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Abstract Fusarium graminearum Schwabe
(teleomorph: Gibberella zeae) is a destructive fungus,
causing economically important diseases such as seedling blight, root and crown rot and head blight on small
grain cereals, in particular wheat and barley. It is a devastating phytopathogen, not only due to causing significant yield losses, but also because of contaminating plant
tissues with trichothecenes and other types of mycotoxins, which are harmful for human animal health.
Several disease management strategies are used to decrease yield losses and mycotoxin production in cereals
caused by this pathogenic fungus. Among various disease control methods, use of resistant cultivars could be
the most effective way to combat diseases caused by
F. graminearum in cereals. However, any plant cultivar
with complete resistance against this pathogen was not
reported worldwide and only some of the host cultivars
with partial resistance against F. graminearum were identified, so far. Therefore, understanding biochemical and
cytomolecular aspects of interaction in F. graminearumcereals pathosystems would be valuable for designing
novel management strategies against various diseases
caused by this hemibiotrophic fungal pathogen on economically important cereals. This review is focused on
biology, pathogenicity, and genetic structure of
F. graminearum populations together with the role of
reactive oxygen species (ROS) and antioxidant systems
P. Taheri (*)
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in association with plant cell wall in defense responses of
cereals, as the main resistance mechanisms against this
destructive fungus.
Keywords Fusarium graminearum species complex .
Cereals . Reactive oxygen species . Resistance .
Virulence factors

Introduction
Diseases caused by F. graminearum, such as seedling
blight (FSB), root and crown rot and head blight (FHB),
are among the most important and destructive diseases of
small grain cereals. Furthermore, this fungus
causes Fusarium ear rot in maize (Goswami and
Kistler 2004). When the pathogen attacks susceptible varieties, it can reduce commercial production as
much as 17% in wheat (Pereyra and Dill-Macky 2010).
This anamorphic fungus belongs to subkingdom
Eumycota; phylum Ascomycota; Sub-Phylum:
Pezizomycotina; Class: Sordariomycetes; Sub-Class:
Hypocreomycetidae; Ordre: Hypocreales; and Family:
Anamorphic Nectriaceae. F. graminearum is known as a
species complex (FGSC), which includes 16 phylogenetic species such as F. graminearum, F. asiaticum,
F.austroamericanum, F. brasilicum, F. cortaderiae, F.
meridionale, F. boothii, F. mesoamericanum,
F. acaciae-mearnsii, F.pseudograminearum ,
F. gerlachii, F. vorosii, F. aethiopicum, F. nepalens, F.
louisianense and F. ussurianum (Aoki et al. 2012;
Sarver et al. 2011). The FHB disease causes low seed
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weight, low seed germination and contamination of
grain with mycotoxins. Mycotoxins are toxic secondary metabolites produced by fungi, which are
harmful for consumers. F. graminearum is capable
of producing mycotoxins such as trichothecenes,
zearalenone, butenolides (Ismaiel and Papenbrock
2015; Khaledi et al. 2017; Harris et al. 2007). The major
mycotoxin produced by F. graminearum in association
with FHB is deoxynivalenol (DON), which is also
called vomitoxin, belonging to the trichothecene
group (Ismaiel and Papenbrock 2015). The DON
disrupts normal cell function by inhibiting protein
synthesis and is known as a virulence factor (Yu et al.
2008; Zhang et al. 2010).
F. graminearum is a hemibiotrophic pathogen (Ma
et al. 2013; Palazzini et al. 2018), which could be soil
borne (Saremi et al. 2011), airborne (Saremi et al. 2011),
and seedborne (Lević et al. 2012). Therefore, control of
this phytopathogen is actually difficult. Host resistance is
recommended as the most effective and economic method of control. The FHB disease of wheat and barley is
among the most important diseases of cereal crops, especially wheat and barley worldwide (Lofgren et al. 2018;
Wang et al. 2017). Five different types of wheat resistance to FHB disease are known so far. Type I and Type II
resistances are resistance to the initial phase of the pathogen infection and resistance to the spread of infection
from the infection site, respectively. Genetic resources
providing resistance to kernel infection (Type III), trichothecene tolerance (Type IV), and DON detoxification via
its decomposition (Type V) could be also important
targets in breeding programs (Waldron et al. 1999).
Effective resistance genes responsible for complete resistance against this pathogen were not detected in any plant
species, till now (Rudd et al. 2001; Khaledi et al. 2016).
To our knowledge, only partial resistance could be detected in some cultivars of cereals (Khaledi et al. 2016;
Sorahinobar et al. 2015). Therefore, investigating cellular, molecular and biochemical aspects of FGSC interaction with cereals is necessary to identify mechanisms of
innate immunity and induced resistance against the pathogen, and finally to design novel and effective disease
management strategies.

Disease symptoms caused by F. graminearum
When F. graminearum is transferred on the seed, it causes
pre- or post-emergence seedling blight (Fernandez and
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Conner 2011). Severity of disease symptoms is related
with environmental conditions (Cook 1980). Soilborne
inoculum causes root and crown rot and seedling blight in
warm, arid soils. The symptoms of Fusarium crown rot
disease could be observed on the stem base of cereals as
necrosis and dry rot (Backhouse et al. 2004). Airborne
inocula cause diseases on aerial parts of plant, such as
FHB. In the FHB disease, also known as scab or tombstone, the first symptoms occur after flowering in warm
and highly humid climates, which sporodochia may appear on the glumes and rachis. Damaged grains might be
covered by mycelia, or could be shriveled with white
color and low weight.

