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SUMMARY

The ascomycete fungal pathogen Fusarium graminearum causes

the globally important Fusarium head blight (FHB) disease on

cereal hosts, such as wheat and barley. In addition to reducing

grain yield, infection by this pathogen causes major quality

losses. In particular, the contamination of food and feed with the

F. graminearum trichothecene toxin deoxynivalenol (DON) can

have many adverse short- and long-term effects on human and

animal health. During the last decade, the interaction between F.

graminearum and both cereal and model hosts has been exten-

sively studied through transcriptomic analyses. In this review, we

present an overview of how such analyses have advanced our

understanding of this economically important plant–microbe

interaction. From a host point of view, the transcriptomes of

FHB-resistant and FHB-susceptible cereal genotypes, including

near-isogenic lines (NILs) that differ by the presence or absence

of quantitative trait loci (QTLs), have been studied to understand

the mechanisms of disease resistance afforded by such QTLs.

Transcriptomic analyses employed to dissect host responses to

DON have facilitated the identification of the genes involved in

toxin detoxification and disease resistance. From the pathogen

point of view, the transcriptome of F. graminearum during patho-

genic vs. saprophytic growth, or when infecting different cereal

hosts or different tissues of the same host, have been studied. In

addition, comparative transcriptomic analyses of F. graminearum

knock-out mutants with altered virulence have provided new

insights into pathogenicity-related processes. The F. graminea-

rum transcriptomic data generated over the years are now being

exploited to build a systems level understanding of the biology of

this pathogen, with an ultimate aim of developing effective and

sustainable disease prevention strategies.
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INTRODUCTION

The fungal pathogen Fusarium graminearum, the causative

agent of Fusarium head blight (FHB, also known as scab or ear

blight) disease in wheat and barley, and ear and stalk rot dis-

ease in maize, is responsible for substantial economic losses

every year. The mycotoxins, such as the trichothecene toxin

deoxynivalenol (DON) and the oestrogenic mycotoxin zearale-

none (ZEA), produced by this pathogen during disease develop-

ment, significantly reduce grain quality (Wegulo, 2012). The

consumption of food and feed produced from toxin-

contaminated plants can have serious adverse effects on

human and animal health (Sobrova et al., 2010). Therefore,

various countries or jurisdictions (e.g. the European Union)

have imposed strict regulations on permissible DON levels (e.g.

EFSA CONTAM Panel, 2013). For these reasons, F. graminea-

rum, which is considered to be one of the most important fun-

gal plant pathogens in the world (Dean et al., 2012), has the

potential to cause serious economic, social, environmental and

health issues.

The sexual spores (e.g. ascospores) of the fungus are the pri-

mary cause of infection of cereal flowers by F. graminearum (Ma

et al., 2013; Trail, 2009). After initial infection, the pathogen

moves within the spike through the rachis tissue, colonizing the

developing seeds. Warm and moist weather during anthesis cre-

ates conditions conducive for disease development with poten-

tially disastrous outcomes (Goswami and Kistler, 2004). Fusarium

graminearum is also capable of infecting the roots and young

seedlings of wheat and barley, causing crown rot, root rot and

seedling blight (Stephens et al., 2008; Wang et al., 2015). During

the infection of wheat roots, F. graminearum employs strategies

(e.g. the formation of penetration pegs to invade the root epider-

mis) typically used by root-infecting pathogens. No lesion develop-

ment is observed at the early stages of root infection by F.

graminearum. However, subsequently, lesions develop on the

infected roots and stems, and the infection process from this point

on resembles that used during head infection (Wang et al., 2015).

The infection of maize stems by F. graminearum causes stalk rot

disease. The disintegration of pith tissue during stalk rot weakens

the maize plant, making it susceptible to lodging (Sutton, 1982).

Fusarium graminearum overwinters in the soil and/or plant debris*Correspondence: Email: kemal.kazan@csiro.au
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in the form of asexual macroconidia and starts new infection

cycles in the spring (Bai and Shaner, 2004).

Fungicides can be used to control FHB. However, the cost,

difficulties associated with the identification of the correct

application timing, potential environmental issues and the

development of fungicide resistance in pathogen populations

limit chemical control options (Yuen and Schoneweis, 2007).

Therefore, the improvement of cereal cultivars with relatively

high levels of FHB resistance is an essential breeding objective.

However, despite major efforts, most cereal cultivars available

today show only moderate levels of FHB resistance. This is at

least partly because resistance against this pathogen acts quan-

titatively, implying that many genes in the host, each with rela-

tively small effects, are involved in disease resistance (Bai and

Shaner, 2004).

A better understanding of the mechanisms involved in

pathogen infection and host defence can reveal essential new

knowledge that can be utilized to develop FHB-resistant cere-

als. For instance, this knowledge can identify potential weak-

nesses in the pathogen that can be targeted by genetic [e.g.

host-produced RNA interference (RNAi)] or chemical (e.g. fungi-

cides) means (Cheng et al., 2015; Koch et al., 2013). Similarly,

the identification and modification of candidate genes encoding

potential susceptibility factors (i.e. host components exploited

by pathogens to cause disease) in the host can be an option to

increase disease resistance (Garvin et al., 2015). In the face of

constantly changing pathogen populations and environmental

factors, innovative research and development are needed to

avoid potential FHB epidemics and to ensure that food and feed

supplies are free from mycotoxin contamination. To better

understand the host factors that provide resistance to FHB,

transcriptomes of the cereal–F. graminearum interactions have

been extensively studied during the last decade under a variety

of conditions. The availability of a complete genome sequence

for F. graminearum and the construction of gene chips for both

cereal hosts and the pathogen (Close et al., 2004; Cuomo et al.,

2007; Guangsheng et al., 2012; G€uldener et al., 2006) greatly

facilitated earlier transcriptomic studies. The increasing avail-

ability of sequence information from cereal host species is also

contributing to current transcriptomic studies using

RNA-sequencing (RNA-seq) technologies (Hofstad et al., 2016;

Nussbaumer et al., 2015; Powell et al., 2017a,b).

The aim of this review is to present an overview of what we

have learned so far from these efforts about this economically

important plant–pathogen interaction, and how this knowledge

can be exploited to develop effective and environmentally

friendly disease protection strategies. To date, most transcrip-

tomic studies have been conducted on the wheat–F. graminea-

rum interaction and this will be reflected in the coverage of this

review.

HOW THE HOST PLANT DEFENDS ITSELF
AGAINST F. GRAMINEARUM : TRANSCRIPTOMIC
ANALYSIS OF HOST RESPONSES TO PATHOGEN
INFECTION

To identify the host genes and defence-associated plant processes

activated by pathogen infection, initial transcriptomic studies have

either analysed the responses of single cereal genotypes or com-

pared the transcriptome of susceptible and resistant cereal geno-

types to F. graminearum infection. One of the earlier

transcriptomic studies identified differentially expressed genes

(induced or repressed relative to mock-treated plants) in the

Chinese wheat cultivar Ning 7840 with known FHB resistance.

