Class B-trichothecene profiles of Fusarium species as causal agents

of head blight

Authors: Emre Yoriik?!, Tapani Yli-Mattila®®

Affiliations/Addresses:

!Department of Molecular Biology and Genetics, Faculty of Arts and Sciences, Istanbul Yeni
Yuzyil University, 34010, Istanbul, Turkey

2Molecular Plant Biology, Department of Biochemistry, University of Turku, FI1-20014, Turku,
Finland, E-Mail:tymat@utu.fi

“Corresponding author:

E-Mail: tymat@utu.fi

Tel.: +358-44-0560700

Fax: +358-2-3335549


mailto:tymat@utu.fi

ABSTRACT

Fusarium head blight is a destructive disease of all small grain cereals worldwide. More than
ten Fusarium species cause the disease and F. graminearum and F. culmorum are the major
causal agents in Europe, Asia and America continents. The disease leads to loses in crop quality
and quantity including contamination with myxotoxins in particular class B-trichothecenes.
Class B-trichothecenes include deoxynivalenol (DON), nivalenol (NIV) and their acetylated
derivatives (15-acetylated deoxynivalenol (15-ADON), 3-acetylated deoxynivalenol (3-
ADON) and 4-acetylated nivalenol (4-ANIV). Distributions of these toxin profiles have been
detected in many regions all around the world. 15-ADON, F. graminearum and wheat seem to
have been major chemotype, causal agent and host plant, respectively. Moreover, more than
five host plants including barley, rice and maize, which are economically important, have been
associated with Fusarium spp. 3-ADON chemotype is predominating northern Europe while
NIV chemotype has been reported as locally predominating profile in certain geographic
regions. Current modern techniques including PCR and chromatography analysis present
reliable, fast and informative output data worldwide. Since the toxicity of mycotoxins,
aggressiveness of species and scab resistance of host plants are variable, chemotyping studies
could efficiently contribute to disease management strategies.

Keywords: chemotype, detection methods, Fusarium culmorum, Fusarium graminearum, mycotoxin
profiling, trichothecenes
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INTRODUCTION

Plants are interacting with other organisms (bacteria, fungi, nematodes, etc.) and environmental
factors (humidity, temperature, light etc.) throughout their life. Under particular/specific
conditions, the incidence of diseases could occur as a result of these interactions.
Phytopathogenic organisms could lead to devastating diseases on economically important
plants when favourable temperature and moisture conditions and susceptible host are present
(Dyakov et al., 2007).

Infection of plants by phytopathogenic fungi cause yield loses and reduction in crop quality
and quantity. By this way, economic loss occurs and the losses could reach millions of dollar
even in local areas (Salas et al., 1999; Windels, 2000). Besides, mycotoxins, produced by
fungal pathogen accumulate in crops and contaminated food and live feed, are hazardous for
human and animals. Some of these toxic molecules have a stable structure even they are
exposed to elevated high temperatures (Gutleb et al., 2002; Lauren and Smith, 2001). Thus, the
contamination possibility of crops by these stable molecules and disease epidemics could reach
in high levels. Characterization of fungal diseases and mycotoxins are significant in terms of
treatment strategies for diseases and development specific diagnostic approaches. Here we
describe the class B-trichothecenes profiles in Fusarium species associated with head blight

disease.

FUSARIUM HEAD BLIGHT

Fusarium head blight (FHB), also known as scab of wheat or ear blight of maize, is one of the
most serious fungal diseases worldwide. The disease is at first reported in England in the year
1884 and it is associated with all small grain cereals in particular wheat, barley and maize
(Goswami and Kistler, 2004; Parry et al., 1995). In Russian Far East FHB was reported already
in 1882 (Yli-Mattila and Gagkaeva, 2015) and even long before this year poisoning of local
animals and people has occurred. The disease has devastating effects on wheat and barley
especially in humid and semihumid areas throughout the world (Bai and Shaner, 2004). FHB
lead to yield loses and reduction in quality and quantity of cereals. The disease becomes
widespread because of changes in climatic conditions, crop rotations and other agronomic
practices (Bottalico and Perrone, 2002; Miedaner et al., 2008; PARRY et al., 1995; Saharan et
al., 2004). As a result of epidemics, billions $ of loses have been recorded in great number of
countries (BAIl and SHANER, 2004; LORI et al., 2009; Windels, 2000). Especially in the
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1990s, loses arising from FHB of wheat were estimated over $3 billion in more than 10 states
in America and Canada. An example that, from the year 1993 to 1998 economic loses was
reached $300 million in Manitoba. Similar economic loses have also been recorded in European
and Asian countries (Bai and Shaner, 2004; Windels, 2000).

During the last years FHB epidemics on maize, wheat, barley and oats were reported by
several researchers in Asia (Ji et al., 2007; Li et al., 2009; Yo6ruk and Albayrak, 2012), Europe
(Gagkaeva and Yli-Mattila, 2004; Jennings et al., 2004a; Jennings et al., 2004b; Yli-Mattila
and Gagkaeva, 2010, 2016; Yli-Mattila, 2012) and America (Scoz et al., 2009; Walker et al.,
2000) continents which harbour more than half of human community. Besides causal agents of
head blight were isolated from scabby kernels planted in Australia and North Africa (Kammoun
et al., 2010; Obanor et al., 2010). The disease has become an important threat for agronomy
worldwide and efforts have been currently tried to develop novel strategies for struggling with
the disease.

All small grain cereals are the potent host for FHB causal agents. If favourable temperature,
moisture and host plant are available, FHB pathogens could infect cereals at different stages in
host plant’s life. After flowering stage, the anthesis is the most common time to be infected by
pathogen microorganisms (Bai and Shaner, 2004; Parry et al., 1995). Disease symptoms are
similar in different cereals. Shrivelled kernels and accumulation of mycotoxins, in particular,
deoxynivalenol (DON), nivalenol (NIV) and their acetylated derivatives, are two
characteristics of the disease (Saharan et al., 2004). At the same time, DNA levels of F.
graminearum and other Fusarium species are increased (Yli-Mattila and Gagkaeva, 2010; Yli-
Mattila and Gagkaeva, 2015). Firstly, symptoms are seen as the brown small lesions occurred
along rachis and glumes. This is followed salmon-pink to red fungal growth, which could be
easily seen on along the spike. Discoloration spreads along spikelet. At the end of the disease,
kernels become shrunken (Fig. 1) and even spikes could have no grain (Parry et al., 1995).

