 2007. Piriformospora indica protects 
barley from root rot caused by Fusarium graminearum. Journal of 
Plant Diseases and Protection 114: 263-268.

Dexter, J.E., Clear, R.M. and Preston, K.R., 1996. Fusarium Head Blight: 
effect on the milling and baking of some Canadian wheats. Cereal 
Chemistry 73: 695-701.

Doohan, F.M., Brennan, J. and Cooke, B.M., 2003. Influence of climatic 
factors on Fusarium species pathogenic to cereals. European Journal 
of Plant Pathology 109: 755-768.

Dweba, C.C., Figlan, S., Shimelis, H.A., Motaung, T.E., Sydenham, 
S., Mwadzingeni, L. and Tsilo, T.J., 2017. Fusarium Head Blight 
of wheat: pathogenesis and control strategies. Crop Protection 
91: 114-122.

European Commission (EC), 2006a. Commission Regulation (EC) 
No 1881/2006 of 19 December 2006 setting maximum levels for 
certain contaminants in foodstuffs. Official Journal of the European 
Union L 364: 5-24.

European Commission (EC), 2006b. Commission Recommendation 
of 17 August 2006 on the presence of deoxynivalenol, zearalenone, 
ochratoxin A, T-2 and HT-2 and fumonisins in products intended 
for animal feeding (2006/576/EC). Official Journal of the European 
Union L 229: 7-9.

European Commission (EC), 2006c. Commission Recommendation 
of 17 August 2006 on the prevention and reduction of Fusarium 
toxins in cereals and cereal products (2006/583/EC). Official Journal 
of the European Union L 238: 35-40.

European Commission (EC), 2013. Commission Recommendation of 
27 March 2013 on the presence of T-2 and HT-2 toxin in cereals and 
cereal products. Official Journal of the European Union L 91: 12-15.

European Food Safety Authority (EFSA), 2011. Scientific Opinion on 
the risks for animal and public health related to the presence of T-2 
and HT-2 toxin in food and feed. EFSA Journal 9: 2481.

European Food Safety Authority (EFSA), 2013. Deoxynivalenol in food 
and feed: occurrence and exposure. EFSA Journal 11(10): 3379.

European Food Safety Authority (EFSA), 2017a. Human and animal 
dietary exposure to T-2 and HT-2 toxin. EFSA Journal 15: 4972.

European Food Safety Authority (EFSA), 2017b. Risks to human 
and animal health related to the presence of deoxynivalenol and 
its acetylated and modified forms in food and feed. EFSA Journal 
15: 4718.

Food and Agriculture Organisation of the United Nations (FAO), 
2004. Barley: post-harvest operations. Available at: https://tinyurl.
com/yak5ktzy.

Food and Agriculture Organisation of the United Nations (FAO), 2016. 
FAOSTAT. Crop statistics. http://faostat3.fao.org.

Fernandez, M.R., Zentner, R.P., DePauw, R.M., Gehl, D. and Stevenson, 
F.C., 2007a. Impacts of crop production factors on common root 
rot of barley in Eastern Saskatchewan. Crop Science 47: 1585-1595.

Fernandez, M.R., Zentner, R.P., DePauw, R.M., Gehl, D. and Stevenson, 
F.C., 2007b. Impacts of crop production factors on Fusarium 
Head Blight in barley in Eastern Saskatchewan. Crop Science 
47: 1574-1584.

Forster, B.P., Franckowiak, J.D., Lundqvist, U., Lyon, J., Pitkethly, I. 
and Thomas, W.T.B., 2007. The barley phytomer. Annals of Botany 
100: 725-733.

Fournier, R., 2009. Fusariotoxins on malting barley from field to end 
products and by-products, 6th EC Fusarium Toxin Forum. February 
9-10, 2009. Brussels, Belgium.

Gardiner, S.A., Boddu, J., Berthiller, E., Hametner, C., Stupar, R.M., 
Adam, G. and Muehlbauer, G.J., 2010. Transcriptome analysis 
of the barley-deoxynivalenol interaction: evidence for a role of 
glutathione in deoxynivalenol detoxification. Molecular Plant-
Microbe Interactions 23: 962-976.