Genes involved in primary metabolism and photosynthesis, plant

defence, transcriptional regulation and protein synthesis were

amongst the functional categories induced in this cultivar by

F. graminearum (Kong et al., 2007).

Using microarray analysis, coupled with suppressive subtrac-

tive hybridization, another study comparing the transcriptomes of

the FHB-resistant and FHB-susceptible wheat cultivars Ning 7840

and Clark, respectively, found that defence-related genes were

induced earlier in the resistant cultivar Ning 7840 than in the sus-

ceptible cultivar Clark after F. graminearum inoculations. There-

fore, the ability to mount an earlier and stronger defence

response seems to be a factor contributing to FHB resistance (Ber-

nardo et al., 2007). One of the genes differentially expressed in

this study encodes a CYP71C subfamily P450 enzyme potentially

involved in the biosynthesis of the wheat defence compound DIM-

BOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), which is

known to be toxic to F. graminearum (Glenn et al., 2001). How-

ever, recent studies have also shown that F. graminearum is able

to degrade this defence compound (Kettle et al., 2015).

The defence gene expression profiles triggered by F. graminea-

rum during the infection of the crown tissue of a moderately sus-

ceptible and a susceptible wheat cultivar have been comparatively

analysed in another transcriptomic study. The genes encoding

membrane-associated proteins, transcription factors, in particular

bZIPs and WRKYs, and carbohydrate metabolism-related tran-

scripts were significantly enriched amongst the differentially

expressed genes in the moderately susceptible wheat genotype

(Erayman et al., 2015). Comparative transcriptomic analyses of

moderately resistant and susceptible wheat genotypes have also

indicated that the suppression of pathogen virulence mechanisms

by the host might be a factor contributing to disease resistance.

This suggestion was supported by the finding that the expression

of genes encoding ABC transporters, uridine diphosphate (UDP)-

glucosyltransferases and protease inhibitors, potentially involved

in the detoxification of pathogen effectors (e.g. toxins and

enzymes), was higher in the FHB-resistant wheat genotypes

Dream and Sumai 3 than in the FHB-susceptible cultivar Lynx

(Gottwald et al., 2012). Similar categories of genes differentially
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and/or temporally regulated between partially FHB-resistant and

FHB-susceptible wheat genotypes have also been reported by

other transcriptomic studies (Kosaka et al., 2015; Muhovski et al.,

2012).

Overall, these transcriptomic studies have shown that F. grami-

nearum activates host defences that are largely similar to those

induced after pathogen infection in many other plant–microbe

interactions. For instance, the genes encoding pathogenesis-

related (PR) proteins are activated in F. graminearum-infected

plants (Fig. 1) (Golkari et al., 2009). Confirming the roles of these

genes in plant defence, transgenic expression of alpha-1-purothio-

nin, thaumatin-like protein 1 and b-1-3-glucanase in wheat

reduces FHB severity, DON accumulation and the percentage of

grains with discoloured or bleached appearance under both glass-

house and field conditions (Mackintosh et al., 2007).

TRANSCRIPTOMIC ANALYSES OF HOST
PHYTOHORMONE SIGNALLING PATHWAYS
DURING FHB

Pathogen infection activates phytohormone signalling pathways

which, in turn, control many aspects of plant immunity (Schenk

et al., 2000). However, pathogens have developed innovative ways

to interfere with plant hormone signalling pathways (Kazan and

Lyons, 2014). These concepts are also applicable to cereal–F. gra-

minearum interactions. For instance, in comparative transcriptomic

analyses conducted between the resistant wheat Wangshuibai and

its susceptible mutant Nauh117, the signalling pathway of the

plant hormone ethylene was found to be associated with FHB sus-

ceptibility (Xiao et al., 2013). The involvement of ethylene signal-

ling in FHB susceptibility has been demonstrated previously in both

dicotyledonous and monocotyledonous plants based on the charac-

terization of Arabidopsis and wheat ein2 mutants (Chen et al.,

2009). EIN2 (ETHYLENE INSENSITIVE 2) encodes a protein involved

in ethylene signalling, and the increased FHB resistance observed

in ein2 mutants suggests that F. graminearum exploits the host

ethylene signalling pathway to cause disease. However, other tran-

scriptomic studies have implicated ethylene in FHB resistance. For

instance, an earlier transcriptomic study comparing the transcrip-

tomes of the FHB-resistant wheat cultivar Sumai 3 and the FHB-

susceptible wheat landrace Y-1193-6 concluded that jasmonate

(JA) and ethylene signalling pathways positively contribute to FHB

resistance in wheat, whereas the contribution of the salicylic acid

(SA) pathway to FHB resistance is negligible (Li and Yen, 2008).

Another study comparing the transcriptomes of Wangshuibai

and Meh0106, a susceptible mutant derived from Wangshuibai,

showed that SA and Ca21 signalling, followed by the JA pathway,

was rapidly activated after infection, suggesting that the coordi-

nated induction of phytohormone signalling pathways contributes

to FHB resistance. In contrast, the activation of the SA pathway

was delayed in the susceptible genotype (Ding et al., 2011). In

addition, the genes involved in JA, ethylene and gibberellin (GA)

signalling were differentially expressed during priming-mediated

resistance induced in wheat by F. graminearum mutants defective

in virulence, such as tri6 (unable to accumulate DON) and noxAB

(NADH oxidase mutant) (Ravensdale et al., 2014). Another study

comparing the transcriptomes of the moderately resistant winter

wheat variety Dream and the susceptible variety Lynx suggested

that a non-specific resistance mechanism, possibly induced by JA

and ethylene, may be contributing to disease resistance by regu-

lating the expression of defence-associated genes encoding lipid

transfer proteins, thionins, defensins and GDS-like lipases (Fig. 1)

(Gottwald et al., 2012). In addition, GA and abscisic acid (ABA)

seem to antagonistically modulate resistance to F. graminearum

(Buhrow et al., 2016). As suggested by Kazan and Lyons (2014),

the involvement of plant hormones and hormonal crosstalk in any

plant–microbe interaction is complex, and future studies are

required to fully understand the effect of plant hormones on

cereal–F. graminearum interactions.

