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Abstract

Fusarium head blight caused by the hemibiotrophic fungus Fusarium graminearum is one of the most devastating diseases 
of wheat which reduces both grain yield and quality. To better understand mechanism underlying wheat resistance to 
this pathogen, the expressions of five candidate genes encoding phenylalanine ammonia-lyase (PAL), glucanase-2 (Gl 2), 
class IV chitinase (Cht-4), cytochrome P450 (CYP), and pleiotropic drug resistance (PDR) following spike inoculation 
with F. graminearum was compared in susceptible cv. Falat and resistant cv. Sumai3 at three time points (48, 96, 144 h 
after inoculation). Real-time quantitative PCR analysis indicated earlier and greater inductions of PAL, Glu-2, and Cht-4 
in spikes of ‘Sumai3’ as compared to ‘Falat’ in response to F. graminearum inoculation. The expression of CYP in the 
resistant ‘Sumai3’ was about three times higher than in  ‘Falat’ at 144 h after pathogen inoculation. Moreover, soil drench 
application of sodium salicylate (SA) one day before pathogen inoculation drastically curtailed pathogen infection in both 
the cultivars. Furthermore, SA treatment caused an induction of these genes in spikes of the susceptible cultivar to show 
a similar pattern as in the resistant one when inoculated with F. graminearum. Proteomics analysis of F. graminearum 
treated spikes 96 h after inoculation confirmed an increase of Glu and Cht spot volume in ‘Sumai3’ whereas a decrease in 
‘Falat’. The SA treatment also caused significant increases in Glu and Cht spot volumes in both the cultivars. Our findings 
show an association between SA improvement of wheat defense against F. graminearum infection and induction of genes 
encoding proteins involved in pathogen response (Glu-2, Cht-4), secondary metabolite biosyntheses (PAL), and xenobiotic 
detoxification (CYP and PDR).
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Introduction

Plants have evolved complex defense strategies to confront 
pathogen invasion. Based on the way that pathogens are 
detected by plants, there is a two-branched innate immune 
system: pathogen associated molecular pattern (PAMP)-
triggered immunity (formerly called basal resistance) 
and effector-triggered immunity (formerly termed gene 

mediated resistance) (Jones and Dangl 2006). Both PAMP-
triggered immunity and effector-triggered immunity 
can trigger salicylic acid accumulation, expression of 
pathogenesis-related (PR) genes, and systemic acquired 
resistance, which provides protection against a broad range 
of pathogens (Dempsey et al. 2011). A number of studies 
indicated that  salicylic acid signaling pathway is required 
for resistance against biotrophic and hemi-biotrophic 
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pathogens; on the other hand, to combat necrotrophic 
pathogens, plants activate mainly the jasmonic acid and 
ethylene signaling pathways (Makandar et al. 2012). 
Fusarium graminearum as a hemi-biotrophic pathogen is 
the major causative agent of fusarium head blight (FHB) 
in the world. The FHB is a main disease of wheat in 
different areas of Iran such as Mazandaran, Gorgan and 
Moghan regions (Moosawi-Jorf et al. 2007). The pathogen 
produces mycotoxins such as deoxynivalenol (DON), that 
are harmful if consumed by humans and animals (Bai and 
Shaner 2004). Therefore, a great deal of interest has been 
paid to food safety improvement through study of FHB-
resistant cultivars. Several studies indicated that salicylic 
acid sprayed onto wheat spikes is ineffective and does 
not contribute to FHB resistance (Yu and Muehlbauer 
2001, Li and Yen 2008). Makandar et al. (2012) showed 
that suitable application of salicylic acid regulates basal 
resistance to F. graminearum in wheat; however, the exact 
mechanisms have not yet been clearly elucidated.