The infection causes field loses. The level of yield loses could depend on several factors.
Genotypic characteristics of fungal pathogens and Natural resistance level of host plants are of
most important factors (Bai and Shaner, 2004; Parry et al., 1995; Saharan et al., 2004). Quellet
and Seifert (1993) initiated genotyping studies by using random amplified polymorphic DNA
(RAPD) and polymerase chain reaction (PCR) markers in Fusarium graminearum isolates
associated with head blight in Canada. Among more than two decades, Fusarium species were
isolated from scabby spikes and genetic variation in local and global isolate collections was
investigated by many authors (Chehri et al., 2011; Chung et al., 2008; Girel et al., 2010; Laday



et al., 2004; Mishra et al., 2006; Yli-Mattila, 2010; Yorik and Albayrak, 2013). Genetic
characterization studies are indirectly important in terms of development the novel disease
control strategies and the number of genotyping studies is being increased day by day. The
second factor is resistance level of the host plant. The number of highly FHB resistant cultivars
is limited and Triticum aestivum L. cv. Sumai-3 is the most widely used and well-known
resistant host (Anand et al., 2003; Bernardo et al., 2007; Wisniewska and Kowalczyk, 2005).
Five (I-V) types of resistance to FHB are present in wheat. Type | resistance is associated with
the percentage of spikelets with symptoms. Type Il resistance is the number of infected
spikelets below the inoculation initiation point. Remaining resistance levels are not directly
quantified. However, damaged kernels, mycotoxin tolerance and accumulation levels are the
markers for these remaining three resistance levels (Bai and Shaner, 2004; Foroud and Eudes,
2009). Since development of plant varieties resistant to head blight with favourable agronomic
traits is hard and time-consuming, approaches including genetic characterization of FHB
pathogens, mycotoxin measurement, DNA measurements by gPCR and chemotyping, genetic
manipulations in pathogen in particular quelling of mycotoxigenic genes seem to be more

useful and beneficial.

Fusarium SPECIES ASSOCIATED WITH FHB

Fusarium genus has been linked to head blight and ear blight of all small grain cereals.
Fusarium genus was first described by Link (1809: Mag. Ges. Naturf. Freunde, Berlin 3:10),
and sanctioned under Fries1821. Fusarium genus is a member of Phylum Ascomycota. The
genus whose natural habitat is soil could survive in depth up to 1 meter of soil (Goswami and
Kistler, 2004; Parry et al., 1995). Optimum pH and temperature ranges are 5-7 and 24-32 °C,
respectively and species can adapt to low temperature ranges and could carry on producing
mycotoxins (Doohan et al., 1999; Yorik and Albayrak, 2014). Also, infected host species
shows great variation among the genus. While several species has potential to infect wide range
of plants which are not closely related including ornamental to forest plants without
distinguishing organs, some others have limited host species including cereals (Leslie and
Summerell, 2006). The genus has more than 50 species. However, Fusarium head blight disease
is associated with 17 Fusarium species, Fusarium graminearum species complex and
Microdochium nivale (Bottalico and Perrone, 2002; Davari et al., 2013; Larone, 2011; Saharan

et al., 2004). Fusarium graminearum and F. culmorum are reported as major causal agents of



FHB and ear blight diseases worldwide (Bai and Shaner, 2004; Miedaner et al., 2008; Parry et
al., 1995).

Fusarium graminearum (anamorph) is the major causal agent of FHB in many regions
worldwide. The telemorph of this fungus is as Gibberella zeae. In future, only one name should
be used for each fungal species (Hawksworth, 2011). According to Geiser et al. (2013) the
anamorph name Fusarium should be used as the only genus name for all Fusarium species
instead of different teleomorph names, including Gibberella.

Fusarium graminearum is particularly reported as primary FHB pathogen in many countries
located in Asia including China (mainly F. asiaticum), Iran and Turkey (Haratian et al., 2008;
Jietal., 2007; Tunali et al., 2006), America including USA and Canada (Goswami and Kistler,
2004; MISHRA et al., 2004; SALAS et al., 1999) and most countries in Europe including
Germany, Russia and Hungary etc. (Miedaner et al., 2001, 2008; Yli-Mattila, 2010 Yli-Mattila
and Gagkaeva, 2016). As it is in many fungal species, haploid phase is predominant in the life
cycle of F. graminearum. The genome of homothallic species possesses two mating type
alleles, MAT-1 and MAT-2 (Kerényi et al., 2004). This hemi-biotrophic fungal species is
predicted as a model organism and life cycle could be completed in two weeks in laboratory
conditions (Bowden and Leslie, 1999; Trail et al., 2002). Genome project of F. graminearum
was released in the year 2006. Two strains, PH-1 and GZ3639, were used in plasmid, fosmid
and bacterial artificial chromosome vectors derived whole genome sequencing process and
genome size was noted as 36.1 Mb comprising of 13939 genes, 37575 exon regions and 48.33
%GC content. In regard to genome profiles of closely related fungi whose genome projects
have been completed including Neurosporacrasssa, Magnaporthe grisea, Aspergillus
nidulans, F. oxysporum and F. verticillioides, F. graminearum genome possess genes
associated with transcription factors, hydrolytic enzymes and transmembrane proteins with
high number. Single nucleotide polymorphisms (SNP) frequency between two strains is
detected as 0-17.5 SNP/kb according to normalization analysis and telomere regions include
SNPs with high frequency. Moreover, limited numbers of microsatellite and transposon regions
have been linked to repeat-induced point mutation (RIP). Microarray and bioinformatics
analysis showed that the species include 382 species-specific genes and 1368 functionally
characterized genes, 10000 EST records were deposited in National Center for Biotechnology
Information database (Cuomo et al., 2007; Trail, 2009).

Morphological and molecular investigations resulted in interesting and useful output about

the taxonomy of Fusarium graminearum species. Aoki and O’Donnell (1999) described a new



Fusarium species, F. pseudograminearum, which is formerly known as F. graminearum
population 1. This novel species recognition was supported by data associated with differences
in colony growth rate, conidia width, absence of homothallic perithecia and also f-tubulin gene
sequence data. Moreover, detailed researches on primary causal agent of FHB, F.
graminearum, lead to discovering of lineage differentiation and/or recognization of species
complex for this fungus. F. graminearum species complex is comprised of phylogenetically
different species with undistinguishable morphological characteristics, distinct chemotypes and
agro-ecological origins (Wang et al., 2008, 2011). O’Donnell et al. (2000) recognized seven
different clades of F. graminearum species with distinct genetic structure and geographical
distribution by characterization of nucleotide sequence belonging to six nuclear genes.
Lineages 2, 3 and 5, lineages 1 and 4 and lineages 6, and 7 were frequently observed in Africa,
America and Asia continents, respectively. RAPD-derived SCAR and restriction fragment
length polymorphisms markers were adopted in lineage differentiation (Carter et al., 2002).
However, in next years the number of species included in F. graminearum species complex is
increased and recently 15 phylogenetically distinct species have been recognized among F.
graminearum species complex via multilocus genotyping and molecular marker technologies
(O’Donnell et al., 2000; Wang et al., 2008; Yli-Mattila et al., 2009). F. graminearum sensu
stricto (F. graminearum s.s.) is distributed worldwide whereas remaining species are spread
among restricted agro-ecological regions. F. asiaticum, F. vorosii, F. nepalense and F.
ussurianum seem to be endemic to Asia while F. austroamericanum, F. meridionale, F.
cortaderiae, F. brasilicum, F. boothii, F. mesoamericanum, F. louisianense and F. gerlachii
are specific to America and F. acacia-mearnsii and F. aethiopicum specific to Africa and
Oceania. Prevalence of these species could vary dramatically in association with the geographic
region, chemotype and host species. However, F. asiaticum has been detected in North
America, South America and Europe (Przemieniecki et al., 2014).