Goswami, R.S. and Kistler, H.C., 2004. Heading for disaster: Fusarium 
graminearum on cereal crops. Molecular Plant Pathology 5: 515-525.

Harrach, B.D., Baltruschat, H., Barna, B., Fodor, J. and Kogel, K.H., 
2013. The mutualistic fungus Piriformospora indica protects 
barley roots from a loss of antioxidant capacity caused by the 
necrotrophic pathogen Fusarium culmorum. Molecular Plant-
Microbe Interactions 26: 599-605.

Hazel, C.M. and Patel, S., 2004. Influence of processing on 
trichothecene levels. Toxicology Letters 153: 51-59.

Henriksen, B. and Elen, O., 2005. Natural Fusarium grain infection 
level in wheat, barley and oat after early application of fungicides 
and herbicides. Journal of Phytopathology 153: 214-220.

Heta, H. and Hiura, U., 1963. Varietal differences in resistance to 
head blight, Gibberella zeae (Schw.) Petch. Studies on the disease-
resistance in barley. XIII. Nogaku Kenkyu 49: 177-187.

Hofer, K., Barmeier, G., Schmidhalter, U., Habler, K., Rychlik, M., 
Hückelhoven, R. and Hess, M., 2016a. Effect of nitrogen fertilization 
on Fusarium Head Blight in spring barley. Crop Protection 88: 18-27.

Hofer, K., Geiβinger, C., König, C., Gastl, M., Hückelhoven, R., Heβ, 
M. and Coleman, A.D., 2016b. Influence of Fusarium isolates on 
the expression of barley genes related to plant defense and malting 
quality. Journal of Cereal Science 69: 17-24.

Hong, S.M., Kwon, O.K., Choi, D.S., Kim, J.H., Choi, G.H. and Cho, 
N.J., 2014. Diminution of mycotoxins from Fusarium sp. in barley 
and wheat through post-harvest processing methods. Journal of 
the Korean Society for Applied Biological Chemistry 57: 297-299.

Horvat, D., Spanic, V., Dvojkovic, K., Simic, G., Magdic, D. and 
Nevistic, A., 2015. The influence of Fusarium infection on wheat 
(Triticum aestivum L.) proteins distribution and baking quality. 
Cereal Research Communications 43: 61-71.

Imathiu, S.M., Edwards, S.G., Ray, R.V. and Back, M.A., 2013. Fusarium 
langsethiae – a HT-2 and T-2 toxins producer that needs more 
attention. Journal of Phytopathology 161: 1-10.

Jansen, C., Von Wettstein, D., Schäfer, W., Kogel, K.H., Felk, A. and 
Maier, F.J., 2005. Infection pattern in barley and wheat spikes 
inoculated with wild-type and trichodiene synthase gene disrupted 
Fusarium graminearum. Proceedings of the National Academy of 
Sciences of the USA 102: 16892-16897.

ht
tp

://
w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/W
M

J2
01

7.
22

55
 -

 M
on

da
y,

 F
eb

ru
ar

y 
26

, 2
01

8 
4:

45
:4

9 
A

M
 -

 I
P 

A
dd

re
ss

:1
97

.1
56

.8
9.

22
8 

https://tinyurl.com/yak5ktzy
https://tinyurl.com/yak5ktzy
http://faostat3.fao.org


E.M. Janssen et al.

44 World Mycotoxin Journal 11 (1)

Kabak, B., Dobson, A.D.W. and Var, I., 2006. Strategies to prevent 
mycotoxin contamination of food and animal feed: a review. Critical 
Reviews in Food Science and Nutrition 46: 593-619.

Kaushik, G., 2015. Effect of processing on mycotoxin content in grains. 
Critical Reviews in Food Science and Nutrition 55: 1672-1683.