In our previous study, we showed that F. graminearum 
inoculation results in higher accumulations of salicylic acid, 
callose, phenolic compounds, peroxidase, phenylalanine 
ammonia lyase (PAL), and polyphenol oxidase in resistant 
(Sumai3) versus susceptible (Falat) wheat cultivars at 4 d 
after inoculation, when the first symptoms of infection 
appear. Moreover, sodium salicylate (SA) treated plants 
show a significant increment in hydrogen peroxide 
production and lipid peroxidation (Sorahinobar et al. 
2016). To better understand the role of several genes 
involved in resistance against F. graminearum, we aimed 
to investigate the the expression patterns of genes encoding 
phenylalanine ammonia-lyase (PAL), glucanase-2 
(GLU 2), class IV chitinase (Cht-4), cytochrome P450 
(CYP), and pleiotropic drug resistance (PDR) in ‘Falat’ 
and ‘Sumai3’ inoculated with this pathogen. The PAL, 
Cht-4, and Glu-2 were selected because of their well-
known role in secondary metabolite biosyntheses and in 
hydrolyzation of fungal cell wall. The CYP and PDR are 
noticeable for their roles in detoxification of xenobiotics 
including mycotoxins produced by pathogens in plants 
(Mitterbauer and Adam 2002, Li et al. 2010). To elucidate 
the potential role of salicylic acid on the response of these 
genes, the effect of soil drench application of SA on the 
expression of these genes was also evaluated, both without 
and with F. graminearum inoculation.

Materials and methods 

Plants, growth, and treatments: Two wheat (Triticum 
aestivum L.) cultivars were used in this study: a susceptible 
Iranian spring cultivar Falat and a resistant Chinese spring 
cultivar Sumai3. Seeds were germinated in autoclaved 
compost-peat-based planting mixture (five seeds per 2-dm3 
plastic pot). Wheat plants were grown in a greenhouse at 
day/night temperatures of 22/18 °C, a 16-h photoperiod, 
an irradiance of 70 µmol m-2 s-1, and an air humidity of 
40-60 %.

To prepare inoculums, the spores of Fusarium 
graminearum isolate F42 were derived from wheat 

grains, which were gathered from wheat production areas 
in Gorgan County, Golestan Province, Iran. They were 
cultured on potato dextrose agar in the dark at 25 °C 
for 7 d. In order to prepare suspension, the fungus was 
further grown in mung bean broth (i.e., 4 g of mung beans 
boiled in 100 cm3 of water) at a temperature of 22 °C for 
2 d (Makandar et al. 2006). The conidial suspension was 
adjusted to 105 spores cm-3.

Point inoculation of wheat spikelets took place with 
10 mm3 of the spore suspension or mock (mung bean 
broth) between the palea and lemma at the anthesis stage 
(six to seven weeks after germination). A pair of spikelets 
was inoculated in approximately the middle of the spike. 
Moisture zip-lock bags were used to cover the inoculated 
spikes and were removed 3 d after the inoculation.

Treatments with SA were done as described by 
Makandar et al. (2012). Briefly, pots were left at room 
temperature to get soil in a semi-dry state, but the 
plants did not wilt, and then 500 cm3 of 200 µM sodium 
salicylate (Sigma-Aldrich, St. Louis, MO, USA) was 
added. Pretreatment of wheat with SA was done 1 d before 
F. graminearum inoculation. Control plants were irrigated 
with water in the same pattern.

For assay, 54 pots including 5 plants were prepared 
for each cultivar. They were divided into four sets: 
1) plants irrigated with water and inoculated with mock; 
2) plants irrigated with water and inoculated with 
F. graminearum; 3) plants irrigated with 200 µM SA and 
inoculated with mock; 4) plants irrigated with 200 µM SA 
and subsequently inoculated with F. graminearum after 
24 h.

Following inoculation with F. graminearum, the 
disease symptoms on wheat spikelets in both the cultivars 
with or without SA treatment were monitored for 28 d, and 
at periodic intervals, the number of infected spikelets was 
assessed for FHB disease (Makandar et al. 2012). Each 
time point sample consisted of 40 plants with 3 replicate 
samples per time point. The same procedures were adopted 
for the control plants. The Student t-tests were used to 
reveal statistically significant differences (P ≤ 0.05) in 
visual symptoms among the different samples.