In F. graminearum and F. asiaticum the chemotype profile includes all three chemotypes,
and in five species the chemotype profile includes 3-ADON and NIV, while only 3-ADON,
15-ADON or NIV chemotype has been detected in the rest of the species (Astolfi et al. 2011;
Boutigny et al., 2011; Fernandez-Ortuno et al., 2013; Gale et al., 2011; Karugia et al., 2009;
Nielsen et al., 2012; O’ DONNELL et al., 2008; Pasquali and Migheli, 2014; Sampietro et al.,
2011; Wang et al., 2008, 2011; Zhang et al., 2012). Distribution of chemotypes among F.
graminearum species complex is variable according to each species. To our knowledge, NIV

chemotype is not represented by each species of F. graminearum species complex



(Przemieniecki et al., 2014). Isolates of F. graminearum s.s. and F. asiaticum belonging to
three class B-trichothecene chemotype have been recorded whereas 3-ADON and 15-ADON
distribution shows great variation for remaining species (Table 1). Similarly, wheat, barley and
maize has shown to be a host of F. graminearum s.s. and F. asiaticum. 3-ADON and 15-ADON
chemotypes of F. graminearum s.s. have also been found in oats (Yli-Mattila et al., 2009; Yli-
Mattila and Gagkaeva, 2010). Some of remaining 13 species has not associated with maize or
barley. However, this could depend on the restricted and limited number of isolates studied and
characterized of these 13 species (Desjardins and Proctor, 2011; Fernandez-Ortuno et al., 2013;
Pasquali and Migheli, 2014; Wang et al. 2011; Yli-Mattila and Gagkaeva, 2010).

Fusarium culmorum is the secondary predominant pathogen of Fusarium head blight
worldwide and it is phylogenetically closely related to F. graminearum species complex.
Necrotrophic Fusarium culmorum has a wide range of host species compared to F.
graminearum and it also causes several diseases in addition to FHB and root rot (Hornok et al.,
2007; Scherm et al., 2011). Fusarium culmorum isolates were obtained from scabby kernels
planted in many geographically different regions (Bakan et al., 2002; Chung et al., 2008;
Jennings et al., 2004b; Kammoun et al., 2010; MIEDANER et al., 2001; Scherm et al., 2011;
Scoz et al., 2009; Tunali et al., 2006). In particular F. culmorum has been prevalent species in
several European countries and the species has been predominating especially regions has
cooler and drier climatic conditions compared to F. graminearum which has been predominant
in warmer and more humid regions. However, generalization on about F. graminearum/F.
culmorum with warmer/cooler regions could not be always accurate because F. graminearum
has been replacing F. culmorum in cereals in northern Europe (Bai and Shaner, 2004; Bottalico
and Perrone, 2002; Parry et al., 1995; Saharan et al., 2004; Yli-Mattila, 2010; Yli-Mattila et
al., 2013). No sexual stage has been reported in F. culmorum but presence of parasexual stage
has been suggested by Miedaner et al. (2001, 2008). Only 3-ADON and NIV chemotypes of
F. culmorum have been found (e.g. Yli-Mattila and Gagkaeva, 2010). Even if there is no
released genome project of F. culmorum, output related to genome information of F. culmorum
FcUK99 strain which is 3-acetydeoxynivalenol (3-ADON) producer has been currently
accumulated (Baldwin et al., 2010; Scherm et al., 2011). Moreover, nucleotide sequences of
specific genes, microsatellite markers, RNA polymerase enzyme genes, genes associated with
mycotoxin production and pathogenicity related genes have been released on NCBI database.

In addition to two global head blight causal agents, F. graminearum and F. culmorum, F.

sporotrichioides, F. poae, F. pseudograminearum and, F. cerealis are reported to be primary



trichothecene-producing pathogens associated with FHB worldwide. These species are
generally co-isolated from scabby plants with F. graminearum and F. culmorum.
Predominancy of these species could be correlated with alterations in climatic conditions in
local agro-economic regions and changes in crop rotations. Studies on these four species are
still limited and present studies have been focused on genotyping and chemotyping (Chandler
et al., 2003; Chung et al., 2008; Dinolfo et al., 2010; Isebaert et al., 2009; Mishra et al., 2006;
Osborne and Stein, 2007; Tomczak et al., 2002). Moreover, no genome project or genetic
manipulation studies revealing functions of specific genes as reported in F. graminearum or F.
culmorum (Brown et al., 2002; Chandler et al., 2003; Kim et al., 2008; Lee et al., 2001) has
been published in these four species or in remaining FHB related Fusarium species (except for
F. avenaceum and F. langsethiae, Lysoe et al. 2014, 2016). However even if these species have
been represented by low infection frequencies in cereals, dramatic and negative effects on
economy, mycotoxin contamination profiles and yield lose ranges have been almost similar to
that in F. graminearum and F. culmorum (Bai and Shaner, 2004; Bottalico and Perrone, 2002;
Saharan et al., 2004; Windels, 2000). F. sambucinum and F. equiseti are also class B-
trichothecene producer phytopathogens. Studies on their chemotype distribution determination
have been currently limited. However, they have been used in general molecular genetic studies
including mycoprotein production, species-specific identification, trichothecene production
analysis, mating type analysis etc. (Adejumo et al., 2007; Desjardins and Beremand, 1987;
Jurado et al., 2005; Kristensen et al., 2007; Miller and Mackenzie, 2000).

MYCOTOXINS PRODUCED BY CAUSAL AGENTS OF FHB
Mycotoxins are secondary metabolites that are produced by fungi. These metabolites have
toxigenic effects on both prokaryotic and eukaryotic organisms. Fusarium genus is one of the
five main mycotoxin producer fungal genera (Gutleb et al., 2002; Niessen, 2007). Fusaria
produces several types of mycotoxins including; trichothecenes, zearalenone, fumonisin,
fusarins, butenolid, enniatins etc. Seven mycotoxin biosynthetic pathways have been reported
in Fusaria, including, common genes associated with secondary metabolite production such as
polyketid synthase, terpene cyclase, cyclic peptide synthetase and cyctochrome P450
(Desjardins and Proctor, 2007). However, it should be mentioned that intraspecific variation in
terms of mycotoxins produced and chemotype profiles occur in different Fusarium species.
For example, F. avenaceum isolates have a potential to produce enniatins and moniliformin,

whereas F. graminearum produces class B-trichothecenes and zearalenone. The interspecific
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variation among Fusarium species surely result in different levels of agronomic loses since
mycotoxins produced show diversity in toxicity (KIMURA et al., 2007; RYU et al., 1988).
Another important note is that Fusarium species co-produce mycotoxins meaning that more
than one mycotoxin type accumulate on small grain cereals. Despite that, produced mycotoxin
profiles for species are generally known and specific. Fusarium graminearum, F. culmorum
and most other Fusarium sp. associated with FHB mainly produce class B-trichothences,
zearalenone, fusarin C and butenolide and most commonly accumulated on-cereal myxotoxin
is deoxynivalenol, nivalenol and their acetylated derivatives. Class A trichothecenes includes
T-2 and HT-2 mycotoxins with more toxigenic effects according to class B trichothecenes
(Desjardins and Proctor, 2007; Foroud and Eudes, 2009). The most important class A-
trichothecene-producers in cereals are F. sporotrichioides, F. langsethiae, which has y been
mainly found in Europe and F. sibiricum, which has been mainly found in Asia (Yli-Mattila
etal., 2011, 2013, 2015)