WHAT MAKES A HOST RESISTANT TO
F. GRAMINEARUM : COMPARATIVE
TRANSCRIPTOMICS OF FHB-RESISTANT AND
FHB-SUSCEPTIBLE NEAR-ISOGENIC LINES
(NILS)

Over the past 15 years, large numbers of quantitative trait loci

(QTLs) providing quantitative resistance to F. graminearum have

been identified in diverse cereal germplasm (Buerstmayr et al.,

2009). Although the genes underlying most of these QTLs are yet

to be identified, as reviewed briefly below, comparative transcrip-

tomic analyses of NILs that differ by the presence/absence of

resistance-related loci have so far revealed many new insights

into the potential mechanisms conferred by these QTLs (Zhuang

et al., 2013) (Fig. 2).

2DL

The 2DL QTL, derived from the wheat cultivar Wuhan-1, provides

FHB resistance by reducing the spread of the pathogen within the

head, which is termed type 2 resistance (Mesterhazy, 1995). The

mode of action of 2DL has been investigated using NILs that differ

by this locus (Long et al., 2015). Strong down-regulation of

phytohormone-regulated genes, including those involved in auxin

signalling, was observed in the susceptible NIL (Long et al., 2015).

Therefore, the 2DL-mediated resistance appears to act by antago-

nizing the interference of phytohormone pathways by the patho-

gen. Interestingly, significant differences observed between

resistant and susceptible NILs in basal expression levels of a sub-

set of defence genes were not affected by F. graminearum, sug-

gesting that the 2DL-mediated resistance may also be mediated

by increased levels of basal defences (Long et al., 2015). Indeed,

metabolomic analyses have shown that basal levels of various
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resistance-related metabolites are higher in resistant than suscep-

tible NILs (Hamzehzarghani et al., 2008). This initial finding has

recently led to the identification of the gene underlying the 2DL

QTL (see below).

Fhb1

Fhb1 and Qfhs.ifa-5A provide the most effective partial resistance

to FHB in wheat. Both QTLs are derived from the Chinese Spring

wheat cultivar Sumai 3. Fhb1 is located on the short arm of chro-

mosome 3B and is known to provide type 2 resistance (Cuthbert

et al., 2006).

To understand the molecular mechanisms of FHB resistance

provided by Fhb1, different wheat genotypes or NILs with and

without this locus have been subjected to transcriptomic analyses

(Schweiger et al., 2016) (Fig. 2). For instance, the transcriptomic

analysis of Sumai 3 and two susceptible NILs revealed that the

genes encoding b-1,3-glucanase (PR-2), wheatwins (PR-4) and

Fig. 1 General classes of host and pathogen genes altered in heads (A) and seedlings (B) during the wheat–Fusarium graminearum interaction. Major processes

proposed to be involved in F. graminearum during the infection of heads were taken from the network analysis conducted by Guo et al. (2016), which used publically

available transcriptomic data from multiple studies. Please refer to the text for additional information. PR, pathogenesis-related; ROS, reactive oxygen species; UDP,

uridine diphosphate.
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thaumatin-like proteins (PR-5) showed higher levels of expression

in Sumai 3 than in the susceptible NIL following inoculation with

F. graminearum (Fig. 1) (Golkari et al., 2009). In addition, phenyl-

alanine ammonia-lyase (PAL) was induced only in Sumai 3, sug-

gesting that defence-related metabolites produced by the PAL

pathway contribute to FHB resistance in this wheat cultivar (Gol-

kari et al., 2009). In another study, comparative analyses of the

defence responses of the FHB-resistant wheat landrace Wangshui-

bai and its FHB-susceptible mutant NAUH117, with a deleted

chromosomal region carrying the Fhb1 locus (Xiao et al., 2011),

have suggested that SA and JA signalling are associated with FHB

resistance (Xiao et al., 2013). The Fhb1 locus seems to contribute

to FHB resistance by positively influencing the expression of JA

signalling [coronatine-insensitive protein 1 (COI1), jasmonate-zim-

domain protein (JAZ) and MYC2] and biosynthesis [allene oxide

synthase (AOS), allene oxide cyclase (AOC) and 12-oxophytodie-

noate reductase 3 (OPR3)] genes in Wangshuibai (Xiao et al.,

2013). In contrast, Ca21 and reactive oxygen species (ROS) signal-

ling are associated with FHB susceptibility (Xiao et al., 2013).

Finally, more recent RNA-seq experiments have identified gluca-

nases, nucleotide-binding site-leucine-rich repeat (NBS-LRR),

WRKY transcription factors and UDP-glucosyltransferases, differ-

entially expressed after infection in NILs, with resistant and sus-

ceptible alleles of Fhb1 and Qfhs.ifa-5A (Hofstad et al., 2016;

Fig. 2 Combined use of genetic and genomic (e.g. transcriptomic and metabolomic analyses) approaches to understand the cereal host–Fusarium graminearum

interaction and improve disease resistance in cereals. Fusarium head blight (FHB)-resistant cereal germplasm and genetically characterized near-isogenic lines (NILs)

are subjected to transcriptomic, proteomic and metabolomic analysis to identify and validate candidate genes and processes that are associated with disease

resistance in the host. Similarly, genetic and genomic approaches, including network analyses, in the pathogen identify genes and processes associated with

pathogen virulence. The combination of the knowledge obtained from both the host and the pathogen is expected to contribute to the development of new cultivars

with increased FHB resistance. eQTL, expressed QTL; QTL, quantitative trait locus. Please see the text for additional information.
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Kugler et al., 2013). Fhb1 has also been implicated in harbouring

a locus involved in the conversion of DON into non-toxic DON-3-

glucoside (Lemmens et al., 2005). More recently, the Fhb1 locus

has been cloned from Sumai 3 and has been shown to encode a

chimeric lectin containing two agglutinin domains involved in car-

bohydrate binding. This protein also contains an ETX/MTX2

domain implicated in pore forming, and thus was named PFT

(pore-forming toxin-like) (Rawat et al., 2016). The mode of protec-

tive action of PFT is currently unknown. However, the cloning of

Fhb1 has also shown that the DON-detoxifying ability previously

attributed to Fhb1 using a doubled haploid population (Lemmens

et al., 2005) is not conferred by PFT, but, most likely, by a putative

Uridine diphosphate (UDP)-glucosyltransferase (UGT) also located

on the chromosomal region introgressed from Sumai 3 (Rawat

et al., 2016).

Qfhs.ifa-5A

Located on chromosome 5A, this QTL also provides effective FHB

resistance (20%–25% reduction). In contrast with Fhb1, Qfhs.ifa-

5A provides type 1 resistance, which makes the heads less

susceptible to initial infection (Buerstmayr et al., 2003). Through

comparative transcriptomic analyses of NILs, a type 1 non-specific

lipid transfer protein (LTP), constitutively expressed at higher levels

in the lines carrying Qfhs.ifa-5A, has been identified (Schweiger

et al., 2013a). Several possible mechanisms of action for this LTP

have been proposed based on the previously known roles of LTPs

in plant disease resistance. Although, no functional data are avail-

able for this LTP, the over-expression of TaLTP5, another LTP, in

wheat confers increased FHB resistance (Zhu et al., 2012).