Epidemiology, life cycle and infection process
F. graminearum is initially associated with living tissues
in the intercellular spaces, and finally kills the host cells
(Ma et al. 2013). It is a haploid and homothallic fungus,
which has both sexual and asexual life cycles. In the
sexual stage, perithecia release ascospores as the primary inoculum in spring (Trail et al. 2003). Perithecia play
an important role in survival of the pathogen from year
to year (Sutton 1982). Mature ascospores are curved,
fusiform and hyaline. Ascospores could be dispersed by
rain, wind and insects (Parry et al. 1995).
In the asexual phase, the pathogen produces
macroconidia. These conidia are multicellular with five
to seven septa and are slender shaped. Morphological
identification is mainly based on the shape of
macroconidia and conidiophores. This fungus does not
produce microconidia. The fungus is capable of producing chlamydospores, which are formed at the middle or
end of mycelia or in the macroconidia (Leplat et al.
2013). They can survive in the unfavourable conditions
and overwinter in soil or plant debris for up to 16 months
until suitable conditions for new cycle of infection
(Nyvall 1970).
Infection process of F. graminearum includes a
biotrophic step, which occurs within 6 h postinoculation (hpi). Then, the pathogen shifts to the
necrotrophic phase probably between 24 to 72 hpi, via
production of trichothecenes and cell wall-degrading
enzymes (Ding et al. 2011; Khaledi et al. 2017).
Macroconidia can be transported to flowering spikes
and cause FHB. The Pathogen infects spike tissues from
flowering to the later stages of seed development (Del
Ponte et al. 2007). Also, macroconidia infect wheat
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roots and hypocotyls, which cause crown and root rot.
Fusarium infection on wheat occurs faster than barley
(Lysøe et al. 2011). On wheat, spores of the pathogen
germinate and produce hyphae within 24 hpi, and
growth in stomatal and subcuticular tissues occurs until
48–76 hpi (Pritsch et al. 2000). Infection hyphae develop and colonize ovary and sporulates within 72 hpi
(Bushnell et al. 2003; Pritsch et al. 2000) and production
of conidia has been observed at 72 hpi (Pritsch et al.
2000). F. graminearum produces lobate appressoria,
foot structures, and infection cushions (Fig. 1) on epiphytic runner hyphae as infection structures.
Biosynthesis of trichothecenes, as the major type of
virulence factors, is induced in the infection structures
(Boenisch and Schäfer 2011).

Molecular identification and genetic structure
of the pathogen populations
Phylogenetic species of the FGSC are very similar in
their morphological characters and only could be separated by molecular methods (Sarver et al. 2011). Based
on analysis of various individual genomic regions, including translation elongation factor 1-alpha (TEF or
EF-1α) gene (Geiser et al. 2004), α-tubulin, β-tubulin,
histone, MAT, reductase, URA-Tri101-PHO (Sarver
et al. 2011) and combined dataset, various phylogenetic
species of the FGSC could be recognized. In addition,
species-specific primers could be used to distinguish
phylogenetic species (Xu et al. 2014).
Evaluating genotypic variability of the pathogen populations is important to align plant protection to the
existing and potentially changing fungal pathogens, particularly when sexual reproduction has a critical role in
life cycle of the fungus. Variation in virulence and
aggressiveness in populations of phytopathogens, which
is correlated with their genetic diversity, may lead to
overcome of the pathogen to host resistance. Therefore,
information on genetic structure of the FGSC may not
only provide new insights into epidemiology and evolutionary process of the pathogen, but also result in
designing novel and successful disease management
strategies (Miedaner et al. 2008). Genetic structure of
F. graminearum isolates is studied in North America
(Guo et al. 2008; Ward et al. 2008), South America
(Astolfi et al. 2012) Europe (Miedaner et al. 2008),
China (Qu et al. 2008), Nepal (Desjardins and Proctor
2010), and Uruguay (Pan et al. 2016), so far.
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Several molecular methods have been used to analyze
genetic structure of F. graminearum isolates, such as
amplified fragment length polymorphisms (AFLP)
(Castaňares et al. 2015), restriction fragment length polymorphisms (RFLP) (Láday et al. 2004), random
amplified polymorphic DNA (RAPD) (Arici and Koç
2010), polymerase chain reaction (PCR)-based fingerprinting (Miedaner et al. 2001), intergenic spacer (IGS)RFLP (Albayrak et al. 2016), inter-simple sequence
repeats (ISSR) (Albayrak et al. 2016), sequence-related
amplified polymorphism (SRAP) markers (Castaňares
et al. 2015), single strand conformational polymorphism
(SSCP) (Qu et al. 2008), single nucleotide polymorphism (SNP) and variable number of tandem repeat
(VNTR) markers (Zhang et al. 2012; Basler 2016). The
FGSC is subdivided into several genetic lineages (Lee
et al. 2009; O’Donnell et al. 2000). Investigating genetic
diversity of two phylogenetic species within the FGSC,
including F. graminearum and F. pseudograminearum,
in Australia revealed the existence of polyphyletic structures in populations of theses pathogens. The AFLP
fingerprinting revealed high level of genetic variability
in populations of these species, which cause FHB and
crown rot of wheat (Akinsanmi et al. 2006).
Genetic structure analysis using AFLP and SRAP
markers revealed high levels of variability in the FGSC
populations obtained from barley grains in Argentina,
Brazil and Uruguay (Castaňares et al. 2015). The AFLP
markers were not capable of separating different phylogenetic species of the FGSC, including F. graminearum,
F. cortaderiae, F. austroamericanum, F. meridionale,
and F. asiaticum. Whereas, The SRAP method separated
F. graminearum from other phylogenetic species within
the FGSC (Castaňares et al. 2015).
Analysis of genetic diversity among and within populations of this pathogen from various geographic locations revealed high level of genetic diversity, which in
some cases was not correlated with geographical origin
(Ramirez et al. 2007). Sexual recombination is the most
likely explanation for the large genetic variability observed within populations of F. graminearum (Pan et al.
2016). Also, asexual and/or parasexual recombination,
and balancing selection caused by the periodic alternation between parasitic and saprophytic phases of the
pathogen life cycle could be important in determining
genetic structure (Miedaner et al. 2001). Partial relationship of genetic diversity with geographic origin of the
isolates could be due to various factors, such as transferring infected cereal seeds among different locations
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Fig. 1 Life cycle of Fusarium graminearum. The pathogen survives in crop debris remaining in the fields after harvest (a) and
produces macroconidia (b, top image) and ascospores (b, bottom
image) in the spring as inocula, infecting the host plant. Mycotoxin
producing infection structures of this fungal pathogen (c), including foot structures (FS, which is shown in part c on the top), lobate
appressoria (LA; part C in the middle), and infection cushions (IC;
part c in the bottom), could be produced on the host tissues.
Production of infection structures resulted in development of

various wheat diseases (depending on growth stage of the host at
the infection time and climatic conditions) such as seedling blight
and crown rot (part d in the right side), head blight (d in the
middle) and production of chalky and shriveled seeds containing
the pathogen (d, in the left). Microscopic images of the spores are
obtained from Lesli and Summerell (2006). Infection structures
presented in part C are derived from Boenisch and Schäfer (2011).
Other abbreviations: RH Runner hypha, S septum, IH infection
hypha. Calibration bars are in micrometers

or dispersal of the pathogen propagules via wind, irrigation, and/or agricultural practices (Miedaner et al.
2008; Taheri et al. 2007).
Gagkaeva and Mattila (2004) reported higher level of
genetic diversity in the Asian population of the pathogen
compared to the European. Furthermore, the sequences of
intergenic spacer (IGS) region in the ribosomal DNA and
the genes encoding enzymes such as α- and β-esterases,
aspartate aminotransferase and superoxide dismutase indicated high level of genetic diversity within