CLASS B-TRICHOTHECENES AND tri5 GENE CLUSTER

Trichothecenes are sesquiterpenoid secondary metabolites consisting of incorporated
cyclohexane/tetrahydrophane circles. These molecules are classified as four groups as follows:
Class A-, B-, C- and D-trichothecenes. Class A- and B-trichothecenes include more than 100
variants (Foroud and Eudes, 2009; Sudakin, 2003). Most frequently isolated types are class A-
and B-trichothecenes and class A molecules differ from class B-trichothecenes by possessing
an additional carbonyl group at C-8 position. Trichothecenes carry five functionally different
groups and generally hydroxyl and acetyl groups are possessed at these positions (Table 2).

T-2 toxin is the major mycotoxin is of class A-trichothecenes whereas deoxynivalenol is the
main class B-trichothecene (Foroud and Eudes, 2009; Sudakin, 2003). Farnesyl pyrophosphate
is primary metabolite of all kinds of trichothecenes and formation of final product depends on
expression of different genes located in trichothecene biosynthetic gene cluster known as tri5
gene cluster (Hammond-Kosack et al., 2004; Kimura et al., 2007).

Class B-trichothecenes are also known as phytotoxins. Class B-trichothecenes are
accumulated on cereals and they are resistant to degradation by high temperature conditions,
they protect their stable structure even in food processing conditions. They are harmful to both
plants and also for human and animals. They are potential eukaryotic protein synthesis
inhibitors by binding ribosomes. Moreover, mortal and chronic toxicoses are caused by feeding
with these mycotoxins (Gutleb et al., 2002; Rotter et al., 1996; Sudakin, 2003). These toxins
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are produced by several species including F. graminearum, F. culmorum, F. poae etc.
Fusarium isolates and strains producing class B-trichothecenes are divided into two main
chemotypes as deoxynivalenol (DON) and nivalenol (NIV) profiles. This phenomenon on
about class B-trichothecene classification is also detailed in three chemotypes and/or
subchemotypes as (1) 3-acetylated deoxynivalenol (3-ADON) and DON; (2) 15-acetylated
deoxynivalenol (15-ADON) and DON and (3) NIV and 4-ANIV (Brown et al., 2002; Chandler
et al., 2003; Jennings et al., 20044, b; Ji et al., 2007; Lee et al., 2002; Miller et al., 1991; Wang
et al.,, 2008; Yoruk and Albayrak, 2012). Deoxynivalenol mycotoxin is characteristic
mycotoxin in class B-trichothecenes and this molecule deoxy at C-4 position (Fig. 2).

Class B-trichothecenes and remaining trichothecenes are produced by fungus as a result of
the expression of genes located in tri5 gene cluster. Several research groups and laboratories
have defined this gene cluster in class B-trichothecene producers F. graminearum strains and
in class A-trichothecenes producer F. sporotrichioides strains (Brown et al., 2004; Hammond-
Kosack et al., 2004; Isebaert et al., 2009; Kimura et al., 2003; Lee et al., 2002).

F. graminearum strains H-11 (15-ADON producer) and F15 (3-ADON producer), F.
graminearum 88-1 strain (NIV producer) and F.sporotrichioides strain NRRL 3299 (T-2 toxin
producer) were subjected to tri5 gene cluster characterization studies (Brown et al., 2001;
Kimura et al., 2003; Lee et al., 2001; Lee et al., 2002) (Table 3). Moreover, in following years
tri5 gene cluster in many strains of F. graminearum was sequenced totally and interesting
results were obtained in particular gene cluster size and number of genes located (see
http://www.ncbi.nlm.nih.gov/nuccore/?term=tri5+gene+cluster). Three major differences were
reported in tri5 gene cluster of totally sequenced of reference strains: (1) total size of the gene
cluster, (2) full deletion of some genes, and (3) functional activity of definite genes in specific-
chemotype-profiles. The complete size of tri5 gene cluster in three F. graminearum strains H-
11, 88-1 and GZ3639 is 27022, 30159 and 57840 bp, respectively. This situation is directly
associated with specific chemotype profiles and it is due to presence of pseudogenes,
insertion/deletions and completely deletion in genes (Brown et al., 2004; Chandler et al., 2003).
Besides, number of genes essential in last metabolite production is variable in strains.

However, essentially expressing genes for all kind of different trichothecenes could be
accepted as stable. tri3, tri4, tri6, trib, tril0, tri9, trill, tril2and tril4 genes (Fig. 3) were
reported to critical genes in 3-ADON, 15-ADON and NIV chemotypes (Kimura et al., 2003,
2007). Fig. 3 shows locations and functionality of genes. All genes located in essential 3-
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ADON, 15AcDON and NIV production are illustrated as filled boxes, tril3 and tri7 which are
not essential in DON production are shown as null boxes (Fig. 3).

But Alexander et al. (2011) also reported that even if tri3 is expressed in all three
chemotypes, 3-ADON producers do not require tri3 expression. tri5 gene cluster is comprised
of totally 12 genes including transporter, pathway, and regulatory genes. Properties of genes
located in the core gene cluster are mentioned in Table 3.

The information given in Table 2 is generated from data currently deposited in NCBI
database and also former literature (Goswami and Kistler, 2004; Kimura et al., 2003, 2007).
tri101 gene and tril/tri6 gene cluster are independently located outside of core gene cluster and
they are also involved in trichothecene production (Hammond-Kosack et al., 2004; KIMURA
et al., 2003). The third important subject is the presence of pseudogenes in different
chemotypes. Several researchers confirmed that tri7 and tril3 genes are possessed as functional
copies on genomes of Fusarium isolates of NIV chemotype whereas isolates belonging to DON
chemotypes carry non-functional copy (mainly 15-ADON chemotype isolates) or do not
contain the genes (mainly 3-ADON chemotype isolates, Chandler et al., 2003; Jennings et al.,
20044a; Kimura et al., 2003; Lee et al., 2001; Yli-Mattila, 2010; Yli-Mattila and Gagkaeva,
2010).