Real-time quantitative PCR analysis: Tissue samples 
were collected at 48, 96, and 144 h after inoculation (hai). 
The experiment was repeated 3 times per time point, and at 
each time point, the sample consist of at least 40 spikes for 
treatments or control. The spikelet tissue was pooled and 
ground into a fine powder in liquid nitrogen using a mortar 
and pestle. The total RNA was extracted using an RNX-
plus kit (RN7713C, CinnaGen, Tehran, Iran) according to 
the manufacturer’s instruction with a minor modification. 
The extracted RNA was quantified by a spectrophotometer 
and its quality was verified by 1 % (m/v) agarose gel 
electrophoresis. The first-strand cDNA was synthesized 
by reverse transcription reaction with 3 µg of purified 
total RNA using a Revert AidTM reverse transcriptase 
(Fermentas, Burlington, Canada), oligo dT18, and random 
hexamer primers (MWG, Ebersberg, Germany) in a total 
volume of a reaction mixture of 20 mm3 according to 
the manufacturer’s instructions. Forward and reverse 
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primers for real-time quantitative PCR were designed by 
the PRIMER EXPRESS software (Applied Biosystems, 
Foster City, USA). Table 1 Suppl. shows properties and 
sequences of the primers for the genes of interest and the 
reference gene. Real-time quantitative PCR was performed 
using the Applied Biosystems 7500 real time PCR system 
with 10 ng of cDNA, 10 mm3 of SYBR Green I master 
mix (Takara, Shiga, Japan), and 200 nM forward and 
reverse primers up to final reaction volumes of 20 mm3 
according to the manufacturer’s instructions. The PCR 
cycle conditions were as follows: an initial denaturation at 
95 °C for 5 min followed by 40 cycles of denaturation at 
95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 
72 °C for 30 s. The specificity of primers for amplification 
was confirmed by melting-curve analysis and gel-
electrophoretic analysis of the amplicon. The Ct values for 
all genes were normalized to the reference gene β-actin. 
The efficiency of each primer pair was determined using 
10-fold cDNA dilution series to reliably determine fold 
changes. Each sample was evaluated in three biological 
replicates. All gene expressions were expressed relative 
to the appropriate mock-inoculated controls. The Student 
t-tests were performed to reveal statistically significant 
differences (P ≤ 0.05) between samples. The mean of ΔCt 
for the two cultivars after treatment and control conditions 
was calculated, and finally the relative expression of 
genes was estimated as 2-ΔΔCt as described by Livak and 
Schmittgen (2001).

Protein extraction: Tissue samples for protein extraction 
were collected at 96 hai. Protein extraction was performed 
as described by Hurkman and Tanaka (1986) with some 
modifications. Briefly, plant material was ground in 
liquid nitrogen using a mortar and pestle. The resulting 
powder was transferred to a 10 cm3 tube. Then, 2.5 cm3 
of extraction buffer containing 0.1 M Tris-HCl (pH 8.8), 
10 mM EDTANa2, 0.4 % (v/v) 2-mercaptoethanol, and 
0.9 M sucrose, was added to each tube, and after brief 
vortexing, 2.5 cm3 of Tris (pH 8.8) buffered phenol (Sigma, 
St. Louis, MO, USA) was added. After vortexing at 4 °C 
for 30 min, centrifugation was carried out in 5 000 g and 
4 °C for 10 min. The upper phenol phase was carefully 
decanted and transferred to a new clean tube. These steps 
were repeated for the remaining aqueous phase by adding 
2.5 cm3 of the Tris buffered phenol. Proteins in the collected 
phenol phase were precipitated by adding five volumes of 
pre-chilled 0.1 M ammonium acetate in 100 % methanol 
and incubated at -20 °C. The precipitate was collected by 
centrifugation at 20 000 g and 4 °C for 20 min. Finally, the 
pellet was washed 2 times with 0.1 M ammonium acetate 
in methanol (100 %), 2 times with ice-cold 80 % (v/v) 
acetone and finally once with cold 70 % (v/v) ethanol. 
After a brief air-drying, the protein pellet was re-suspended 
in lysis buffer containing 8 M urea, 2 M thiourea, 
4 % (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, 50 mM dithiotreitol, 35 mM Tris, and 
2 % (v/v) pharmalyte (pH 3—10). Total protein content 
was quantified according to Bradford (1976) using IgG as 
a standard.