F. graminearum populations (Gagkaeva and Mattila
2004). In general, high level of genetic diversity is observed in the populations of FGSC (Akinsanmi et al.
2006), which is related to aggressiveness and capability
of producing virulence factors (Ortega et al. 2013).
Knowledge of biodiversity and identification of phylogenetic lineages in the FGSC will be helpful in determining the risk of pathogen progression as well as promoting effective disease control methods. Improving cereals resistance to the FGSC is dependent on numerous
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resistance genes obtained from various sources, which
should be combined for preventing adaptation to increased host immunity in this genetically variable fungus,
which is highly pathogenic due to having several virulence factors.
Recently, Laurent et al. (2017) demonstrated a remarkable level of polymorphism in the genome of
F. graminearum isolates via investigating genomic
(sequence) diversity for the entire gene repertoire of
the pathoge. The annotated genetic variants discovered for this destructive pathogen are valuable
resources for further genetic and genomic studies
(Laurent et al. 2017).

Virulence factors
Several types of molecules produced by the pathogen are
critical factors in pathogenicity, and numerous virulence
genes are involved in pathogenesis of F. graminearum.
Different virulence factors of this fungus and their role in
pathogenesis are reviewed here and summarized in
Table 1.
According to the findings of Kazan et al. (2012), approximately 30 genes are needed for virulence and aggressiveness of this fungus. Different types of trichothecenes
are host specific virulence factors (Ilgen et al. 2009). Four
types of trichothecenes are produced by Fusarium spp.,
comprising types A, B, C and D. The major type-A
trichothecenes consist of T-2 and HT-2 toxins (Mirocha
et al. 2003). Type-A trichothecenes are not reported to be
produced by F. graminearum and have significantly higher
toxicity in mammals compared to type B (Ueno 1984).
Deoxynivalenol (DON) is the most predominant mycotoxin associated with FHB disease, and belongs to the more
phytotoxic type B trichothecenes (Mirocha et al. 2003).
Isolates of F. graminearum produce mainly DON,
nivalenol (NIV) and their derivatives (Liddell 2003;
Nogueira et al. 2018). DON is more phytotoxic on cereals
than NIV (Desjardins 2006). Trichothecene (Tri) biosynthetic gene cluster, containing 12 genes, is involved in
biosynthesis, regulation and transport of trichothecenes
(Proctor et al. 2009; Brown et al. 2002). Only a hydroxyl
group at C-4 in NIV distinguishes it from DON. The Tri13
and Tri7 genes are required for oxygenation and acetylation of the oxygen at C-4 during synthesis of NIV in
F. graminearum.
The FGSC isolates produce various types of trichothecenes and can be divided into three chemotypes,

5

including NIV, 15-acetyldeoxynivalenol (15-ADON),
and 3-acetyldeoxynivalenol (3-ADON) (Goswami and
Kistler 2005; Ward et al. 2002). Studies of Liu et al.
(2017) revealed that the 15-ADON population had the
advantage in perithecia formation and ascospore release,
and the 3-ADON population produced more DON in
wheat grains. Distribution of various chemotypes may
be related to biological characteristics of the pathogen
isolates, including growth rate at various temperatures
(Liu et al. 2017).
The DON is a powerful inhibitor of protein synthesis
in eukaryotes (Van De Walle et al. 2010). It is furthermore a potent phytotoxin and the TRI5 trichodiene
synthase gene is the first virulence factor gene characterized in F. graminearum by molecular investigations
(Proctor et al. 1995). The tri5 deletion mutant was able
to colonize the inoculated florets of the susceptible host
plant, but it failed to spread through the rachis to other
spikelets on the same spike (Bai et al. 2002). Not only
DON, but also NIV play critical functions in Fusarium
diseases of cereals (Bai and Shaner 2004). On wheat, all
disruption mutants of Tri5 derived from both
DON- and NIV-producing strains, caused disease
symptoms on the inoculated spikelets, but the
symptoms did not spread into other spikelets. On
maize, mutants derived from the NIV-producing strain
caused less disease than their wild-type, while mutants
derived from DON-producing strain caused the same
level of disease as their wild type. Therefore, both DON
and NIV are virulence factors which contribute in wheat
infection (Maier et al. 2006; Mesterházy et al. 1999).
But, only NIV is associated with maize infection
(Maier et al. 2006).
Types C and D trichothecenes, characterized by a second epoxide (C-7,8 or C-9,10) or an ester-linked
macrocycle (C-4,16) respectively, are not associated with
F. graminearum and FHB (Sudakin 2003). Other mycotoxins, such as zearalenone (ZON), butenolide, and
culmorin are also produced by F. graminearum (Lysøe
et al. 2006; Stumpf et al. 2013; Harris et al. 2007;
McCormick et al. 2010), which might be involved in
pathogenicity of this fungus on host plants. In the case of
ZON, barley root infection studies demonstrated by Lysøe
et al. (2006) revealed no alteration in pathogenicity of the
mutant which was deficient in ZON biosynthesis, compared to pathogenicity of the wild type isolate of
F. graminearum, suggesting no importance of ZON in
pathogenicity of this fungus on barley. However, investigating the role of ZON in pathogenicity of F. graminearum

Sexual and asexual development, oxidative stress response
Hyphal growth, pathogenicity

FgVam7

NADPH oxidases

Protein phosphatase

Elongator complex protein 3

SNARE

FgNoxA, B, and R

FgCDC14

ELP3

Pathogenicitry

Velvet proteins

Protein scaffold

C-type cyclins

Phosducin-like gene

FgVeA, FgVelB

FgFSR1

CID1

BDM1

Growth, pathogenicity

Ras protein

Peroxidases

RAS2

Sexual development, vegetative growth DON production,
conidiation, pathogenicity
Growth, fitness, virulence

Mycotoxin biosynthesis, asexual and sexual reproduction,
secondary metabolism, pathogenicity
Pathogenicity, perithecia formation