REVIEW OF DEVELOPMENTS SO FAR

Class B-trichothecene chemotype distribution in Fusaria was more frequently investigated in
F. graminearum and F. culmorum species (Pasquali and Migheli, 2014). Chemotyping studies
could be viewed in three approaches. The first approach is the identification of fungus’
potential to produce toxin. The second is showing the presence of the toxin type. The third is
the determination of presence and quantity of trichothecene molecules. Mycotoxin production
potential could be assessed by Polymerase Chain Reaction (PCR) and southern blot (SB)
analysis. Precise detection of mycotoxin presence is provided by thin layer chromatography
(TLC) analysis. Quantity of mycotoxins is also analysed by semi-quantitative thin layer
chromatography, gas chromatography/mass spectrophotometer (GC/MS), high pressure liquid
chromatography (HPLC) and enzyme-linked immunosorbent assay (ELISA) methods
(Haratian et al., 2008; Jennings et al., 2004a; Kim et al., 2003; Kimura et al., 2003; Lee et al.,
2001, 2002; Leisova et al., 2006; Naef et al., 2006; Toth et al., 2004). Overall these methods
have advantages and disadvantages in comparison by themselves. PCR technique gives fast

and reliable result. However, a potential to produce toxin does not always mean that the fungus
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produce mycotoxin since toxin production is associated with more than one factor. Similarly,
a toxigenic fungus which produces mycotoxin in natural conditions may not secret mycotoxin
in vitro laboratory conditions (Alexander et al., 2011). Carter et al. (2002), Toth et al. (2004)
and Llorens et al. (2006) reported Fusarium sp. with no or very low amount of trichtohecene
production. Thus, researchers focused on the combination of two or more methods giving
reliable results. In general two chemotype-specific methods, PCR and GC/MS, are commonly
used in trichothecene profiling (Haratian et al., 2008; Kim et al., 2003; Lee et al., 2002, 2009).
Combined usage of two or more methods is important in terms of presenting of more than one
mycotoxin production since in nature Fusarium strains/isolates could produce more than one
class B-trichothecenes (Pasquali and Migheli, 2014). However, PCR+HPLC+GC/MS (LI et
al., 2005), PCR+HPLC+TLC (Kim et al., 2003, 2008) and PCR+GC/MS+southern blot
combinations were also used in chemotyping analysis of Fusaria. Thus, PCR and
chromatographic methods which are fast, reliable and promising are currently used in
chemotyping analysis alone or together.

Hue et al. (1999) developed PCR assay based on amplification of tri5 gene enabling
distinguishing trichothecene producing Fusarium spp. However, polymerase chain reaction
based or genetic chemotyping has become popular since the year 2001, which Lee et al. (2001)
first described genic PCR approach. Great variation in core tri5 gene cluster is present in
Fusarium sp. strains with different chemotypes. Ward et al. (2002) published detailed study
including polymorphism among strains of F. graminearum species complex dealing with 15-
ADON, 3-ADON and NIV chemotypes. They reported that polymorphism in specific genes
directly associated with modification and formation of final trichothecene product is
responsible for 3 class-B trichothecene profiles. As an example, Fig. 4 shows CLUSTALW
analysis of tril3 gene which is most commonly targeted in chemotype determination studies.

According to the CLUSTALW analysis of 88-1, H-11 and F15 strains of F. graminearum
deletion/insertion and single nucleotide polymorphisms, which led to functional or non-
functional copies is clearly predicted. The modarate range of average genetic similarity values
ranging from 66.62 to 75.23% of tril3 gene in 88-1, H-11 and F15 strains of F. graminearum
is an important example of these polymorphisms (Fig. 4). In addition to studies carried out by
Lee et al. (2001, 2002), Chandler et al. (2003) and Kimura et al. (2003) reported complete
nucleotide sequence information of tri5 gene cluster. After the release of nucleotide sequence
information of genes located in tri5 gene cluster, several authors developed strategies for

distinguishing three chemotypes in Fusarium isolates belonging to more than 5 species. Lee et
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al. (2001, 2002) developed generic PCR assays linked to tri7 and tril3 genes for differentiation
of DON and NIV chemotypes. Functional copies of tri7 and tril3 genes were possessed on
genomes of isolates with NIV chemotype. However isolates belonging to 3-ADON and 15-
ADON chemotypes have non-functional (disrupted or deleted) copies of tri7 and tril3 genes.
Thus, generic PCR assay have been efficiently used.

Similarly, Chandler et al. (2003) and Waalwijk et al. (2003) differentiated two chemotypes
since isolates of DON chemotypes have tri7 and tril3 genes as disrupted or deleted. Several
specific PCR primer sets were developed and two strategies were aimed. First, differences in
PCR amplicon sizes yielded two chemotypes, DON or NIV. Second is presence or absence of
a PCR band determined two chemotypes. tri3 have been also targeted generic PCR assays in
further analysis of two sub-chemotypes of DON profiles, 3-ADON and 15-ADON (Jennings
et al., 20044, b). Generic PCR with two primer sets result in two amplicons with different sizes
which are signs of 3-ADON and 15-ADON chemotypes. Additionally, Wang et al. (2008)
developed another generic PCR assay including amplification of tri3 gene resulting with three
amplicons different sized. Three PCR profiles differentiated three chemotypes NIV, 3-ADON
and 15-ADON. Wang et al. (2008) suggested that former studies including presence and
absence of a band could give false negative results. Moreover, Lee et al. (2002) suggested that
in nature some DON-producer isolates could carry functional copy of tri7 gene even if they did
not determine any isolate belonging to DON chemotype with functional tri7 gene. Also, some
Fusarium sp. isolates can produce mycotoxins of two chemotypes or two sub-chemotypes
(Castanares et al., 2014; Gilbert et al., 2001; Salas et al., 1999). Thus, PCR-based approach
requires confirmation by secondary methods in chemotyping investigations.

Thin layer chromatography (TLC) is basic and fast method for analysis many kinds of
secondary metabolites including mycotoxins produced by fungi. The method is constructed on
the movement of a metabolite in the chromatographic system. The system is based on mobile
phase including solvent/solvent mixture and stationary phase comprising of solid adsorbent
(silica or alumina plate). Trichothecene chemotypes of Fusarium species including F.
graminearum, F. culmorum, F. cerealis, F. pseudograminearum were detected by thin layer
chromatography on silica plates with different mixtures of mobile phase (Haratian et al., 2008;
Kimura et al., 2003; Rahmani et al., 2009; Téth et al., 2004; Trigo-Stockli et al., 1994; VolkI
et al., 2004). Efficient results on about presence of NIV, 3-ADON and 15-ADON obtained
with applied suitable TLC markers has been recorded in these investigations. Further

chromatographic analysis or ELISA assays are currently preferred in chemotype determination