Kazan, K., Gardiner, D.M. and Manners, J.M., 2012. On the trail 
of a cereal killer: recent advances in Fusarium graminearum 
pathogenomics and host resistance. Molecular Plant Pathology 
13: 399-413.

Kostelanska, M., Dzuman, Z., Malachova, A., Capouchova, I., 
Prokinova, E., Skerikova, A. and Hajslova, J., 2011. Effects of milling 
and baking technologies on levels of deoxynivalenol and its masked 
form deoxynivalenol-3-glucoside. Journal of Agricultural and Food 
Chemistry 59: 9303-9312.

Kostelanska, M., Hajslova, J., Zachariasova, M., Malachova, A., 
Kalachova, K., Poustka, J., Fiala, J., Scott, P.M., Berthiller, F. and 
Krska, R., 2009. Occurrence of deoxynivalenol and its major 
conjugate, deoxynivalenol-3-glucoside, in beer and some brewing 
intermediates. Journal of Agricultural and Food Chemistry 
57: 3187-3194.

Kreuzberger, M., Limsuwan, S., Eggert, K., Karlovsky, P. and Pawelzik, 
E., 2015. Impact of Fusarium spp. infection of bread wheat (Triticum 
aestivum L.) on composition and quality of flour in association with 
EU maximum level for deoxynivalenol. Journal of Applied Botany 
and Food Quality 88: 177-185.

Lancova, K., Hajslova, J., Poustka, J., Krplova, A., Zachariasova, 
M., Dostalek, P. and Sachambula, L., 2008. Transfer of Fusarium 
mycotoxins and ‘masked’ deoxynivalenol (deoxynivalenol-3-
glucoside) from field barley through malt to beer. Food Additives 
and Contaminants, Part A 25: 732-744.

Langevin, F., Eudes, F. and Comeau, A., 2004. Effect of trichothecenes 
produced by Fusarium graminearum during Fusarium Head Blight 
development in six cereal species. European Journal of Plant 
Pathology 110: 735-746.

Langseth, W. and Stabbetorp, H., 1996. The effect of lodging and time 
of harvest on deoxynivalenol contamination in barley and oats. 
Journal of Phytopathology 144: 241-245.

Legzdina, L. and Buerstmayr, H., 2004. Comparison of infection with 
Fusarium Head Blight and accumulation of mycotoxins in grain 
of hulless and covered barley. Journal of Cereal Science 40: 61-67.

Linkmeyer, A., Hofer, K., Rychlik, M., Herz, M., Hausladen, H., 
Hückelhoven, R. and Hess, M., 2016. Influence of inoculum and 
climatic factors on the severity of Fusarium Head Blight in German 
spring and winter barley. Food Additives and Contaminants, Part 
A 33: 489-499.

Liu, C. and Ogbonnaya, F.C., 2015. Resistance to Fusarium crown rot 
in wheat and barley: a review. Plant Breeding 134: 365-372.

Maier, F.J., Miedaner, T., Hadeler, B., Felk, A., Salomon, S., Lemmens, 
M., Kassner, H. and Schäfer, W., 2006. Involvement of trichothecenes 
in fusarioses of wheat, barley and maize evaluated by gene disruption 
of the trichodiene synthase (Tri5) gene in three field isolates of 
different chemotype and virulence. Molecular Plant Pathology 
7: 449-461.

Malachova, A., Cerkal, R., Ehrenbergerova, J., Dzuman, Z., Vaculova, 
K. and Hajslova, J., 2010. Fusarium mycotoxins in various barley 
cultivars and their transfer into malt. Journal of the Science of Food 
and Agriculture 90: 2495-2505.

Maresca, M., 2013. From the gut to the brain: journey and 
pathophysiological effects of the food-associated trichothecene 
mycotoxin deoxynivalenol. Toxins 5: 784-820.

Matušinsky, P., Váňová, M., Tvaružek, L., Polišenská, I., Janeček, 
M. and Smutný, V., 2016. Soil management technologies and 
mycotoxin contamination of wheat and barley grain. Cereal Research 
Communications 44: 320-329.