Pathogenicity

Hyphae formation, DON production

Horevaj and Bluhm 2012

Zhou et al. 2010

Shim et al. 2006

Jiang et al. 2011; 2012

Lee et al. 2017

Bluhm et al. 2007

Song et al. 2013

Jiang et al., 2011a

Li et al. 2015

Li et al. 2015

Lee et al. 2014

Li et al. 2015

Wang et al. 2014b, Zhang et al. 2016b

Zhang et al. 2016a

Lu et al. 2003

Gu et al. 2015

Cao et al. 2016

Nguyen et al. 2012

Jenczmionka et al. 2003, Urban et al. 2003

Hou et al. 2002

Ramamoorthy et al. 2009, Rittenour et al. 2011

Kikot et al. 2009, Ortega et al. 2013,
Khaledi et al. 2017

Salomon et al. 2012, Brown et al. 2012,
Blümke et al. 2014, Voigt et al. 2005

Qin et al. 2015

Liu et al. 2016

Yu et al. 2008; Zhang et al. 2010

Reference
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FCA7

Pathogenicity, mycotoxin biosynthesis

2C protein phosphatases

Type II myosin

PP2Cs

MYO

Septum formation, cell division and pathogenesis

Histone methylation

CDc14 protein phosphatases

FgSET1

FgCDc14

Septum formation, cell division

Differentiation, growth, conidiation, conidial germination,
reproduction, DON biosynthesis, colonization
Fertility, pathogenicity

Pathogenicity

Transcription factor

AMP - pr

FgSte12

Sexual reproduction, DON biosynthesis, pathogenicity

Activation of extracellular endoglucanases, mating, conidiation,
pathogenicity
Production of perithecia, conidia germination

Sexual reproduction, pathogenicity

Lipid degradation in plasmamembrane of plant cells & penetration

Development, pathogenesis, DON production, stress responses

CPS1

Protein kinases

Protein kinases

FgOS-2

FgSsn3

Protein kinases

Gpmk1 /MAPI

Signal transduction

Glucosyl ceramides

Protein kinases

Pectinases, Proteolytic enzymes,
cellulases, Hemicellulases

Several genes

Bar1

Secreted lipase

FGL1

Mgv1

Degradation of plant cell wall

Glycogen synthase kinase

Vegetative development, virulence, DON production, septation

Fgk3

Inhibiting protein synthesis

DON

Chitin synthase (Chs)

TRI

Function of Virulence factor

Virulence factor

FgChss

Gene name

Table 1 Various virulence factors of Fusarium graminearum and their biological functions
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Jonkers et al. 2012

Zhao et al. 2011

Pathogenicity

Hyphal growth, pathogenicit

Wor1-like protein

Transcription factor

FgP1

EBR1

Yao et al. 2016

Yin et al. 2018

Hyphal growth, pathogenicity
Superoxide dismutase

Ding et al. 2009; Zhou et al. 2016
Conidiation, pathogenicity

Cu-Zn SOD

vegetative growth, conidiogenesis, pathogenesis

Deacetylase gene

cyclase-associated protein

FTL1

FgCAP1

Function of Virulence factor
Virulence factor
Gene name

Table 1 (continued)