Fhb2

Fhb2, located on chromosome 6BS, also confers increased type 2

FHB resistance (Cuthbert et al., 2007). A comparative transcrip-

tomic and metabolomic analysis showed enhanced levels of

defence-related metabolites, such as phenylpropanoids, lignin,

glycerophospholipids, flavonoids, fatty acids and terpenoids,

whereas transcriptomic analysis identified the significant induction

of genes encoding receptor kinases, transcription factors, signal-

ling and mycotoxin detoxification proteins in the recombinant

inbred line carrying the Fhb2 resistant allele (Dhokane et al.,

2016). Several putative defence-associated genes [e.g. 4-Coumar-

ate:CoA ligase (4CL), callose synthase (CS), basic helix loop helix

(bHLH041) transcription factor, glutathione S-transferase (GST),

ABC transporter-4 (ABC4) and cinnamyl alcohol dehydrogenase

(CAD)] are located in this QTL region. Therefore, it appears that

the detoxification of DON and cell wall reinforcement through the

action of Fhb2-regulated genes restrict the spread of the pathogen

within the spike (Dhokane et al., 2016).

In conclusion, the recent cloning of Fhb1 and 2DL (Kage et al.,

2017; Rawat et al., 2016) from wheat has shown that much can

be learned about the processes involved in host resistance

through the cloning of genes providing quantitative FHB

resistance.

COMPARATIVE TRANSCRIPTOMICS OF FHB-
RESISTANT AND FHB-SUSCEPTIBLE NILS IN
OTHER CEREALS

Similar to wheat, genetic studies conducted on barley and maize

have identified QTL regions conditioning resistance to F. grami-

nearum, and NILs have been subsequently generated and sub-

jected to transcriptomic analyses. For instance, transcriptomic

analyses of barley NILs carrying contrasting alleles of three QTLs

(2Hb8, 2Hb10 and 3Hb6) have shown largely different gene

expression patterns. This led to the conclusion that the mode of

action of each QTL may be distinct (Jia et al., 2011). More

recently, to understand the molecular action of FHB resistance

derived from the barley cultivar Chevron, the transcriptomes of

the resistant NILs 2Hb8 and 6Hb7 and their susceptible recurrent

parental genotypes, M69 and Lacey, respectively, were analysed

by RNA-seq after F. graminearum inoculation (Huang et al.,

2016). These analyses suggested that 2Hb8-mediated resistance

is a result of both higher levels of basal defences and their more

rapid activation during infection. Similarly, 6Hb7-mediated resist-

ance in barley appears to be a result of the ability of the host to

mount an earlier defence response at the seedling stage. This

transcriptomic study also identified hundreds of F. graminearum-

inducible long-non-coding RNAs (lncRNAs) with potential roles in

the regulation of barley defences during F. graminearum infection

(Huang et al., 2016). Transcriptomic analyses comparing lines

with and without QTLs (qRfg1 and qRfg2) that provide resistance

to stalk rot (Yang et al., 2010) in maize also showed that defence-

associated genes are induced more quickly and more strongly in

the resistant than the susceptible NIL (Liu et al., 2016; Ye et al.,

2013).

In summary, the rapid accumulation of transcriptomic data

enables researchers to compare and contrast responses of differ-

ent cereal species to F. graminearum. To the best of our knowl-

edge, no QTL conferring F. graminearum resistance has yet been

cloned from barley or maize. It will be interesting to test whether

the transgenic expression of wheat genes underlying different

QTLs in other cereals, or vice versa, would provide increased FHB

resistance, as shown previously for wheat expressing a barley

UDP-glucosyltransferase involved in DON detoxification (Li et al.,

2015).

DO DIFFERENT WHEAT TISSUES RESPOND
DIFFERENTLY TO F. GRAMINEARUM
INFECTION?

Given the ability of F. graminearum to infect different host tissues,

one intriguing question is whether different host tissues respond
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differently to this pathogen. In one recent study, transcriptomic

analyses were conducted to identify genes expressed in the

infected heads of different developmental stages (e.g. cell divi-

sion, cell differentiation and grain filling) in the susceptible French

wheat cultivar Recital using a wheat NimbleGen microarray that

included 39 019 unigenes (Chetouhi et al., 2016). These analyses

identified a number of wheat genes that shared either similar or

contrasting expression profiles during development and F. grami-

nearum infection (Chetouhi et al., 2016). Host genes involved in

polyamine biosynthesis (e.g. agmatine) were up-regulated in the

second developmental stage, during which DON starts to accumu-

late. Polyamines are known inducers of DON biosynthesis in F.

graminearum (Gardiner et al., 2009b) and the induction of these

genes by F. graminearum indicates the possibility that the patho-

gen deliberately activates polyamine production (Gardiner et al.,

2010a).

Additional transcriptomic analyses are required to determine

whether different host tissues, such as head, stem and roots,

respond differently to infection by F. graminearum. Such analyses

have been conducted recently in Arabidopsis against a different

Fusarium species (Lyons et al., 2015). It is also largely unknown

whether QTLs effective against head infections might play a role

in protecting other tissues from infection. These studies will

potentially reveal new insights into whether similar strategies can

be employed to protect different tissues from F. graminearum.

TRANSCRIPTOMIC ANALYSES OF DON-
INDUCED HOST RESPONSES

DON is known to activate host defence gene expression, including

the expression of PR genes (Desmond et al., 2008a). Numerous

genes encoding ABC transporters and UGTs are activated by F.

graminearum and the related DON-producing pathogen F. pseu-

dograminearum (Desmond et al., 2008b; Hill-Ambroz et al., 2006;

Hofstad et al., 2016; Lulin et al., 2010; Powell et al., 2017b;

Steiner et al., 2009; Walter et al., 2008), suggesting that DON

detoxification during FHB is an active plant defence strategy.

Transcriptomic analyses of two FHB-resistant doubled haploid

wheat lines, GS-1-EM0040 and GS-1-EM0168, which contain the

Fhb1 locus, as well as their susceptible parental genotype, the

Canadian wheat genotype Superb, were conducted to measure

systemic responses to spike infection by DON-producing and non-

producing F. graminearum strains and also by direct DON applica-

tion (Foroud et al., 2012). TaLTP3 associated with the 5A QTL con-

ferring type 1 FHB resistance showed a high basal expression

level in the two resistant genotypes, suggesting that this LTP may

be a regulator of systemic defence responses in wheat.