May, W.E., Fernandez, M.R. and Lafond, G.P., 2010. Effect of fungicidal 
seed treatments on the emergence, development, and grain yield 
of Fusarium graminearum-infected wheat and barley seed under 
field conditions. Canadian Journal of Plant Science 90: 893-904.

McCallum, B.D. and Tekauz, A., 2002. Influence of inoculation method 
and growth stage on Fusarium Head Blight in barley. Canadian 
Journal of Plant Pathology 24: 77-80.

Medentsev, A.G., Arinbasarova, A.Y. and Akimenko, V.K., 2005. 
Biosynthesis of naphthoquinone pigments by fungi of the genus 
Fusarium. Applied Biochemistry and Microbiology 41: 503-507.

Meng-Reiterer, J., Varga, E., Nathanail, A.V., Bueschl, C., Rechthaler, 
J., McCormick, S.P., Michlmayr, H., Malachová, A., Fruhmann, P., 
Adam, G., Berthiller, F., Lemmens, M. and Schuhmacher, R., 2015. 
Tracing the metabolism of HT-2 toxin and T-2 toxin in barley by 
isotope-assisted untargeted screening and quantitative LC-HRMS 
analysis. Analytical and Bioanalytical Chemistry 407: 8019-8033.

Mesterházy, A., 1995. Types and components of resistance to Fusarium 
Head Blight of wheat. Plant Breeding 114: 377-386.

Miller, J.D., Young, J.C. and Sampson, D.R., 1985. Deoxynivalenol 
and Fusarium Head Blight resistance in spring cereals. Journal of 
Phytopathology 113: 359-367.

Nakajima, T., Yoshida, M. and Tomimura, K., 2008. Effect of lodging 
on the level of mycotoxins in wheat, barley, and rice infected with 
the Fusarium graminearum species complex. Journal of General 
Plant Pathology 74: 289-295.

Nesvadba, Z., Vyhnánek, T., Ježíšková, I., Tvarůžek, L., Špunarová, 
M. and Špunar, J., 2006. Evaluation of spring barley genotypes with 
different susceptibility to Fusarium Head Blight using molecular 
markers. Plant, Soil and Environment 52: 485-491.

Nielsen, L.K., Cook, D.J., Edwards, S.G. and Ray, R.V., 2014. The 
prevalence and impact of Fusarium Head Blight pathogens and 
mycotoxins on malting barley quality in UK. International Journal 
of Food Microbiology 179: 38-49.

Oliveira, P.M., Mauch, A., Jacob, F., Waters, D.M. and Arendt, E.K., 
2012. Fundamental study on the influence of Fusarium infection 
on quality and ultrastructure of barley malt. International Journal 
of Food Microbiology 156: 32-43.

Oliveira, P.M., Waters, D.M. and Arendt, E.K., 2013. The impact 
of Fusarium culmorum infection on the protein fractions of raw 
barley and malted grains. Applied Microbiology and Biotechnology 
97: 2053-2065.

Orlando, B., Barrier-Guillot, B., Gourdain, E. and Maumené, C., 2010. 
Identification of agronomic factors that influence the levels of 
T-2 and HT-2 toxins in barley grown in France. World Mycotoxin 
Journal 3: 169-174.

ht
tp

://
w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/W
M

J2
01

7.
22

55
 -

 M
on

da
y,

 F
eb

ru
ar

y 
26

, 2
01

8 
4:

45
:4

9 
A

M
 -

 I
P 

A
dd

re
ss

:1
97

.1
56

.8
9.

22
8 



 Fusarium infection and trichothecenes in barley

World Mycotoxin Journal 11 (1) 45

Osborne, L.E. and Stein, J.M., 2007. Epidemiology of Fusarium 
Head Blight on small-grain cereals. International Journal of Food 
Microbiology 119: 103-108.

Pageau, D., Lafond, J., Lajeunesse, J. and Savard, M.E., 2008. Effect of 
preceding crop and nitrogen fertilization on the deoxynivalenol 
contents of barley. Canadian Journal of Plant Pathology 30: 397-403.