Two-dimensional gel electrophoresis: The total protein 
extract (200 μg) was loaded onto 17-cm immobilized 
pH gradient (IPG) strips (pH 3—10, Bio-Rad, Hercules, 
CA, USA) during strip rehydration overnight. Isoelectric 
focusing was then performed for a total of 52 kVh at 20 °C 
using the Multiphore ΙΙ system (Amersham Pharmacia 
Biotech, Uppsala, Sweden). The IPG strips were 
equilibrated according to the manufacturer’s instruction 
in a solution containing 50 mM Tris-HCl buffer, pH 8.8, 
6 M urea, 30 % (v/v) glycerol, 2 % (m/v) sodium dodecyl 
sulphate, 1 % (m/v) dithiothreitol, and 0.002 % (m/v) 
bromophenol blue. The second dimension was performed 
on a10 % (m/v) sodium dodecyl sulphate polyacrylamide 
gel using Protean Dodeca Cell (Bio Rad, Hercules, CA, 
USA) at 50 V for 30 min and then at 200 V and 4 °C for 
about 7 h. The gels were stained using Coomassie brilliant 
blue according to Neuhoff et al. (1988). The images 
were analyzed using Progenesis Same Spots software 
(version 4.5, 2011; Nonlinear Dynamics, Durham, USA). 
Protein spots were characterized by matrix assisted laser 
desorption ionization-time of flight mass spectrometry 
(MALDI-TOF MS) and matched to proteins by querying 
mass spectra in a protein databases or the Triticeae EST 
translation database. The Student t-tests were performed 
to reveal statistically significant differences (P ≤ 0.05) 
between samples.

Results

In both the cultivars, the first symptoms of FHB infection 

Fig. 1. Fusarium head blight disease rating monitored in wheat 
cvs. Sumai3 and Falat that were either irrigated with sodium 
salicylate (SA) (200 µM) or with water (control treatment) 24 h 
before inoculation of spikes with Fusarium graminearum (Fg). 
Disease incidence was recorded at 28 d post-inoculation as the 
percentage of infected spikelets in each spike. Means ±  SE, 
n  =  10, *- significant differences between control and treated 
samples (P ≤ 0.05; t-test). 
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appeared at 96 hai. Soil drench application of SA one day 
before inoculation curtailed FHB infection in ‘Falat’ and 
‘Sumai3’ by about 70 and 10 %, respectively, as compared 
to their controls (Fig. 1). The appearance of symptoms 
at 96 hai provided a confirmation that the pathogen 
had penetrated the host tissues, and the infection was 
successful. Based on this, we considered the time points 
before and after 96 hai as pathogen biotrophic phase and 
necrotrophic phase, respectively. The time points of 48, 96, 
and 144 hai were selected to monitor plant gene responses 
to pathogen inoculation in both the phases. 

The transcriptions of Glu-2, Cht-4, and PAL in 
F. graminearum inoculated spikes of ‘Sumai3’ were higher 
(P ≤ 0.05) at 48 hai than at later time points (Fig. 2A). In 
‘Falat’, PAL expression was somewhat induced whereas 
Glu-2 and Cht-4 expressions were repressed at 48 hai, 
however, all these genes were induced at 144 hai (Fig. 2B). 

In general, all the assessed genes were more induced 
with F. graminearum in ‘Sumai3’ than in ‘Falat’ at early time 
points. Treatments with SA before inoculation drastically 
curtailed FHB effects. We also evaluated the effect of SA 

on the expressions of the same genes in mock inoculated 
spikelets. Following SA application, expressions of PAL, 
Glu-2, PDR, CYP, and Cht-4 were significantly (P ≤ 0.05) 
induced at least in two time points in both the genotypes 
(Fig. 2). This signified the role of SA in activation of these 
selected genes. It is noticeable, that the expressions of 
PAL, Glu-2, and Cht-4 show a distinctly different pattern 
in SA-pretreated ‘Falat’ compared to F. graminearum-
inoculated ‘Falat’. It seems that SA treatment elicited 
changes in gene expressions in susceptible ‘Falat’ to result 
in a similar pattern as that in the resistant ‘Sumai3’ when 
inoculated with F. graminearum. Moreover, induction of 
most selected genes following SA irrigation was greater in 
‘Falat’ compared to ‘Sumai3’ suggesting that ‘Falat’ may 
be more responsive to SA treatment than ‘Sumai3’ (Fig. 2).