Another transcriptomic study analysed the heads of a toxin-

sensitive wheat cultivar following DON treatment. DON-induced

transcripts were again associated with processes such as

detoxification, JA biosynthesis, carbohydrate metabolism and

phenylpropanoid metabolism (Walter and Doohan, 2011). DON-

triggered transcriptional changes in barley were investigated after

inoculations with either the wild-type pathogen or tri5 mutant

unable to synthesize DON. Host genes involved in DON detoxifica-

tion and transport, as well as programmed cell death, gene regu-

lation and cytochrome P450s, showed differential expression in

plants infected with the wild-type pathogen (Boddu et al., 2007).

Transcriptomic studies also identified UGT-encoding barley genes

that are responsive to exogenous DON and infection by wild-type

F. graminearum, but not the tri5 mutant (Boddu et al., 2006,

2007; Gardiner et al., 2010b). A DON-sensitive yeast strain was

then used to test whether these UGTs could confer DON resist-

ance. These analyses identified HvUGT13248 conferring DON

resistance in yeast by converting DON to D3G (3-b-D-glucoside)

(Schweiger et al., 2010).

Fusarium graminearum isolates have the capability to

produce either 15-acetyl-deoxynivalenol (15ADON) or 3-acetyl-

deoxynivalenol (3ADON). 3ADON-producing F. graminearum iso-

lates are often more aggressive and produce higher levels of DON

than 15ADON-producing strains (Goswami and Kistler, 2004; Puri

and Zhong, 2010; Ward et al., 2008). The question of whether the

strains with different DON chemotypes trigger different gene

expression profiles on the same wheat genotype was investigated

through transcriptomic analyses (Al-Taweel et al., 2014). Various

defence genes, such as UDP-glucosyltransferases, thaumatin-like

proteins, glucosidases, chitinases and peroxidases, were

expressed more strongly in wheat in response to 15ADON-

producing isolates than to those producing 3ADON, suggesting

that these latter isolates either do not trigger as strong a defence

response as 15ADON-producing isolates or have the ability to sub-

due the defence responses of the host (Al-Taweel et al., 2014).

One of the major outcomes of transcriptomic studies was the

identification of DON-responsive genes, in particular ABC trans-

porters, UGT-glucosyltransferases potentially involved in DON

detoxification. For instance, the barley UDP-glucosyltransferase

HvUGT13248, first identified as a gene inducible by F. graminea-

rum and DON in earlier transcriptomic studies (Boddu et al., 2007;

Gardiner et al., 2010b), increases DON tolerance in both yeast

and Arabidopsis by converting DON to D3G (Schweiger et al.,

2010; Shin et al., 2012). Transgenic expression of HvUGT13248

also provides enhanced FHB resistance in wheat (Li et al., 2015).

The Brachypodium orthologue of HvUGT13248, Bradi5g03300,

also confers DON tolerance and F. graminearum resistance in Bra-

chypodium (Pasquet et al., 2016).

Microarray experiments conducted on wheat also showed that

TaABCC3, an ABC transporter-encoding gene, was activated by F.

graminearum (Jia et al., 2009). Similar microarray experiments

conducted on barley using the F. graminearum tri5 mutant

showed that ABCC3, a putative orthologue of TaABCC3, was also

expressed in a DON-dependent manner (Boddu et al., 2007).
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Previously, TaABCC3 has been proposed to be the candidate gene

at the Fhb1 locus that provides resistance by mediating DON

detoxification (Walter et al., 2008). Although the recent cloning of

the Fhb1 locus did not support this proposal, the inhibition of

TaABCC3.1 expression through virus-induced gene silencing

(VIGS) increased the toxin sensitivity in treated heads (Walter

et al., 2015). It is currently unknown whether TaABCC3 provides

FHB resistance. However, these findings suggest that the trans-

genic expression of genes involved in DON detoxification could be

a useful strategy to increase FHB resistance in cereals.

COMBINING TRANSCRIPTOMICS WITH
PROTEOMICS AND METABOLOMICS

Transcriptomic analyses provide a snapshot of the interaction at a

given time point. In addition, not all transcriptional changes

observed are translated into proteins. Therefore, the complemen-

tation of transcriptomic data with those from other ‘omic’ (metab-

olomics, proteomics) approaches can be useful (Fig. 2). For

instance, metabolomics studies conducted on NILs with and with-

out the 2DL QTL showed that hydroxycinnamic acid amides

(HCAs), such as coumaroylagmatine, associated with resistance,

were differentially produced between the resistant and susceptible

NILs. Subsequent genetic mapping, followed by functional analy-

ses using VIGS and the complementation of the Arabidopsis act

mutant, identified the TaACT gene encoding an agmatine coumar-

oyltransferase as the gene underlying the 2DL QTL (Kage et al.,

2017), demonstrating the usefulness of undertaking combinatorial

approaches (Fig. 2).

Another transcriptomics–metabolomics approach undertaken

in barley identified HvCERK1 encoding a putative chitin elicitor

receptor kinase. The silencing of HvCERK1 by VIGS increased the

susceptibility to F. graminearum, suggesting that HvCERK1 is a

positive regulator of defence responses effective against FHB in

barley (Karre et al., 2017). In contrast, metabolomic comparisons

of Fhb1 and Qfhs.ifa-5A NILs after DON treatment did not reveal

any QTL-specific metabolites, although a faster accumulation of

various defence-related metabolites, including phenylpropanoids,

amines, HCAs and auxin, was found in NILs carrying the Fhb1

locus (Warth et al., 2015).

In conclusion, the successful cloning of the 2DL QTL using a

combined transcriptomic–metabolomic analysis suggests the

importance of integrating data from multiple sources when

attempting to understand what lies behind 2DL (Fig. 2).

HOW DOES F. GRAMINEARUM INFECT ITS
HOST? DOES IT USE DISTINCT OR SIMILAR
STRATEGIES WHEN INFECTING DIFFERENT
HOST TISSUES OR GENOTYPES?

Transcriptomic analyses of F. graminearum to identify genes

expressed in planta during the development of FHB have been

beneficial for the understanding of infection-related fungal proc-

esses (Fig. 2). Lysøe et al. (2011a) identified 355 F. graminearum

genes expressed during its interaction with wheat. Functional

groups were predicted to be involved in transport, detoxification,

primary, secondary and carbohydrate metabolism, and the degra-

dation of polysaccharide compounds. These analyses also identi-

fied several putative effector-encoding genes expressed in wheat

during the infection (Lysøe et al., 2011a).

Transcriptomic analyses have been employed to determine

whether F. graminearum uses similar or different infection strat-

egies to infect different organs and tissues (Lysøe et al., 2011a;

Zhang et al., 2012). The host too shows tissue-specific responses

to F. graminearum infection. An earlier microarray study investi-

gating the gene expression patterns in six different organs (glume,

lemma, palea, anther, ovary and rachis) within the wheat spike

concluded that each organ showed a distinct expression pattern

when responding to F. graminearum infection (Golkari et al.,

2007).