Reference
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on other host plants seems to be necessary. In addition, the
association of butenolides and culmorin with virulence of F. graminearum is not reported till now, which
can be interesting subjects for future studies.
Contamination of cereals to the ZON produced by
F. graminearum is particularly important, especially
during post-harvest storage with legislative limits for
both food and feed grains (Garcia-Cela et al. 2018).
Chitin, a β (1, 4)-linked homopolymer of Nacetylglucosamine, is an essential component of cell
walls and septa of all fungi. Chitin biosynthesis is mediated by membrane-bound chitin synthases. Chitin
synthases of F. graminearum (FgChss) are involved in
co-regulation of various cellular processes in this pathogen, such as vegetative development, virulence, DON
production, and septation (Liu et al. 2016).
Glycogen synthase kinases of different eukaryotic
organisms, including fungi, functions in multiple cellular processes. The FGK3 glycogen synthase kinase gene
in F. graminearum, is known as an important virulence
factor of this pathogen (Qin et al. 2015).
The other group of virulence factors associated with
the FGSC are cell wall and membrane degrading enzymes, mainly such as cellulases, pectinases, proteases,
xylanases, and lipases (Khaledi et al. 2017). Plant cell
wall is a dynamic physical barrier against invasion of
phytopathogens (Underwood 2012). The major ingredient of all plant cell walls is cellulose, which
consists of β-1,4-linked glucan chains (Somerville
2006). Plant cell walls also consist of several matrix
polysaccharides, which are grouped into 2 classes: the
pectic polysaccharides such as homogalacturonans and
rhamnogalacturonans (Harholt et al. 2010); and the
hemicellulosic polysaccharides including xyloglucans,
glucomannans, xylans, and mixed-linkage glucans
(Scheller and Ulvskov 2010). Furthermore, plant cell
walls contain several proteins and glycoproteins, comprising different enzymes and structural proteins (Rose
and Lee 2010). Even with some evidences for their
participation in pathogen recognition and defense signaling, few details are available regarding how they are
overcome by the virulence factors of pathogens in preliminary steps of the infection process.
Lipases are important in penetration of
F. graminearum hyphae in the host (Feng et al. 2005).
The secreted lipase produce by F. graminearum (FgL1),
which is involved in catalyzing and hydrolysis of ester
bonds, is important for fungal virulence and successful
colonization of the host plant (Voigt et al. 2005;
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Salomon et al. 2012; Brown et al. 2012). The FgL1
releases free polyunsaturated free fatty acids, such as
linoleic and α-linolenic acid, to prevent innate
immunity-related callose deposition during wheat head
infection (Blümke et al. 2014).
The FGSC produces different extracellular enzymes,
such as pectinases, proteolytic enzymes, cellulases and
hemicellulases (xylanase). Positive correlation was observed between capability of the pathogen to produce
these enzymes in vitro and its virulence on the host plant
(Ortega et al. 2013; Khaledi et al. 2017).
Involvement of fungal plasma membrane components in the virulence of F. graminearum is rarely investigated. Sphingolipids are essential membrane components, which have recently emerged as key regulators
of pathogenicity in F. graminearum (Rittenour et al.
2011). Glucosylceramide (GlcCer) is a sugar
sphingolipid composed of a sphingoid backbone, a fatty
acid, and a glucose moiety. The GlcCer is contributed to
cell division, alkaline tolerance, hyphal growth, spore
germination and consequently is involved in pathogenicity of F. graminearum, as a virulence factor (Del
Poeta et al. 2014; Ramamoorthy et al. 2009).
Another virulence factor of this pathogen is soluble
N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE), which has critical functions in membrane fusion and vesicle transport of eukaryotic cells. A
SNARE protein in F. graminearum, known as FgVam7,
has regulatory role in cellular differentiation, hyphal
growth, asexual and sexual reproduction, conidial germination, also positively regulates expression of the
genes associated with deoxynivalenol (DON) biosynthesis. Therefore, it is required for host colonization and
virulence (Zhang et al. 2016a).
Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) is a membrane-bound enzyme,
involved in producing O2− via transferring one electron
from NADPH to O2 as the acceptor of electron (Heller
and Tudzynski 2011; Takemoto et al. 2007). This enzyme has a function in pathogenicity of F. graminearum
(Zhang et al. 2016b). In F. graminearum, three NADPH
oxidases (including FgNoxA, FgNoxB, and FgNoxR)
have been characterized yet (Wang et al. 2014a; Zhang
et al. 2016b). The FgNoxR protein plays a key role in
conidiation, sexual reproduction, and pathogenesis of
F. graminearum (Zhang et al. 2016b).
A group of phosphatase enzymes, known as Cdc14
phosphatases, are found in fungi. The FgCDc14 gene
encodes a phosphatase, which is needed for septum
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formation, cell division and pathogenesis in
F. graminearum (Li et al. 2015). Furthermore, protein
phosphatases type 2C (PP2Cs) are involved in virulence
of this pathogen (Jiang et al. 2011b).
Several transcriptional mechanisms are associated
with regulating expression of the genes involved in
colonizing host plants by fungal pathogens. Posttranslational modification of chromatin such as histone
acetylation is highly related with transcriptional activation (Wolffe and Pruss 1996). Acetylation of lysine
amino acids located in the N-terminal of histones
moditfies chromatin structure, which leads to increase
transcription factors accessibility to their target genes
(Grunstein 1997). Histone acetylation is mediated by
histone acetyltransferases (HAT) and is reversed by
histone deacetylases (HDAC). The HAT transfers acetyl
groups from acetyl-coenzyme A to the lysine residues of
histones, whereas HDAC removes the acetyl groups
(Kuo and All is 1998). The general control
nonderepressible 5 (GCN5)-related acetyltransferase
(GNAT) superfamily is one of the conserved HAT families (Carrozza et al. 2003). Elongator protein 3 (ELP3),
a member of the GNAT family, is the catalytic subunit of
the Elongator complex. The ELP3 has a key role in
virulence, sexual and asexual reproduction and oxidative stress response in F. graminearum (Lee et al. 2014).
Histone H3 lysine 4 methylation (H3K4me) is correlated with actively transcribed genes in a various eukaryotes. Investigations of Liu et al. (2015) revealed that
FgSet1 is predominantly responsible for mono-, di- and
trimethylation of H3K4 in F. graminearum. The
FgSET1 deletion mutant was deficient in hyphal growth
and virulence. H3K4me is essential for active transcription of the genes involved in DON production, hyphal
growth, virulence, and stress responses in F.
graminearum (Liu et al. 2015). Trimethylation of histone H3 lysine 27 (H3K27me3) in this pathogen
allowed expression of an additional 14% of the genome,
resulting in repression of genes predominantly involved
in secondary metabolite pathways and other speciesspecific functions, including secreted pathogenicity factors (Connolly et al. 2013).
Protein constituents of fungal cell wall and membrane
contribute considerably to the fitness and virulence of
plant pathogenic fungi. Glycosylphosphatidylinositolanchored proteins (GPI-Aps) are covalently attached to
the plasma membrane or cell wall of fungi via an alkali
sensitive bond (Rittenour and Harris 2013). Several predicted GPI-Aps encode proteins with enzymatic functions
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(i.e. aspartyl proteases). These enzymes may contribute to
the degradation of host tissues. Also, cell wall
proteins may contribute to the structural integrity
of the cell wall itself, thereby protecting fungal pathogens
from environmental stresses encountered within host tissue, including host defense responses. Investigations of
Rittenour and Harris (2013) revealed that deleting a
phosphoethanolamine transferase-encoding gene gpi7 resulted in mutants with slower radial growth rates and