15

analysis. HPLC and GC/MC methods are reliable and suitable chemical approaches for the
class B-trichothecene determination as qualitative and quantitative. These methods present
precise results and they have been widely used and most frequently preferred in trichothecene
profiling studies in Fusarium graminearum, Fusarium culmorum, Fusarium cerealis, F.
pseudograminearum and F. poae species (Carter et al., 2002; Jennings et al., 2004a, b;
Kammoun et al., 2010; Kim et al., 2003; Lee et al., 2002, 2009; LI Et al., 2005; Llorens et al.,
2006; Salas et al., 1999; Toth et al., 2004; Walker et al., 2000; Wang et al., 2008). Three strain-
specific class B-trichothecene profiles were detected by GC/MS and HPLC analysis in
Fusarium spp., and precise quantification of mycotoxins produced have been also detected by
these investigations. Bily et al. (2004) have developed HPLC-based method, which is widely
used in chemotyping investigations. However, these high quality methods gave rise to the
formation of an extraordinary dilemma about ‘a Fusarium spp. strain could belong to two
chemotypes’ (Carter et al., 2002; Gilbert et al., 2001; Pasquali and Migheli, 2014; Salas et al.,
1999). In these researches, the presence of both 15-ADON and also 3-ADON mycotoxins had
been detected in Fusarium spp.. Another theoretical problem is that isolate or strain which is
detected as non-trichothecene-producer in laboratory conditions can be indeed a potential
producer in nature. Thus, even if more than two methods are used in chemotype determination
studies, isolates detected as non-producers could produce trichothecene toxins in natural
conditions or, in other words false negative identification could be applied to toxin producer
isolates. Nevertheless, this situation is rarely presented.

In general usage of just one of these methods or combination of more than one method gave
information about class B-trichothecene profiles of Fusarium isolates worldwide. Especially,
fungal samples isolated from diseased kernels planted in Asian, European and American
countries have been subjected to chemotype identification studies. In Asia, predominantly
Fusarium graminearum species complex and also F. culmorum are widely studied in, Japan,
Iran, Turkey, South Korea, Nepal and Syria (Table 4).

According to the investigations surveyed on Asian countries, wheat and F. graminearum
species complex are the major host and causal agents. Fernandez-Ortuno et al. (2013) reported
F. asiaticum, F. ussurianum and F. vorosii are of Asian clade of species complex. These three
species have been isolated from wheat and barley. Zhang et al. (2012) determined chemotypes
of 457 F. graminearum species complex -including F. meridionale, F. graminearum s.s. and
F. asiaticum-, 10 F. cerealis and 1 F. culmorum isolates from China by PCR and HPLC

analysis. 3-ADON was the prevalent chemotype in Chinese isolates. Similarly, Karugia et al.
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(2009) determined F. asiaticum as predominant pathogen in wheat samples with chemotypes
of NIV (44.7%) and and 3-ADON (53.3%). However, it is clear that chemotype distribution is
not clearly associated only with geographic region, species, host and the year survey (sample
collection year). In South Korea, both major chemotypes were detected as predominating in
different years (Lee et al., 2009, 2012). But 15-ADON chemotype seems to be prevalent in F.
graminearum sensu stricto in eastern Asian countries, except in Russian Far East (Table 4).

Slightly similar results were obtained in studies carried out in North and South America
countries (Kim et al., 2003; Llorens et al., 2006; Qu et al., 2008; Reynoso et al., 2011; Scoz et
al., 2009; Carter et al., 2002; Wang et al., 2008). Table 5 shows different Fusarium species
associated with FHB in North and South America continents. Wheat, F. graminearum and
DON/15-ADON seem to be predominating host plant, causal agent and chemotype,
respectively. However, Salas et al. (1999) reported that F. graminearum, F. aveneceum and F.
poae have almost equally account for the disease and NIV chemotype is dominant in F. poae.
Also, Malihipour et al. (2012) proved that NIV chemotype is dominant in F. cerealis isolates
from Mexico.

In European countries, predominance issue of host plant species, causal agent and
chemotype is more complicated. Jennings et al. (20044, b) showed the presence of two major
causal agents, F. graminearum and F. culmorum, with two main class B-trichothecene
chemotypes in United Kingdom (Table 6). Especially for these two species, predominancy
could be variable according to/associated with agro-ecological regions, climatic conditions,
crop rotations etc. Recently, F. graminearum has been spreading to the north in Europe and
displacing F. culmorum (Ward et al., 2002; Yli-Mattila, 2010). In addition to wheat, winter
rye, maize, rice and barley are also currently infected with F. graminearum, F. culmorum, F.
poae, F. cerealis and F. pseudograminearum (Miedaner et al., 2001, 2008; Pasquali and
Migheli, 2014; Yli-Mattila et al., 2013). In Finland, Norway and many parts of Sweden the
main host of F. graminearum is oats (Yli-Mattila et al., 2013; Yli-Mattila and Gagkaeva, 2016).
Limited number of Fusarium isolates from France, Italy and Germany have been investigated
in chemotyping studies (Carter et al., 2002; Kimura et al., 2003; Qu et al., 2008; Tomczak et
al., 2002). Nevertheless, Llorens et al. (2006) reported NIV was predominating chemotype in
F. graminearum, F. culmorum, F. cerealis, F. poae and Gibberella fujikuori isolates from
Spain. On contrary to global 15-ADON distribution of 15-ADON, 3-ADON has been reported
as prelavent chemotype in some European countries including northern Europe (Finland,

Sweden, Norway and north-western Russia), (Yli-Mattila et al., 2009; Yli-Mattila and
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Gagkaeva, 2010, 2016). In Denmark 3-ADON of F. graminearum is the predominating
chemotype in oats, while in other cereals the 15-ADON chemotype of F. grmainearum is
predominating (Nielsen et al., 2011, 2012). Thus, it has been, suggested that there are two main
populations of F. graminearum in Europe, of which the 3-ADON population is dominant in
Central and Southern Europe and has been spreading e.g. to Denmark, while 3-ADON
chemotype has been dominant in northern Europe and has recently spread from Finland to
north-western Russia (Yli-Mattila et al., 2013). It may be that 3-ADON chemotype is also more
specialized to oats, which is more common in northern Europe.

In addition to studies conducted on three major continents, Asia, Europe and America; North
Africa and Oceania countries have been also subjected to Fusarium spp. studies with limited
numbers. Obanor et al. (2010, 2013) reported that F. graminearum and F. pseudograminearum
isolates from diseased wheat produced equally DON and NIV in Australia. F. culmorum and
wheat are reported as major causal agent and host plant in Tunisia (Kammoun et al., 2010;
Rebib et al., 2014). 3-ADON was reported as major mycotoxin in the country among 183 F.
culmorum isolates. However, number of fungal isolates studied on chemotype determination

assays seem to be limited in comparison with Asian, American and European samples.

FUTURE PERSPECTIVES AND CONCLUSIONS

Studies associated with class B-trichothecene producer Fusarium species have been increased
in recent years. In particular, researchers focused on declaration the novel species in
phytopathogenic Fusarium spp. Aoki and O’donnell (1999) distinguished former F.
graminearum group as F. pseduograminearum. Moreover, linage number of F. graminearum
species complex changed few times after discovery of new species (O’Donnell et al., 2000;
Przemieniecki et al. 2014; Sarver et al. 2011; Starkey et al. 2007) and the current number is
reached to 15. Characterization studies on these novel species is still processed and output on
agro-ecological region and chemotypes is increased day by day. Recently, Aoki et al. (2015)
recognized novel nivalenol producer species Fusarium dactylidis sp. nov. which is species
sister of F. pseudograminearum.