Papadopoulou-Bouraoui, A., Vrabcheva, T., Valzacchi, S., Stroka, J. 
and Anklam, E., 2004. Screening survey of deoxynivalenol in beer 
from the European market by an enzyme-linked immunosorbent 
assay. Food Additives and Contaminants 21: 607-617.

Parry, D.W., Jenkinson, P. and McLeod, L., 1995. Fusarium ear blight 
(scab) in small grain cereals – a review. Plant Pathology 44: 207-238.

Paul, P.A., Lipps, P.E. and Madden, L.V., 2005. Relationship 
between visual estimates of Fusarium Head Blight intensity and 
deoxynivalenol accumulation in harvested wheat grain: A meta-
analysis. Phytopathology 95: 1225-1236.

Paul, P.A., Lipps, P.E. and Madden, L.V., 2006. Meta-analysis of 
regression coefficients for the relationship between Fusarium 
Head Blight and deoxynivalenol content of wheat. Phytopathology 
96: 951-961.

Placinta, C.M., D’Mello, J.P.F. and MacDonald, A.M.C., 1999. A review 
of worldwide contamination of cereal grains and animal feed with 
Fusarium mycotoxins. Animal Feed Science and Technology 
78: 21-37.

Prange, A., Birzele, B., Krämer, J., Meier, A., Modrow, H. and Köhler, 
P., 2005. Fusarium-inoculated wheat: deoxynivalenol contents 
and baking quality in relation to infection time. Food Control 
16: 739-745.

Rabiey, M. and Shaw, M.W., 2016. Piriformospora indica reduces 
Fusarium Head Blight disease severity and mycotoxin DON 
contamination in wheat under UK weather conditions. Plant 
Pathology 65: 940-952.

Salas, B., Steffenson, B.J., Casper, H.H., Tacke, B., Prom, L.K., Fetch 
Jr., T.G. and Schwarz, P.B., 1999. Fusarium species pathogenic to 
barley and their associated mycotoxins. Plant Disease 83: 667-674.

Salgado, J.D., Wallhead, M., Madden, L.V. and Paul, P.A., 2011. 
Grain harvesting strategies to minimize grain quality losses due 
to Fusarium Head Blight in wheat. Plant Disease 95: 1448-1457.

Sarlin, T., Laitila, A., Pekkarinen, A. and Haikara, A., 2005. Effects of 
three Fusarium species on the quality of barley and malt. Journal 
of the American Society of Brewing Chemists 63: 43-49.

Schöneberg, T., Martin, C., Wettstein, F.E., Bucheli, T.D., Mascher, 
F., Bertossa, M., Musa, T., Keller, B. and Vogelgsang, S., 2016. 
Fusarium and mycotoxin spectra in Swiss barley are affected by 
various cropping techniques. Food Additives and Contaminants, 
Part A 33: 1608-1619.

Schroeder, H.W. and Christensen, J.J., 1963. Factors affecting resistance 
of wheat to scab caused by Gibberella zeae. Phytopathology 
53: 831-838.

Schwarz, P.B., 2017. Fusarium Head Blight and deoxynivalenol in 
malting and brewing: successes and future challenges. Tropical 
Plant Pathology 42: 153-164.

Schwarz, P.B., Jones, B.L. and Steffenson, B.J., 2002. Enzymes associated 
with Fusarium infection of barley. Journal of the American Society 
of Brewing Chemists 60: 130-134.

Shah, L., Ali, A., Zhu, Y., Wang, S., Si, H. and Ma, C., 2017. Wheat 
defense response to Fusarium Head Blight and possibilities of its 
improvement. Physiological and Molecular Plant Pathology 98: 9-17.

Slaiding, I., 2008. T-2 and HT-2 and deoxynivalenol (DON) in malting 
barley and malt. 5th EC Fusarium Toxin Forum. January 10-11, 
2008. Brussels, Belgium.