abnormal macroconidia. Additionally, virulence tests
and microscopic analyses showed that Gpi7 is required
for ramification of F. graminearum throughout the rachis
of wheat heads (Rittenour and Harris 2013).
Another group of the genes involved in fungal fitness
and virulence, are encoding ATP-binding cassette
(ABC) transporters. Deletion mutants of FgABC1 and
FgABC3 in F. graminearum were blocked in virulence
on wheat, barley and maize. FgABC3 may encode a
transporter protecting the pathogen from antifungal molecules produced by the host plant. Whereas, FgABC1
encodes a transporter responsible for secretion of fungal
secondary metabolites, which decrease host defense
(Abou Ammar et al. 2013).
Ras GTPases are involved in pathogenesis and fitness of F. graminearum, that its genome contains two
Ras-encoding genes (RAS1 and RAS2). Phosphorylation
of the mitogen-activated protein kinase (MAPK)
Gpmk1 and expression of a secreted lipase (FGL1)
required for infection were reduced significantly in the
ras2 mutant. Therefore, RAS2 regulates growth and
virulence in the pathogen by regulating the MAPK
pathway (Bluhm et al. 2007).
Fungal signaling genes such as the genes encoding
guanine nucleotide-binding proteins (G-proteins),
MAPKs, and cyclic adenosine monophosphate
(cAMP)-dependent protein kinases are involved in fitness and virulence of F. graminearum (Lengeler et al.
2000). In this pathogen, four MAPKs including Mgv1
(Hou et al. 2002), Gpmk1/MAP1 (Jenczmionka et al.
2003; Urban et al. 2003), FgOS-2 (Nguyen et al. 2012)
and FgSsn3 (Cao et al. 2016) are involved in sexual
reproduction, conidia germination, DON biosynthesis
and pathogenicity. The MAPKs activate extracellular
endoglucanases, proteolytic and xylanolytic enzymes,
which are important for pathogenicity of
F. graminearum (Jenczmionka and Schäfer 2005).
Many of the functionally characterized genes involved in pathogenicity of F. graminearum play a role
in pathways such as G-protein-coupled receptor
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signaling and MAPK cascades (Liu et al. 2010).
Phosducin and phosducin-like proteins are modulators
of downstream signaling from G-proteins (Flanary et al.
2000; Schulz 2001). Phosducin-like gene (BDM1) in
F. graminearum is involved in virulence, growth and
fitness of this pathogen (Horevaj and Bluhm 2012).
The FgSte12, is a transcription factor which functions downstream of FgGpmk1 in F. graminearum.
Investigations of Gu et al. (2015) revealed that the
FgSTE12 deletion mutants did not show phenotypic
changes in vegetative growth, conidiation or DON production, but they were impaired in pathogenicity on the
host plants.
Another major process required for fungal proliferation, differentiation and pathogenesis is septation/cytokinesis. Type II myosins are known to be involved in
fungal septation. In filamentous fungi, the septum contains one or more pores allowing cytoplasmic flow
between neighboring cells (Walther and Wendland
2003). Cytokinesis is an important cellular mechanism
in the interaction of phytopathogenic fungi with their
host plants and type II myosin gene is required for
pathogenicity, fitness and mycotoxin production in
F. graminearum (Song et al. 2013).
Oxidative burst and its regulatory antioxidant systems are associated with various physiological processes
and pathogenesis of plant pathogenic fungi. Peroxidases
are a group of antiodidative enzymes, which are capable
of detoxifying reactive oxygen species and involved
in different stress responses. Lee et al. (2017)
identified 31 putative peroxidase genes in
F. graminearum and generated deletion mutants
for these genes. Four deletion mutants, including fca6,
fca7, fpx1, and fpx15, revealed higher sensitivity to
extracellular H2O2. The mutants of FCA7 also exhibited
reduced virulence compared with those of the wild-type
strain, suggesting that Fca7 may play important roles in
the host-pathogen interaction in F. graminearum (Lee
et al. 2017).
The velvet proteins, such as FgVeA (Jiang et al.
2011a) and FgVELB (Jiang et al. 2012) in
F. graminearum, are involved in the regulation of various
cellular processes, including regulation of asexual and
sexual development, secondary metabolism, and
virulence.
A locus in the genome of F. graminearum essential for
its virulence, is FSR1 (FgFSR1). Studies of Shim et al.
(2006) revealed that FSR1 has a direct function in pathogenicity and sexual reproduction of this homothallic
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pathogen. It is hypothesized that FgFSR1 regulates virulence by acting as a scaffold for signal transduction
pathways (Shim et al. 2006).
The protein encoded by CID1 gene in
F. graminearum has typical structural features of Ctype cyclins. Deletion of CID1 led to reduction of
conidiation and vegetative growth, but increased pigmentation in the fungal structures. The mutants of this
gene were female sterile, with significantly reduced
levels of DON production and virulence on wheat heads
and corn stalks (Zhou et al. 2010).
A transducin beta-like gene in F. graminearum,
FTL1, is involved in conidiation, host colonization and
pathogenesis of this fungus. The FTL1 is homologous to
the mammalian TBL1 or TBLR1 genes (Perissi et al.
2004; Yoon et al. 2003) and the Saccharomyces
cerevisiae SIF2 gene (Cerna and Wilson 2005). The
products of these genes are components of protein complexes including histone deacetylases. Acetylation plays
a crucial regulatory role in various aspects of cellular
processes in F. graminearum (Zhou et al. 2016).
The Δftl1 mutant showed significantly reduced
histone deacetylation, and it was defective in spreading
from infected anthers to ovaries and more sensitive
than the wild type to plant defensins and osmotin
(Ding et al. 2009).
Expression of trichothecene biosynthesis (TRI) genes
and DON production in F. graminearum are mainly
regulated by the cyclic adenosine monophosphateprotein kinase A (cAMP-PKA) pathway and two
pathway-specific transcription factors (TRI6 and
TRI10). Deletion mutants of TRI6 revealed reduced
expression of several components of cAMP signaling
pathway, including the FgCAP1 adenylate-binding protein gene. Recently, Yin et al. (2018) demonstrated that
FgCap1 interacts with Fac1 adenylate cyclase and deletion of FgCAP1 reduces the cAMP level and PKA
activity. The Fgcap1 deletion mutant is defective in
vegetative growth, conidiogenesis and plant infection
(Yin et al. 2018).
Superoxide dismutases (SODs) are scavengers of superoxide radicals, one of the main reactive oxygen species
(ROS) in living cells. There are five SOD genes in
F. graminearum genome, encoding cytoplasmic Cu-Zn
SOD1 and MnSOD3, mitochondrial MnSOD2 and
FeSOD4, and extracellular CuSOD5 (Ma et al. 2010).
Studies of Yao et al. (2016) revealed that the Cu-Zn SOD1
is involved in hyphal growth, conidial germination, DON
production and pathogenicity of F. graminearum. The
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cytoplasmic Cu-Zn SOD1 affects fungal growth depending on detoxification of intracellular superoxide radicals,
and SOD1-mediated DON production is correlated with
virulence of the pathogen on wheat head (Yao et al. 2016).
The WOR1 gene in Candida albicans, which encodes
a conserved fungal regulatory protein involved in controlling the dimorphic switch and pathogenicity and its
ortholog in F. graminearum is known as FgP1. Jonkers
et al. (2012) demonstrated that the FgP1 is required for
pathogenicity and regulates the expression of trichothecene biosynthetic (TRI) genes. In addition, the FgP1
gene mediates a morphological change during toxin production, and, as determined by transcriptome
analysis, regulates the expression of other genes,
many of which are associated with pathogenicity
(Jonkers et al. 2012).
Another group of fungal virulence factors consists of
various types of transcription factors. The Zn2Cys6
transcription factors are unique to fungi and have been
reported to be involved in different regulatory functions.
Studies of Zhao et al. (2011) revealed that the EBR1
(enhanced branching 1), a Zn2Cys6 transcription factor
of F. graminearum, is involved in conidiation, radial
growth and virulence of this pathogen.