In addition to investigations on the identification of new trichothecene producer species,
studies including inhibition or promotion of trichothecene production became popular. Kulik
et al. (2014) showed that pinoresinol and secoisolariciresinol lignans produced by wheat
decreased trichothecene level. Similarly, phenolic acids obtained from Spirulina sp. inhibited

class B-trichothecene production (Pagnussatt et al., 2014). Lancova et al (2008) detected the
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DON-3-Glc in naturally infected barley and as well as in malt and beer samples. Nagl and
Schatzmayr (2015) reported that relative portion of these phase Il metabolites of DON to free
toxin form (DON) is of 20% on average. Analysis of masked forms of deoxynivalenol
including deoxynivalenol-3-glucoside (DON-3-Glc), deoxynivalenol-3-glucuronide (DON-3-
GlIcA) and deoxynivalenol-15-glucuronide (DON-15-GIcA), has become popular in recent
years (Michlmayr et al., 2015; Generotti et al., 2015). Vector-based RNA interference strategy
was also used to inhibit trichothecene production in Fusarium sp. (Mcdonald et al., 2005;
Scherm et al. 2011). On contrary, acidic pH and H20; and amines supplement were recorded
as trichothecene production indicators (Kawakami et al., 2014; Merhej et al. 2010; Ponts et al.,
2009). Species-specific identification and chemotype determination studied have been also
studied during last two decades. Zhang et al. (2014) and Pallez et al. (2014) developed novel
efficient PCR-based approaches to detect members of F. graminearum species complex at
species level and to determine the chemotypes.

Determination of class B-trichothecene profiles of Fusarium isolates worldwide could
directly and/or indirectly contribute to the development of novel control strategies for FHB
disease. First, pre-knowledge about epidemiological distribution of fungal isolates would be
gained by chemotyping studies. Since the toxicity of three trichothecene profiles have variation,
potential toxigenic risk could be determined by chemotyping in local or global areas where
FHB is present. Also, since additional risk factors including crop rotations, climatic changes
etc. could directly affect the spread of disease, fast, reliable and precise results become critical
and crucial in chemotype determination. For these purposes, researchers have investigated
global Fusarium spp. samples by modern genetic and chemical techniques in particular PCR
and chromatography. As a result of output data originated from global chemotype of Fusarium
spp., characterization of field populations of fungi, genotypic diversity and aggressiveness of
fungus and severity levels of diseased host plants could become more clearly understood.
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Table 1 Generalized chemotype profile and suggested origin for the species of F. graminearum

species complex

Species Origin Host Chemotype
Wheat Maize Barley 3- 15- NIV
ADON ADON
F. graminearum Cosmopolitan + + + + + +
S.S.
F. asiaticum Asia + + + + + +
F. vorosii Asia + nrt + nr + nr
F. ussurianum Asia + nr + + nr nr
F. nepalense Asia + + nr nr + nr
F. South America + + + + nr +
austroamericanum
F. meridionale South America + + + nr nr +
F. cortaderiae South America + + + + nr +
F. brasilicum South America + nr + + nr +
F. boothii Central + + + nr + nr
America
F. Central nr nr nr + nr +
mesoamericanum  America
F. gerlachii North America + nr nr nr nr +
F. louisianense Central nr nr nr nr nr +
America
F.acacia-mearnsii  Africa/Oceania + nr nr + nr +
F. aethiopicum Africa + nr nr nr + nr

Inr means there is no present report about specific host or chemotype



Table 2. Five side chains of class B-trichothecenes

_ C position
Class B-trichothencenes
C-3 C4 C-15 C-7 C-8
DON -OH -H -OH -OH =0
3-ADON -OA -H -OH -OH =0
15-ADON -OH -H -OA -OH =0
NIV -OH -OH -OH -OH =0
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Table 3. Genes located in core tri5 gene cluster and their activities in F. graminearum strains
H-11 (LEE et al., 2001), 88-1 (LEE et al., 2002) and F15 (KIMURA et al., 2003)

o Activity in three F.
Size in ) ] ]
Gene Product b Exon/intron graminearum strains
p
H-11  88-1 F15
Trichothecene C-3
tri8 1334  1/0 +2 +2 +2
deacetylase
) 3-acetyltrichothecene  4-O-
tri7 1376 2/1 X3 -4 +2
acetyltransferase
) 3-acetyltrichothecene 15-O-
tri3 1762  4/3 +2 +2 15
acetyltransferase
Multifunctional (in four steps
tri4 ( Ps) 1741 4/3 +2 +2 +2
oxygenase
tri6  Transcription factor 656 1/0 +2 +2 +2
tri5  Trichodiene synthase 1179 2/1 +2 +2 +2
tril0  Regularotry protein 1352t 211 +2 +2 +2
tri9  TRI9 with unknown function 131 1/0 1° 15 15
trill  C-15 hydroxylase 1740  5/4 +2 +- +-
Final roduct
tri12 P 1904  3/2 +2 +2 +2
transporter/efflux pump
) 3-acetyltrichothecene C-4
tril3 1801 2/1 X3 X3 +2
hydroxylase
tril4  Hypothetical protein 1176 2/1 15 15 15

1 means the information obtained from AF326571.1 and AY102604.1,

2+ means expressed gene,

3x means pseudogene,

4. means deleted gene,

®I means gene with no crucial expression



Table 4. Class B-trichothecene profile distribution of Fusarium spp. in Asian countries. Fg: F. graminearum, Fc: F. culmorum, Fgss: F.
graminearum sensu stricto, Fmer: F. meridionale, Fps: F. pseudograminearum, Fce: F. cerealis, Fa: F. asiaticum, Fu: F. ussurianum, Fv: F.

vorosii and Fgsc : F. graminearum species complex

Author(s) Country(ies) Species Host(s) Method(s) No of isolates
3-ADON  15-ADON NIV
Lee et al. (2001) South Korea Fg Rice PCR, GC/MS 31! 321
Maize, Rice,
Carter et al. (2002) Nepal Fg GC/MS 26! 10
Wheat
) Wheat, PCR, SB
Kim et al. (2003) South Korea Fg 341 76
Barley, Corn  GC/MS
_ _ PCR, HPLC
Li et al. (2005) China Fg Wheat 310! 54
GC/MS
Wheat,
Jietal. (2007) China Fg Maize, PCR 48 203 3
Barley
Zhang et al. (2007) China Fg, Fa Wheat PCR 155 91 53
Haratian et al. (2008) Iran Fg Wheat PCR, TLC 111 46
China, Nepal Wheat,
Qu et al. (2008) Fgsc PCR 26 3 10

Japan Maize, Rice
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Suga et al. (2008)

Wang et al. (2008)

Karugia et al. (2009)

Yli-Mattila and Gagkaeva (2010)
Yli-Mattila et al. (2009)
Yli-Mattila and Gagkaeva (2010)
Desjardins and Proctor (2011)
Lee et al. (2012)