Slaiding, I., 2009. T-2 and HT-2 and deoxynivalenol (DON) in malting 
barley and malt. Proceedings of the 6th EC Fusarium Toxin Forum. 
February 9-10, 2009. Brussels, Belgium.

Snijders, C.H.H.A., 1988. Factors of resistance to Fusarium culmorum 
in wheat. In: Jorna, M.L. (ed.) Cereal breeding related to integrated 
cereal production. Proceedings. FAO, Rome, Italy, pp. 149-153.

Strange, R.N. and Smith, H., 1971. A fungal growth stimulant in anthers 
which predisposes wheat to attack by Fusarium graminearum. 
Physiological Plant Pathology 1: 141-144.

Tateishi, H., Miyake, T., Mori, M., Sakuma, Y. and Saishoji, T., 2014. 
Effect of application timing of metconazole on Fusarium Head 
Blight development and mycotoxin contamination in wheat and 
barley. Journal of Pesticide Science 39: 1-6.

Tekauz, A., Gilbert, J. and Abramson, D., 1997. Reaction to Fusarium 
Head Blight of spring wheats based on symptoms, Fusarium spp. 
and mycotoxins. Cereal Research Communications 25: 821-822.

Tekauz, A., McCallum, B. and Gilbert, J., 2000. Fusarium Head Blight 
of barley in western Canada. Canadian Journal of Plant Pathology 
22: 9-16.

Thin, M.C., Vigier, B., Qiu, Q.S., Martin, R.A., Keh, M.H. and Savard, 
M., 2004. Barley traits associated with resistance to Fusarium Head 
Blight and deoxynivalenol accumulation. Phytopathology 94: 1145-
1150.

Thomason, W.E. and Griffey, C.A., 2009. Understanding pre-harvest 
sprouting of wheat. Virginia Cooperative Extension, Virginia Tech, 
and Virginia State University.

Trenholm, H.L., Charmley, L.L., Prelusky, D.B. and Warner, R.M., 
1991. Two physical methods for the decontamination of four cereals 
contaminated with deoxynivalenol and zearalenone. Journal of 
Agricultural and Food Chemistry 39: 356-360.

Urrea, C.A., Horsley, R.D., Steffenson, B.J. and Schwarz, P.B., 2002. 
Heritability of Fusarium Head Blight resistance and deoxynivalenol 
accumulation from barley accession CIho 4196. Crop Science 
42: 1404-1408.

Urrea, C.A., Horsley, R.D., Steffenson, B.J. and Schwarz, P.B., 2005. 
Agronomic characteristics, malt quality, and disease resistance of 
barley germplasm lines with partial Fusarium Head Blight resistance. 
Crop Science 45: 1235-1240.

Van der Fels-Klerx, H.J., Klemsdal, S., Hietaniemi, V., Lindblad, 
M., Ioannou-Kakouri, E. and Van Asselt, E.D., 2012. Mycotoxin 
contamination of cereal grain commodities in relation to climate 
in North West Europe. Food Additives and Contaminants, Part A 
29: 1581-1592.

Van der Fels-Klerx, H.J. and Stratakou, I., 2010. T-2 toxin and HT-2 
toxin in grain and grain-based commodities in Europe: occurrence, 
factors affecting occurrence, co-occurrence and toxicological effects. 
World Mycotoxin Journal 3: 349-367.

Vančo, B., Šliková, S., Šudyova, V. and Šrobárová, A., 2007. Response 
to Fusarium culmorum inoculation in barley. Biologia 62: 56-61.

ht
tp

://
w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/W
M

J2
01

7.
22

55
 -

 M
on

da
y,

 F
eb

ru
ar

y 
26

, 2
01

8 
4:

45
:4

9 
A

M
 -

 I
P 

A
dd

re
ss

:1
97

.1
56

.8
9.

22
8 



E.M. Janssen et al.

46 World Mycotoxin Journal 11 (1)

Varga, E., Malachova, A., Schwartz, H., Krska, R. and Berthiller, F., 
2013. Survey of deoxynivalenol and its conjugates deoxynivalenol-
3-glucoside and 3-acetyl-deoxynivalenol in 374 beer samples. Food 
Additives and Contaminants, Part A 30: 137-146.