To find interaction between SA as an exogenous 
elicitor and F. graminearum on wheat gene expressions, 
we assessed the expressions of selected genes in 
inoculated spikes of both the wheat cultivars following 
SA treatment 24 h before pathogen inoculation (Fig. 2). 
Interestingly, combined SA treatment and F. graminearum 

Fig. 2. Changes in transcriptions of defense-related genes in spikelets of fusarium head blight resistant (Sumai3) and susceptible (Falat) 
wheat at 48, 96, and 144 h after inoculation. Plants were either irrigated with water and inoculated with mock (W+M), irrigated with 
water and inoculated with Fusarium graminearum (W+Fg), irrigated with 200 μM  sodium salicylate (SA) and inoculated with mock 
(SA+M), or irrigated with 200 μM SA and subsequently inoculated with F. graminearum (SA+Fg). Values were normalized to the 
wheat β-actin reference gene. Means ± SEs, n = 3, *- significant differences between control and treated samples (P ≤ 0.05; t-test) PA 
- phenylalanine ammonia lyase, GLU - glucanase-2, PDR - PDR-like ABC transporter, CYP - cytochrome P450 monooxygenase, CHT 
- chitinase, hai - hours after inoculation.
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inoculation caused a strong induction of the expression of 
all five genes (P ≤ 0.05) at all three time points in both 
the cultivars compared with pathogen/mock-inoculated 
plants irrigated with water. Application of SA one day 
before F. graminearum inoculation led to a cumulative 
effect on PDR and CYP gene expressions especially in 
‘Falat’ (Fig. 2). Our findings show that the combined SA 
- F. graminearum treatment caused an earlier and stronger 
elevation of PAL in ‘Falat’ compared to inoculated ‘Falat’ 
without SA treatment. For both the cultivars, SA plus 
pathogen treatment elevated the expression of PAL more 
than the SA treatment alone.

In summary, our observations indicate that 
F. graminearum inoculation resulted in alteration of 
defense gene expressions in both the cultivars, with a 
greater and/or earlier induction for most of the selected 
genes in the resistant ‘Sumai3’. Moreover, application of 
SA effectively induced the expression of the same set of 
defense-related genes in both the genotypes, with a greater 
induction for most of them in ‘Falat’

Analysis of two-dimensional electrophoresis gels 
gave several spots with variations in protein abundance 

between the treated and untreated controls in both 
cultivars (Fig. 3). Among identified proteins, significant 
changes in expressions of β-1,3-glucanase and chitinase in 
response to F. graminearum and SA treatment in both the 
cultivars were observed (Figs. 3 and 4). The spot volumes 
of chitinase and β-1,3-glucanase were significantly 
reduced after F.  graminearum inoculation in susceptible 
‘Falat’ whereas they increased in ‘Sumai3’. Following 
application of SA in ‘Falat’, the spot volumes of chitinase 
and β-1,3-glucanase were induced about 1.5- and 2-folds, 
respectively, as compared to the control. Treatment with 
SA also caused an increase of these two spot volumes in 
‘Sumai3’. Combined SA and F. graminearum treatment 
caused a strong induction of 2.5-fold in chitinase expression 
in ‘Sumai3’ whereas no significant change was observed 
in ‘Falat’. Similarly, this combined treatment significantly 
increased the spot volume of β-1,3-glucanase in ‘Sumai3’ 
but only a slight increase was observed in ‘Falat’ (Fig. 4). 

Fig. 3. The β-1,3-glucanase and chitinase in spikelets of wheat fusarium head blight resistant (Sumai3) and susceptible (Falat) cultivars 
following either Fusarium graminearum inoculation (Fg), treatment with sodium salicylate (SA), or SA treatment one day before 
inoculation with F. graminearum (plants irrigated with 200 µM SA and inoculated with F. gramineareum, SA+Fg).
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Discussion

Finding key regulator genes which give a plant the ability 
to react to a pathogen infection at the proper time and with 
enough power is very important. We analyzed the role 
of some genes involved in the phenylpropanoid pathway 
(PAL), pathogen cell wall degradation (Glu-2 and Cht-4), 
and mycotoxin detoxification (PDR and CYP) in response 
to hemi-biotrophic pathogen F. graminearum inoculation 
at three time points during the early stages of infection.