Ndoye et al. (2012)

Shen et al. (2012)

Yoruk and Albayrak (2012)

Zhang et al. (2012)

Alkadri et al. (2013)

Davari et al. (2013)
Mert-Turk and Gencer (2013)

Japan

Nepal, China
Japan
Russia

China
Nepal
South Korea
China
China

Turkey

China

Syria

Iran

Turkey

Fg, Fa

Fgsc

Fa, Fgss

Fg, Fc, Fu, Fv,
Fce

Fg, Fce

Fgsc

Fgsc

Fg, Fa

Fg, Fa

Fg, Fc

Fmer, Fgss,

Fa, Fc, Fce

Fg, Fc

Fg
Fc

Wheat,
Barley

Rice, Maize,
Wheat
Wheat
Wheat,
Barley, Oats
Wheat
Maize
Maize
Maize
Wheat
Wheat,
Maize,

Barley

Wheat

Wheat

Wheat
Wheat

PCR, GC-MS

PCR, HPLC
GC/MS
PCR, HPLC

PCR

PCR
PCR, HPLC
PCR, TLC

PCR

PCR

PCR, HPLC

PCR, HPLC-
MS/MS

PCR

PCR

100

99

20/55

48!
4381

300

20

172

16

13

13

26/45

269
182

11

176

121
39

170

84

6/0

148
54
350
48

109

10

11
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Venkataramana et al. (2013)

Yoruk et al. (2014)

India

Turkey, Iran

Fc
Fg,
Fpo

Fc, Fps,

Maize
Wheat,
Barley

PCR, HPLC

PCR

541

11

34

! means no further differentiation of DON chemotype
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Table 5. Class B-trichothecene profile distribution of Fusarium spp. in North and South America countries. Fg: F. graminearum, Fgss: F.
graminearum sensu stricto, Faust: F. austroamericanum, Fb: F. boothii, Fmer: F. meridionale, Fa: F. asiaticum, Fave: F. aveneceum, Fps: F.

pseudograminearum, Fsp: F. sporotrichioides and Fgsc: F. graminearum species complex

Author(s) Country(ies) Species Host(s) Method(s) No of isolates
3-ADON  15-ADON NIV
Pineiro et al . (1996) Uruguay Fg Barley GC/MS 0 11 0
Salas et al. (1999) USA Fg, Fpo, Fave, Fsp Wheat GC/MS 111 9
Walker et al. (2000) USA Fg Wheat GC 66! 0
Gilbert et al. (2001) Canada Fg Wheat, Barley, Corn, Weeds GC 3 142 2
Clear et al. (2006) Canada Fps Wheat GC 122 2 1
Quetal. (2008) USA Fgsc Wheat PCR 0 7 0
Wang et al. (2008) USA Fgsc Wheat PCR, HPLC GC/MS 0 5 0
Alvarez et al. (2009) Argentina Fgss Wheat GC 75 115 34
Scoz et al. (2009) Brazil Fgss, Fmer Wheat PCR 0 76 6
Delgado et al. (2010) USA Fg Potato, Wheat, Sugar beet PCR, TLC, GC/MC 12! 2
Ohe et al. (2010) Canada Fg Wheat ELISA 12 12 0
Puri and Zhong (2010) USA Fgss Wheat PCR, GC/MS 4 111 5
Astolfi et al. (2011) Brazil Fgss,Fmer, Faust  Barley PCR 4 61 27
Gale et al. (2011) Louisiana Fa, Fgss Wheat PCR, GC/MS 6 253 48
Sampietro et al. (2011) Argentina Fmer, Fb Maize PCR 0 10 56
Pan et al. (2013) Uruguay Fgss Wheat PCR 0 110 1
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Castanares et al. (2014) Argentina Fgss
Malbran et al. (2014) Argentina Fg

Barley
Wheat

PCR, GC/MS
PCR, ELISA

162
0

110
112

12

! means no further differentiation of DON chemotype

2 means co-production of two or three mycotoxins
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Table 6. Class B-trichothecene profile distribution of Fusarium spp. in European countries. Fg: F. graminearum, Fcor: F. cortaderiae, Fc: F.

culmorum, Fgss: F. graminearum sensu stricto, Fb: F. boothii, Fgsc: F. graminearum species complex

Author(s) Country(ies) Species Host(s) Method(s) No of isolates
3-ADON  15-ADON NIV
Bakan et al. (2002) France Fc Wheat GC/MS 10 32 0
Carter et al. (2002) France, Germany, UK, Fg Wheat GC/MS 131 1
) Austria, Denmark,
Hestbjerg et al. (2002) Fc Wheat HPLC 77 0 9
Norway
Jennings etal. (2004a) England, Wales Fg Wheat PCR, HPLC 4 76 21
Jennings et al
England, Wales Fc Wheat PCR 88 0 65
(2004b)
Téth et al. (2005) Hungary, Austria Fgsc Wheat PCR, HPLC 22 21 0
France, Germany, Italy,
Qu et al. (2008) Fgsc Wheat PCR 5 17 2
UK, Sweden
Yli-Mattila et al. o
Russia, Finland Fg Wheat, Barley, Oat PCR 43 43 0
(2009)
) Fg Wheat, Barley, Oat PCR 12 0 0
Finland
) ) Fc Wheat, Barley PCR 13 0 0
Yli-Mattila and I
) Potato, Cirsium,
Gagkaeva (2010) Russia Fc, Fce PCR 10 0 1

Wheat, Barley
Germany Fg Oat PCR 0 4 1
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France, Germany, Italy,
UK
Talas et al. (2011) Germany

Wang et al. (2008)

Nielsen et al. (2012)  Denmark

Corneaetal. (2013)  Romania
Purahong et al. (2013) Italy

Boutigny et al. (2014) France

Fgsc
Fgss

22 Fusarium sp. with 6

members of Fgsc

Fg, Fc
Fg

Fgss, Fcor, Fb

Wheat, Barley

Wheat
Wheat,

Barley,

Triticale, Rye,

Oats

Wheat
Wheat
Wheat,
Barley

Maize,

PCR, HPLC
GC/MS

PCR 23
PCR 36
PCR, HPLC 8
PCR 5
PCR 1

18

311

71
21

255

38

! means no further differentiation of DON chemotype

2 means co-production of two or three mycotoxins
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Fig.4
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Figure Legends

Fig. 1 Shrivelled kernels obtained from scabby barley spikes in Corum region of Turkey (four
grains left side) and healthy kernels of Hordeum vulgare L. cv. Tokak157/37

Fig. 2 Schematization of DON molecule generated by ChemOffice software V14
(Cambridge, England)

Fig.3 Genes located in tri5 gene cluster

Fig.4 CLUSTALW analysis of tril3 gene of F. graminearum 88-1 (NIV chemotype), H-11
(15-ADON chemotype) and F15 strains (3-ADON chemotype). " means deletions, “** means

conserved nucleotide sequences.