Vivar, H.E., Gilchrist, L., Hayes, P., Zongzhen, L., Steffenson, B., Franco, 
J. and Henry, M., 1997. Head scab resistant barley for malting and 
food. Cereal Research Communications 25: 693-697.

Wegulo, S.N., 2012. Factors influencing deoxynivalenol accumulation 
in small grain cereals. Toxins 4: 1157-1180.

Wegulo, S.N., Baenziger, P.S., Hernandez Nopsa, J., Bockus, W.W. and 
Hallen-Adams, H., 2015. Management of Fusarium Head Blight of 
wheat and barley. Crop Protection 73: 100-107.

Xue, A., 2013. Effect of harvest date on barley grain contamination 
with Fusarium spp. and deoxynivalenol in northeastern Ontario. 
Phytoprotection 93: 1-7.

Xue, A., Rowsell, J. and Chen, Y., 2008. Effect of harvesting time on 
grain contamination with Fusarium Spp. and deoxynivalenol in 
barley. Cereal Research Communications 36: 549-551.

Xue, A.G., Frégeau-Reid, J., Rowsell, J., Babcock, C., Hoekstra, G.J. 
and Sparry, E., 2004. Effect of harvesting time on incidence of seed-
borne Fusarium spp. in spring wheat in eastern Ontario. Canadian 
Journal of Plant Science 84: 757-763.

Xue, A.G., Keh, M.H., Butler, G., Vigier, B.J. and Babcock, C., 2006. 
Pathogenicity of Fusarium species causing head blight in barley. 
Phytoprotection 87: 55-61.

Yang, F., Jensen, J.D., Spliid, N.H., Svensson, B., Jacobsen, S., Jørgensen, 
L.N., Jørgensen, H.J.L., Collinge, D.B. and Finnie, C., 2010. 
Investigation of the effect of nitrogen on severity of Fusarium 
Head Blight in barley. Journal of Proteomics 73: 743-752.

Yoshida, M., Kawada, N. and Nakajima, T., 2007. Effect of infection 
timing on Fusarium Head Blight and mycotoxin accumulation in 
open- and closed-flowering barley. Phytopathology 97: 1054-1062.

Yoshida, M., Kawada, N. and Tohnooka, T., 2005. Effect of row type, 
flowering type and several other spike characters on resistance to 
Fusarium Head Blight in barley. Euphytica 141: 217-227.

Yoshida, M., Nakajima, T., Arai, M., Suzuki, F. and Tomimura, K., 
2008a. Effect of the timing of fungicide application on Fusarium 
Head Blight and mycotoxin accumulation in closed-flowering barley. 
Plant Disease 92: 1164-1170.

Yoshida, M., Nakajima, T., Tomimura, K., Suzuki, F., Arai, M. and 
Miyasaka, A., 2012. Effect of the timing of fungicide application 
on Fusarium Head Blight and mycotoxin contamination in wheat. 
Plant Disease 96: 845-851.

Yoshida, M., Nakajima, T. and Tonooka, T., 2008b. Effect of nitrogen 
application at anthesis on Fusarium Head Blight and mycotoxin 
accumulation in breadmaking wheat in the western part of Japan. 
Journal of General Plant Pathology 74: 355-363.

Zachariasova, M., Vaclavikova, M., Lacina, O., Vaclavik, L. and 
Hajslova, J., 2012. Deoxynivalenol oligoglycosides: new ‘masked’ 
Fusarium toxins occurring in malt, beer, and breadstuff. Journal 
of Agricultural and Food Chemistry 60: 9280-9291.

ht
tp

://
w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/W
M

J2
01

7.
22

55
 -

 M
on

da
y,

 F
eb

ru
ar

y 
26

, 2
01

8 
4:

45
:4

9 
A

M
 -

 I
P 

A
dd

re
ss

:1
97

.1
56

.8
9.

22
8 