Phenylalanine ammonia-lyase is known as the key 
enzyme in the entry point of the phenylpropanoid pathway. 
It is involved in the synthesis of several secondary 
metabolites and salicylic acid. The PAL is an inducible 
enzyme that responds to a variety of environmental 
stresses including wounding, nutrient depletion, UV 
irradiation, extreme temperatures, and biotrophic and 
hemi-biotrophic pathogens (Kim and Hwang 2014). Our 
study shows that genes involved in the salicylic acid 
pathway, PAL and Glu 2, were more rapidly induced after 
inoculation in resistant ‘Sumai3’ as compared with the 
susceptible ‘Falat’. In our previous study, we observed a 
significant induction in PAL activity in ‘Sumai3’ under 
both pathogen treatment and SA treatment (Sorahinobar 
et al. 2016). Our present results are also in accordance with 
a number of studies that provide evidence that PAL and the 
phenylpropanoid pathway play a role in the resistance of 
wheat to F. graminearum and deoxynivalenol (as the most 
important mycotoxin produced by to F. graminearum) 

(Paranidharan et al. 2008, Ding et al. 2011). 
Salicylic acid plays an important role in plant defense 

signaling, and it is required to establish a local resistance 
in the infected region as well as systemic resistance in 
the whole plant (Loake and Grant 2007). Silverman et al. 
(1995) showed that pathogen infection does not up-regulate 
salicylic acid content in rice, but other researchers (Savitch 
et al. 2007, Makandar et al. 2010) reported accumulation 
of salicylic acid in dicots under pathogen infection. These 
findings are also in accordance with our previous report 
of increased content of salicylic acid in a wheat resistant 
genotype under pathogen inoculation (Sorahinobar et al. 
2016). 

Our results imply that a rapid activation of the 
salicylic acid pathway could play an important role in F. 
graminearum resistance, and susceptibility may be related 
to delay in activation of this pathway. Our observation 
confirms that application of SA resulted in reduction of 
F. graminearum infection in both the wheat cultivars. 
Makandar et al. (2012) also showed that SA application 
plays an important role in basal resistance of wheat 
against F. graminearum. Hence, we investigated the 
effect of an exogenous application of SA on expressions 
of the above mentioned genes to get more insight into 
the networks and mechanisms involved in the complex 
nature of wheat resistance to FHB. As far as we know, 
this is the first study that has investigated the role of SA 
on some F. graminearum-inducible defense genes during 
the early stages of infection in resistant and susceptible 

Fig. 4. The β-1,3-glucanase and chitinase in spikelets of fusarium head blight resistant (Sumai3) and susceptible (Falat) wheat cultivars 
following either Fusarium graminearum inoculation (Fg), treatment with sodium salicylate (SA), or SA treatment one day before 
inoculation with F. graminearum (plants irrigated with 200 µM SA and inoculated with F. gramineareum, SA+Fg). Means ± SEs, n = 3, 
*- significant differences between control and treated samples (P ≤ 0.05; t-test).
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wheat genotypes. The application of SA further increased 
the expression of PAL in response to F. graminearum in 
the both the wheat cultivars. An induced expression of 
PAL under application of salicylic acid was reported in 
different dicots as well (Fraissinet-Tachet et al. 1998, 
Thulke and Conrath 1998, Ding et al. 2002, Wen et al. 
2005, Sadat Ejtahed et al. 2015). Moreover, in light 
of the fact that one route involved in the salicylic acid 
biosynthesis is through PAL (Vidhyasekaran 2015), it is 
anticipated that PAL up-regulation through salicylic acid 
induction leads to salicylic acid synthesis, and there is a 
positive feedback loop of salicylic acid biosynthesis upon 
SA treatment. This finding is supported by our previous 
result of an augmented content of salicylic acid following 
SA application (Sorahinobar et al. 2016). We also found an 
induction of phenolic compounds in SA treated ‘Sumai3’ 
and ‘Falat’ (Sorahinobar et al. 2016). These metabolites 
can be used for cell wall rigidification and biosynthesis of 
phytoalexins (Dong 1998). 