In addition to similarities, other studies have revealed both

similarities and differences in fungal gene expression patterns in

different tissues. For instance, in contrast with their strong expres-

sion patterns during head infection, trichothecene biosynthesis

genes did not show increased in planta expression during coleop-

tile infection, suggesting that DON is not required for pathogen

virulence during the infection of young seedlings (Zhang et al.,

2012). However, DON-non-producing mutants were not employed

to test this hypothesis. Indeed, other studies have suggested a

role for DON during the colonization of wheat stems by F. grami-

nearum and the related pathogens F. pseudograminearum and F.

culmorum (Desmond et al., 2008a; Mudge et al., 2006; Powell

et al., 2017b; Scherm et al., 2011). Nevertheless, of the 133 F.

graminearum genes affecting pathogen virulence during head

infection, only 17 showed increased in planta expression during

coleoptile infection, suggesting that the infection strategies used

by F. graminearum for head and seedling tissue might be some-

what different. Of the seven F. graminearum mutants identified by

Zhang et al. (2012) as being required for coleoptile infection, four

also showed reduced infection on heads. Together, these analyses

show that F. graminearum employs mostly distinct, but also simi-

lar, colonization strategies when infecting different wheat tissues.

More recently, using RNA-seq analyses, very few differentially

expressed F. graminearum genes found in both infected spikelet

and rachis samples were identified, suggesting that the strategies

used by the pathogen when colonizing different tissues might be

different. In addition, trichothecene biosynthesis genes found in

the TRI gene cluster of F. graminearum were mostly up-regulated

in the pathogen when infecting Fhb1-resistant NILs, suggesting

that the pathogen uses somewhat different strategies when

infecting resistant and susceptible genotypes (Hofstad et al.,

2016).
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Three distinct infection phases with distinguishable patterns of

fungal gene expression were identified during the crown rot dis-

ease of wheat caused by F. graminearum (Stephens et al., 2008).

Similar phasic profiles of gene expression were also observed in a

coleoptile infection assay (Zhang et al., 2012). The comparison of

fungal gene expression profiles of F. graminearum used during

crown and head infection suggests that similar processes are

involved during crown rot infection and the early stages of head

infection by this pathogen (Stephens et al., 2008). Indeed, during

both stem base and head infection, a period of asymptomatic dis-

ease development has been observed, suggesting that the patho-

gen acts as a hemibiotroph, although, in the different diseases,

the relative duration of asymptomatic growth, and hence phases

of gene expression, seem to be different (Brown et al., 2010).

DOES F. GRAMINEARUM EMPLOY SIMILAR
STRATEGIES WHEN INFECTING DIFFERENT
HOST SPECIES?

Despite their close genetic similarities, different cereal species

often produce different metabolites and/or phytoalexins to defend

themselves. For instance, the defence-associated metabolite DIM-

BOA is produced by wheat and maize, but not by barley (Dutartre

et al., 2012). Similarly, hordatines, another class of defence com-

pounds, are produced by barley, but not wheat and maize. There-

fore, one intriguing question is whether F. graminearum uses

similar or different strategies when infecting different hosts that

can produce different defence compounds. To answer this ques-

tion, the transcriptome of the same F. graminearum strain has

been comparatively analysed on wheat, barley and maize (Harris

et al., 2016). These analyses revealed that some F. graminearum

genes are expressed during the colonization of all three hosts,

whereas others are only expressed when infecting a single host.

In addition, the transcriptome of F. graminearum on wheat was

more similar to that on barley than that on maize. In particular,

fungal genes expressed during the colonization of maize kernels

by F. graminearum were more different than those expressed dur-

ing the colonization of wheat and barley heads. For instance,

genes involved in transport and secondary metabolism were

expressed in a host-specific manner. In addition, the functional

categories of genes induced in each host were different. Fusarium

graminearum-induced genes in wheat were enriched for processes

involved in protein degradation, gene regulation and signalling,

whereas, in maize, enrichment was observed for carbon metabo-

lism, cell rescue and defence (Harris et al., 2016). These host-

specific responses to infection indicate that F. graminearum has

the ability to adapt to a range of different host environments

(Harris et al., 2016).

Although the transcriptomic studies reviewed here have

started to reveal new clues with regard to the species specificity

of the F. graminearum infection process, available pathogen

mutants with altered virulence on wheat should be tested on

other cereals to determine whether similar or different infection

strategies are used by the pathogen when infecting different host

species.

FUSARIUM GRAMINEARUM TRANSCRIPTOME
DURING BIOTROPHIC VERSUS NECROTROPHIC
AND PATHOGENIC VERSUS SAPROPHYTIC
LIFESTYLE

As indicated above, the infection by F. graminearum remains non-

symptomatic for a period before the development of a necrotro-

phic phase during both head and stem infections (Brown et al.,

2010, 2011; Stephens et al., 2008), suggesting that F. graminea-

rum is a hemibiotrophic pathogen. Indeed, the genes associated

with the non-symptomatic stage are involved in primary metabolic

pathways, whereas the genes involved in cell wall degradation

dominate the later growth stage (Zhang et al., 2012). Neverthe-

less, once necrosis develops at the infected tissue, the pathogen

further colonizes the dead tissue, most probably by switching to a

saprophytic lifestyle. It is therefore expected that pathogen genes

expressed during different phases of disease development might

be different. Indeed, the comparison of the transcriptomes of F.

graminearum on living and dead tissues suggests that the patho-

gen uses host signals to modulate the expression of many genes

(Boedi et al., 2016). Similarly, some fungal genes are repressed by

host signals (Boedi et al., 2016). In addition, despite significant

fungal growth, the production of DON on dead tissue remains low

(Boedi et al., 2016), supporting previous suggestions that the host

plays a role in triggering DON biosynthesis in the pathogen

(Gardiner et al., 2009b; Mudge et al., 2006). The knowledge to be

gained on the lifestyle of F. graminearum potentially will aid in

the design of more effective disease control options.

TRANSCRIPTOMIC ANALYSIS REVEALS NEW
INSIGHTS INTO DON BIOSYNTHESIS IN
F. GRAMINEARUM

The mycotoxin DON is not only an effector required for pathogen

virulence on wheat, but also modulates the interaction of F. gra-

minearum with its broader environment (Audenaert et al., 2013).