F. graminearum–cereals interaction: The role
of reactive oxygen species and plant cell wall
The interaction of F. graminearum with small grain
cereals has been investigated in various cellular, molecular and biochemical areas. After recognition of the
pathogen, basal defense responses of the host plants
lead to activation of several resistance mechanisms such
as production of reactive oxygen species (ROS) (Torres
2010; Shetty et al. 2008), enzymatic and non-enzymatic
antioxidants (Khaledi et al. 2016; Zhou et al. 2007), cell
wall reinforcement associated with phenylpropanoid
metabolism (Ravensdale et al. 2014), and callose deposition (Ellinger et al. 2014). Various types of ROS not
only can be directly effective on fungal pathogens by
their antifungal properties and inducing cell death or HR
response, but also are known as second messengers or
signaling molecules in orchestrating several defenserelated pathways in the host and affecting structure and
components of plant cell wall (Khaledi et al. 2016;
Ravensdale et al. 2014). Therefore, considering the central role of ROS and cell wall (as the first barrier against
the invading pathogen) in plant defense responses, the

Author's personal copy
Eur J Plant Pathol (2018) 152:1–20

rest of this review is focused on their role in cereals
resistance to the pathogen.

The role of ROS and antioxidants
Generation of ROS, such as hydrogen peroxide (H2O2),
superoxide (O2−), and hydroxyl radical (OH−), known as
oxidative burst, is one of the earliest plant defense responses to F. graminearum (Khaledi et al. 2016). H2O2
accumulation inhibits the growth of biotrophic pathogens (Thordal-Christensen et al. 1997; Glazebrook
2005), while it could help the infection process of
necrotrophics (Govrin and Levine 2000; Barna et al.
2012). Furthermore, it could be important in resistance
mechanisms against various pathogens as a second messenger leading to activation of defense related genes and
interfaces with signaling pathways and defense compounds including phytohormones, nitric oxide, lignin
and callose (Nikraftar et al. 2013; Noorbakhsh and
Taheri 2016).
All aerobic organisms have developed antioxidant
systems for controlling ROS accumulation (which is to
maintain redox homeostasis), as well as to ‘make use’ of
these highly reactive molecules in signal transduction,
gene expression and cellular responses to biotic or abiotic stimuli (which is redox signaling). Instability in
redox homeostasis, caused by altered levels of ROS or
antioxidants, can play a critical function in defense
responses of plant tissues.
In wheat-F. graminearum pathosystem, accumulation of H2O2 and O2− was higher in the partially resistant
Gaskozhen cultivar compared to the susceptible Falat
cultivar (Khaledi et al. 2016). Therefore, ROS accumulation and occurrence of programmed cell death as its
consequence would be helpful defense strategies leading to reduce progress of the hemibiotrophic
F. graminearum in the host tissues and increase resistance at the early time points after inoculation, when this
pathogen is in its biotrophic phase.
Higher levels of non-enzymatic and enzymatic antioxidants were observed in Gaskozhen compared to Falat
cultivar infected with F. graminearum at most of the time
points after inoculation. Significantly higher disease
progress in the leaves of both cultivars treated with
KCN, as an inhibitor of POX, CuZnSOD and MnSOD,
revealed the major role of these antioxidants compared to
FeSOD and CAT in wheat defense against this pathogen
(Khaledi et al. 2016). Also, it is recently demonstrated
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that application of ROS generating systems increased
progress of the disease caused by F. graminearum in
both partially resistant and susceptible wheat cultivars.
This finding indicates harmful effects of highly accumulated ROS, which might be due to occurrence of HR and
facilitating plant infection and colonization by this
hemibiotrophic pathogen in the necrotrophic phase of
its life cycle (Khaledi et al. 2016).
Uncontrolled ROS accumulation leads to cell death,
which can enhance plant susceptibility to pathogens
(Torres et al. 2006). Therefore, ROS accumulation and
removal are controlled in plant-pathogen interactions by
enzymatic and non-enzymatic antioxidants. Enzymatic antioxidants such as peroxidase (POX) and catalase (CAT)
are involved in scavenging H2O2, whereas superoxide
dismutase is a scavenger of O2− and change this molecule
to H2O2 in living cells (Barna et al. 2012). Furthermore,
non-enzymatic antioxidants including lipid soluble membrane associated antioxidants (e.g., carotenoids), and water
soluble secondary metabolites (e.g., glutathione, ascorbic
acid, flavonoids, and phenolics) might have critical roles in
plant defense to F. graminearum (reviewed by AtanasovaPenichon et al. 2016). The change in balance between
antioxidant levels and ROS is known as oxidative stress
(Jenner 2003; Sweetlove et al. 2002), which can be involved in plant defense responses to the pathogen (Khaledi
et al. 2016).
Investigating the relationship between mycotoxin
production by the fungus and ROS accumulation in
plant tissues revealed that DON and T-2 toxin induced
H 2 O 2 generation (Desmond et al. 2008), and
F. graminearum responds to oxidative burst by generating mycotoxins (Ponts et al. 2007). This phenomenon
on one hand can stimulate programmed host cell death
accelerating fungal development in its necrotrophic
phase, but on the other hand the ROS may activate
antimicrobial defense mechanisms in the host cells.

Cell wall-associated defense mechanisms of cereals
against F. graminearum
Plant cell wall acts as a barrier for penetration of phytopathogens and its reinforcement leads to limitation of
pathogen progress in the host tissue (Underwood 2012).
Changes in mechanistic properties and initiation of
defense-related signaling pathways cause changes in
the cell wall composition, which can influence plant
development and resistance response to pathogens
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(Pogorelko et al. 2013). Plant defense responses to
invading pathogens are associated with cell wall modification through deposition of callose, lignification, accumulation of phenolics and some defensive compounds such as phytoalexins and pathogenesis-related
proteins (Nafisi et al. 2015; Bellincampi et al. 2014).
In wheat-F. graminearum interaction, lignin contents
increased after infection by the pathogen compared to
non-infected plants. Earlier and stronger cell wall modifications including accumulation of phenolics and lignification were observed at early time points after infection by F. graminearum compared to non-infected
plants. Lignification and phenolics production in leaves
and spikes of wheat in the partially resistant Gaskozhen
cultivar were higher than those of Falat cultivar (our
recent unpublished data), which indicated positive correlation of cell wall-related defense responses with
wheat resistance to F. graminearum. Several researchers
reported higher accumulation of lignin in partially resistant wheat cultivars infected by F. graminearum compared to the susceptible cultivars (Lionetti et al. 2015).
Lignins are complex cell wall phenolics, which result
from oxidative polymerization of monolignols (Wang
et al. 2013). The monolignols are synthesized in the
cytoplasm from phenylalanine through the general
phenylpropanoid and monolignol-specific pathways
and translocated to the cell wall for subsequent polymerization (Van Acker et al. 2013). Biosynthesis and
deposition of lignin in plant cells provides a physical
barrier against initial progress of various pathogens into
the infected tissues (Taheri and Tarighi 2010; 2011). The
lignin content of plant cells and induced lignification
have been proposed as key mechanisms involved in
wheat resistance to fungal pathogens (Purwar et al.
2013). Lignin makes the cell wall more resistant to cell
wall degrading enzymes produced by the pathogen and
prevents dispersal of pathogen-produced toxins in the
host tissues (Sattler and Funnell-Harris 2013). Gunnaiah
and Kushalappa (2014) observed that higher amounts of
monolignol glucosides and syringyl lignin precursors in
rachis of the partially resistant Sumai3 cultivar, following inoculation with F. graminearum. Also they reported that monolignols are polymerized into lignin by the
action of peroxidase via using H2O2. Resistance in
wheat genotypes is mainly associated with cell wall
thickening, which inhibit progress of F. graminearum
due to deposition of antimicrobial phenolics such as
hydroxycinnamic acid amides, phenolic glucosides, flavonoids and lignin (Gunnaiah et al. 2012). In response
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to the pathogen infection, phenolics could accumulate
rapidly and cell wall bound esterified forms of
phenolic acids were detected at the infection site
(Nicholson and Hammerschmidt 1992). Higher
levels of phenolic acids were extracted from grains of
wheat genotypes partially resistant to FHB, with higher
levels of antioxidants compared to the susceptible genotypes (Zhou et al. 2007).