Genetic analyses undertaken in F. graminearum have identified

many genes involved in virulence, mainly through the analysis of

knock-out mutants. Some of these genes also affect toxin biosyn-

thesis (reviewed by Kazan et al., 2012). Comparative analyses of

the transcriptomes of such mutants and their respective wild-type

strains provide a useful tool to understand the mechanisms

involved in toxin biosynthesis and pathogen virulence (Fig. 2). The

transcription factors TRI6 and TRI10 regulate the expression of tri-

chothecene biosynthesis genes in F. graminearum (Gardiner et al.,

2009a; Seong et al., 2009). The transcriptomic analysis of tri6 and

tri10 mutants revealed significant alterations in the expression of

772 K. KAZAN AND D. M. GARDINER

MOLECULAR PLANT PATHOLOGY (2018) 19 (3 ) , 764–778 VC 2017 BSPP AND JOHN WILEY & SONS LTD



a large number of genes which included, in addition to known

genes, many genes that have not been implicated previously in

toxin production. These transcriptomic studies also facilitated the

identification of cis-acting elements enriched at the promoters of

genes regulated by these transcription factors, which, in turn,

helped to further define the regulons of these transcription factors

(Gardiner et al., 2009a; Seong et al., 2009).

As stated earlier, various polyamine compounds, such as

putrescine, arginine and cadaverine, produced by the host plant

during infection, are known to induce DON biosynthesis in F. gra-

minearum (Gardiner et al., 2009a). Interestingly, F. graminearum

infection activates the genes involved in host polyamine biosyn-

thesis, suggesting that the pathogen hijacks this response to ele-

vate the production of DON which acts as a virulence factor

(Gardiner et al., 2010a). To understand the molecular mechanisms

of amine-induced DON biosynthesis in F. graminearum, the tran-

scriptome of F. graminearum under DON-inducing and non-

inducing conditions (e.g. presence or absence of agmatine) was

comparatively analysed. This analysis revealed large numbers of

amine-regulated pathogen genes involved in secondary metabo-

lite biosynthesis. The expression of some of these genes was

dependent on TRI6. Interestingly, knock-out mutants generated

for two of these genes showed significantly increased DON levels

accompanied by increased virulence (Gardiner et al., 2009a). This

unexpected finding revealed through the combined use of tran-

scriptomic and genetic analyses suggests that F. graminearum has

the potential to increase its virulence through mutation of the

genes that act as negative regulators of toxin biosynthesis

(Gardiner et al., 2009a).

Comparative analysis of the transcriptome of two F. graminea-

rum strains differing in trichothecene toxin chemotype, 3ADON

and 15ADON, showed that more than 1500 genes are differen-

tially expressed by more than two-fold between these strains,

despite their otherwise close similarities (Walkowiak et al., 2015).

Another RNA-seq study conducted on strains with different DON

chemotypes identified members of the C2H2 transcription factor

gene family and a set of transporter-encoding genes differentially

expressed in 3ADON strains (Puri et al., 2016). The expression of

TRI genes involved in DON biosynthesis also seems to be higher

in 3ADON than 15ADON and nivalenol (NIV) strains (Amarasinghe

and Fernando, 2016). Additional analyses are probably required to

determine the relevance of these differentially expressed genes in

pathogen virulence.

TRANSCRIPTOMIC DATA AND TOWARDS A
SYSTEMS-LEVEL UNDERSTANDING OF THE
LIFESTYLE OF A COSMOPOLITAN PATHOGEN

As reviewed here, relatively large amounts of transcriptomic data

generated from host–F. graminearum interactions over the last

decade are now available. In addition, a relatively large number of

F. graminearum genes affecting pathogen virulence, toxin biosyn-

thesis and development (Blum et al., 2016; Kim et al., 2015; Lysøe

et al., 2011b; Qi et al., 2006; Sikhakolli et al., 2012; Son et al.,

2011; Song et al., 2014) have been functionally characterized

(Kazan et al., 2012). Exploitation of these resources to build mod-

els can provide new insights, not only into the biology of this

pathogen, but also for the development of new protection strat-

egies. Liu et al. (2010) have developed a network approach to

predict the pathogen genes potentially involved in virulence-

related functions based on predicted protein interactions and

gene expression data available at the time. The so-called ‘patho-

genic network’ was constructed by identifying differentially

expressed genes predicted to interact with at least two other

genes with known roles in pathogen virulence. These analyses

identified two network modules enriched for genes involved in G-

protein-coupled receptor and mitogen-activated protein kinase

(MAPK) signalling pathways. The genes predicted to be associated

with virulence were then validated by checking whether ortholo-

gous genes in other pathogenic fungi, such as Magnaporthe ory-

zae, Ustilago maydis and Botrytis cinerea, were also associated

with virulence (Liu et al., 2010). As predicted, these analyses iden-

tified several F. graminearum orthologues associated with viru-

lence in these pathogens, suggesting that the predictive power of

this approach is reasonably strong (Liu et al., 2010).

More recently, using Bayesian network inference, the first

gene regulatory network (Fig. 2) for F. graminearum has been

constructed from a 166 transcriptomic dataset available at PLEXdb

(Plant Expression Database) (Guo et al., 2016). The network

model, which takes the correlations observed for expression levels

of regulators and their potential targets into consideration, identi-

fied the following regulatory modules in F. graminearum based on

the following significantly enriched physiological processes: cell

cycle and development; detoxification and secondary metabolism;

cytochrome P450-mediated detoxification processes; metabolism

and RNA processing; protein synthesis; transcription and cell

transport; stress response and cell differentiation; carbohydrate

metabolism and detoxification; and metabolism and rRNA proc-

essing. Each of these modules contains 8–21 master regulators

predicted to modulate the expression of large numbers (2743–

6807) of target genes in F. graminearum. Given their broad regu-

latory effects, these master regulators can be potential targets for

genetic (e.g. host-derived RNAi) or chemical (e.g. fungicide appli-

cations) interference. The compartmentalization of the F. grami-

nearum genome into a conserved and slowly evolving genome

and a variable and fast evolving genome has been demonstrated

previously (Ma et al., 2010, 2013). The network analysis also

showed that master regulators, through their target genes, are

associated with either the core or variable genome, suggesting

that, similar to the genome, the gene regulatory networks are

also compartmentalized in F. graminearum (Guo et al., 2016).

Cereal–F. graminearum interactions 773

VC 2017 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018) 19 (3 ) , 764–778



In summary, the re-analysis of large amounts of diverse tran-

scriptomic data has allowed the construction of regulatory net-

works (Figs 1 and 2) and has revealed new insights into pathogen

biology. It will be interesting to see whether the results from these

analyses will be exploited to develop novel pathogen interference

strategies.

CONCLUSIONS AND FUTURE PROSPECTS

The studies reviewed in this article clearly show that transcrip-

tomic analyses, which are summarized in Fig. 1 in terms of the

general classes of genes altered in either the host or the patho-

gen, have been very useful in advancing our overall understanding

of cereal–F. graminearum interactions.

In wheat alone, many QTLs conferring varying degrees of FHB

resistance have been identified (Buerstmayr et al., 2009). So far,

transcriptomic analyses have helped to better understand the

potential mechanisms behind QTL-mediated defence against F.

graminearum for a few loci with relatively large effects. However,

even for some of the better studied QTLs, such as Fhb1, results

from different transcriptomic analyses are somewhat difficult to

compare because of the use of different germplasm, methodology

(inoculation, sampling time, different pathogen isolate), expres-

sion platform and data analysis methods (Nussbaumer et al.,

2015). Many other QTLs have not yet been subjected to detailed

transcriptomic analyses, most probably because of their relatively

small effects on FHB resistance and/or the unavailability of suita-

ble genetic resources, such as NILs. However, new approaches,

such as expressed QTL (eQTL) analyses, which combine transcrip-

tomic analyses with QTL mapping, are also being developed to

identify genomic regions potentially harbouring genes affecting

FHB resistance in the host. In a recent eQTL approach, loci affect-

ing the transcript abundances of wheat genes responding to F.

graminearum infection have been mapped using a double haploid

wheat population segregating for FHB resistance genes (Samad-

Zamini et al., 2017) (Fig. 2). These analyses identified a novel QTL

located on chromosome 6A, as well as the previously identified

QTLs Fhb1 and Qfhs.ifa-5A. Furthermore, three major regulatory

hotspots that do not co-localize with known QTLs have been iden-

tified on wheat chromosomes 2B, 4A and 5A (Samad-Zamini

et al., 2017). The cloning of genes underlying these new eQTLs,

as well as those identified previously, is necessary to better under-

stand their possible modes of action.

Tetraploid (durum) wheats are more susceptible to FHB than

hexaploid wheats. However, only limited transcriptomic analyses

have been undertaken on durum wheats (Soresi et al., 2015).

Interestingly, in addition to having its unique resistance, durum

and bread wheats are known to share many QTLs conferring FHB

resistance (reviewed by Prat et al., 2014). Fhb1 has recently been

successfully introgressed from hexaploid to durum wheat

(Prat et al., 2017). Conducting transcriptomic analyses on

Fhb1-containing durum wheat would reveal additional clues with

regard to the molecular mode of action of this QTL in the durum

background. In addition, most transcriptomic analyses have

focused on what makes the host plant resistant to F. graminea-

rum. An alternative line of inquiry would be what makes the host

plant susceptible to this pathogen (Garvin et al., 2015). Host sus-

ceptibility genes can be disabled through mutational (Fitzgerald

et al., 2015b) or Clustered regularly interspaced short palindromic

repeats (CRISPR)/CRISPR associated protein 9 (Cas9)-mediated

(Wang et al., 2014) approaches. This obviously requires a better

understanding of both host defence and virulence-associated

processes in the pathogen. The data available from F. graminea-

rum transcriptomic analyses have started to provide the basic

information needed for the construction of a systems-level under-

standing of the biology of this pathogen (Guo et al., 2016). The

master regulators controlling virulence-associated processes in the

pathogen can be useful targets for interference through genetic

and chemical approaches. For instance, the feasibility of increased

disease resistance obtained through host-induced silencing of F.

graminearum genes has been demonstrated recently (Cheng

et al., 2015; Koch et al., 2013).

As stated earlier, a three-stage root infection process, resem-

bling the process used by root pathogens, has been described for

F. graminearum (Wang et al., 2015). However, no transcriptomic

analyses have been conducted to dissect the genes expressed in

the roots of the host plant and in the pathogen during this infec-

tion process.

As reviewed here, the interaction between cereals and F. grami-

nearum is one of the most widely studied transcriptomic analyses of

all plant–microbe interactions. Although many candidate host genes

have been identified through transcriptomic analyses, only a few

such genes have so far been functionally characterized through

over-expression and silencing in host plants. Genetic transformation

methods for cereals are beyond the reach of many laboratories.

VIGS seems to be a valuable tool for gene function analysis (Lee

et al., 2012; Perochon et al., 2015). Cereal mutants with disabled

susceptibility gene products can also be exploited to generate resist-

ant germplasm to be incorporated into breeding programmes. How-

ever, as a result of the polyploid nature of the wheat genome, not

all single subgenome (A, B or D) mutants show detectable pheno-

types (Fitzgerald et al., 2015b). Another complexity associated with

the polyploid wheat genome is that most transcriptomic studies are

unable to distinguish whether the differential gene expression

observed affects all three homoeologues (homologues of the same

gene on different subgenomes) equally. Nevertheless, recent studies

that were able to differentiate a substantial percentage of homoeo-

logues indicated that the D genome of hexaploid wheat preferen-

tially contributes to gene expression when responding to F.

graminearum and F. pseudograminearum challenge (Nussbaumer

et al., 2015; Powell et al., 2017a).
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The large and complex genomes of wheat and other cereals

seem to be another factor that has impeded genomic studies

(Brewer and Hammond-Kosack, 2015). For this reason, in the

past, the interaction between F. graminearum and the model dicot

host Arabidopsis has been used to understand host resistance to

F. graminearum (Brewer and Hammond-Kosack, 2015). The

genetic and genomic resources available in the model monocot

plant Brachypodium distachyon, which is known to be susceptible

to many cereal pathogens, including F. graminearum (Fitzgerald

et al., 2015a; Pasquet et al., 2014, 2016; Peraldi et al., 2011), can

also be exploited to overcome potential difficulties encountered

as a result of the genetic complexity of cereal genomes, and to

identify host genes regulating disease/toxin resistance or suscepti-

bility. This knowledge can then be applied to cereal crops (Fitzger-

ald et al., 2015a; Schweiger et al., 2013b). It is also worthwhile to

stress that not all genes involved in disease resistance are respon-

sive to pathogen infection. In these cases, transcriptomic analyses

offer little value. For instance, a recent report has shown that

genes encoding ABA receptors, despite their low or no responsive-

ness to pathogen infection, can make wheat and Brachypodium

more susceptible to F. graminearum (Gordon et al., 2016).

In conclusion, as reviewed here, transcriptomic analyses have

significantly advanced our understanding of this economically

important plant–microbe interaction. Figure 2 illustrates the

approaches discussed in this article that have employed transcrip-

tomic analyses. Briefly, from the host side, QTLs conferring partial

resistance to F. graminearum can be integrated into adapted back-

grounds through marker-assisted selection. The identification of

QTLs can also make the construction of NILs that differ by FHB

resistance possible. Transcriptomic analyses comparing gene

expression patterns of resistant and susceptible NILs reveal candi-

date genes that can be modified through traditional or molecular

approaches. Similarly, transcriptomic analyses conducted on the

pathogen reveal new insights into the potential virulence mecha-

nisms employed. Together, this knowledge makes significant con-

tributions towards the development of effective plant protection

strategies against this pathogen.
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