Conclusion and future perspectives
Complete resistance to F. graminearum is not detected
in any host plant and selection of FHB resistant genotypes is still challenging. Therefore, considerable effort
is necessary to gain more in depth insight into the
biology and genetics of the pathogen populations, in
conjunction with finding novel and effective resistance
markers in various hosts and identifying the major components of cereals defense against the pathogen. Finding
the possible associations between biochemical or
cytomolecular markers of resistance, such as antioxidants, pathogenesis-related proteins, components of defense pathways, and signal molecules such as reactive
oxygen and nitrogen species might be useful in faster
and more accurate screening of resistance to the
pathogen.
There are several types of reactive nitrogen
species (RNS) including nitric oxide (NO), peroxynitrite
(ONOO−), peroxyni-trous acid (ONOOH), peroxynitrate
(O2NOO−), peroxynitric acid (O2NOOH), nitroxyl anion
(NO−), nitrogen dioxide (NO2), dinitro-gen trioxide
(N2O3), and nitrosoglutathione (GSNO). Various types
of RNS can cause damage on macromolecules such as
carbohy-drates, proteins, nucleic acids and lipids (Mur
et al. 2013; Szabo et al. 2007). Involvement of RNS,
especially NO in defense responses during plantpathogen interactions has been well documented in several pathosystems (Noorbakhsh and Taheri 2016; Kim
et al. 2013). This signaling molecule may be involved in
various defense reactions mediated by ROS, such as
transcription activation, production of polyamines and
phytoalexins, and cell wall reinforcement via callose
deposition (Durner et al. 1998; Noorbakhsh and Taheri
2016). Recently, Khaledi et al. (2018) reported that NO
production increased in seedlings and spikes of wheat
cultivars after inoculation with Fusarium graminearum,
with higher levels of accumulation in the tissues of partially resistant BGaskozhen^ compared to the susceptible
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BFalat^ cultivar. Therefore, NO might be involved in
wheat defense responses to the pathogen, which needs
to be more investigated.
The interplay between reactive oxygen and nitrogen
species and polyamines production, as a plant defense
response which is demonstrated for abiotic stresses
(Gupta and Huang 2014; Farnese et al. 2016), is
unknown in the case of biotic stresses, such as
F. graminearum-cereals interactions (Fig. 2).
Therefore, future researches in these pathosystems
could be focused on describing these associations.
Application of the data obtained in these assays will
save time and costs in screening resistance levels
of numerous cereal cultivars.
Toxicity and harmful side effects of fungicides in the
environment and appearance of fungicide-resistant pathogen isolates led to interest in application of alternative
protection strategies, such as induction of plant defense
responses and production of transgenic cereals with high
levels of resistance to F. graminearum. Both of these
control methods rely on our knowledge on genetic

structure and virulence factors of the pathogen, and also
cytomolecular aspects of cereals-F. graminearum interaction. Although progress has been made in the mechanisms of biotic and abiotic stress signaling and tolerance in cereals, the findings on defense networks activated in partially resistant compared to the susceptible
host cultivars after infection by F. graminearum is still
scarce. Forward and reverse genetics could be helpful
for identifying unknown defense signaling components
against this pathogen in the host plants. Quantitative
trait locus (QTL) can be used for determining genomic
regions associated with resistance against the pathogen.
With more and more defense-related genes identified,
the main challenge for molecular biologists and breeders
is how to sort out the most important genes and combine
them in transgenic plants or use marker-assisted breeding to improve crop production under disease conditions
(Taheri and Tarighi 2011). Consequently, the resistancerelated QTLs, for instance HvUGT13248 and Fhb1,
which produced DON-3-O-glucoside as a product of
DON detoxification by encoding glocosyltransferases

Fusarium graminearum

Cell wall degrading enzymes

Other virulence factors
Mycotoxins

NADPH oxidases
ROS

Cell death
Antioxidants

RNS
Polyamines

G-proteins

MAPKs

CW components (e.i. Lignin & Phenolics)

Defense against F. graminearum
Fig. 2 A model illustrating the effect of virulence factors produced by Fusarium graminearum on plant defense components or
disease progress associated with reactive oxygen species (ROS)
production and homeostasis, reactive nitrogen species (RNS), and
signal transduction components such as G- proteins and mitogenactivated protein kinases (MAPKs) in relation with cell wall (CW)
reinforcement. The model is based on the results of Desmond et al.

Disease progress & susceptibility
(2008); Khaledi et al. (2016); Lionetti et al. (2015); and
Noorbakhsh and Taheri (2016). Sharp, solid lines represent synergistic effects, and blunted lines indicate antagonistic interactions.
Dotted lines represent the possibility of future researches for
understanding the role of various defense component and signal
transduction pathways associated with cell wall reinforcement in
wheat resistance to F. graminearum
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(Lemmens et al. 2005; Schweiger et al. 2010), could be
preferred targets for breeding long-lasting disease resistance in cereals.
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