The β-1,3-glucanses and chitinases belong to PR 
proteins of the PR-2 and PR-3 families. Previous studies 
indicated that β-1,3-glucanases and chitinases have 
direct effects in defense against fungi by hydrolyzing 
fungal cell walls, which are mostly composed of chitin 
and β-1,3-glucans and consequently causes the lysis of 
fungal cells. In addition, β-1,3-glucanases and chitinases 
were shown to have an indirect effect on plant defense by 
releasing oligosaccharides from the hydrolysis of fungal 
cell walls, which acts as elicitors of defense reactions (Jia 
and Martin 1999) and thus serve as pathogen-associated 
molecular patterns (Nürnberger et al. 2004). Pathogen-
associated molecular patterns detection by plants leads to 
induction of defense reactions including the accumulation 
of reactive oxygen species, production of PR proteins, 
strengthening of cell wall by oxidative cross-linking cell 
wall components, and the deposition of callose and lignin 
(Nürnberger et al. 2004). In the present study, induction 
of Glu-2 and Cht-4 expressions was much faster in the 
resistant cultivar than in the susceptible one, which is in 
agreement with previous reports on other plant-fungus 
systems (Van Kan et al. 1992, Rivera et al. 2002). The 
delayed expression of Glu-2 and Cht-4 in the susceptible 
cultivar might contribute to the reduced protection from 
the invading pathogen whereas the rapid expressions of 
Glu-2 and Cht-4 at the site of penetration in the resistant 
cultivar could play an important role in plant defense 
against FHB. In agreement with other studies (Bokshi 
et al. 2003), we also found a rapid significant induction 
of Glu-2 in susceptible ‘Falat’ following SA treatment. 
The possible role of this enzyme in systemic resistance of 
potato was highlighted by Woloshuk et al. (1991) showing 
its induction by Phytophthora infestans, a potato late blight 
pathogen. Hwang et al. (1997) also showed that induction 
of resistance to Phytophthora capsici in pepper plants by 
DL-β-amino-n-butyric acid treatment positively correlates 
with the accumulation of isoforms of β-1,3-glucanase and 
chitinase and endogenous salicylic acidin pepper stems.

Several studies have shown that acidic chitinases are 
induced by salicylic acid (Brederode et al. 1991, Buchter 
et al. 1997, Ancillo et al. 1999). In agreement with our 

study, Lawton et al. (1994) showed that in cucumber, the 
expression of class III Cht increases 10-fold following an 
application of SA. In our study, application of SA increased 
Cht-4 gene expression in both the cultivars. This suggests 
that Cht-4 expression could be part of a systemic acquired 
resistance response. Based on aforementioned studies, it 
seems that Glu and Cht genes show the same response to 
SA in monocots and dicots.

Our results show a higher induction of CYP in 
inoculated ‘Sumai3’ than in ‘Falat’. Kong et al. (2005) 
showed that CYP709C3v2 is induced about 14-fold by 
F. graminearum infection compared to a water-treated 
control in a wheat resistant genotype. In addition, our 
results are similar to results obtained by Li et al. (2010) 
in wheat when challenged with F. asiaticum. In light 
of the fact that cytochrome P450 participates in various 
biochemical pathways including biosyntheses of some 
metabolites, cell wall components (lignin), signal 
molecules (salicylic acid), and plant defense compounds 
(Chapple 1998), our findings of a higher induction of CYP 
in inoculated ‘Sumai3’ can be interpreted as an attempt 
of the plant to resist against FHB. Moreover, some CYPs 
can metabolize xenobiotics produced by pathogens, such 
as mycotoxins, and convert them into nontoxic products. 
Walter et al. (2008) showed that treatment of wheat 
spikelets with DON causes accumulation of transcripts 
encoding two cytochrome P450 enzyme homologs. The late 
and higher up-regulation of CYP may be due to a delay in 
the production of tricotecenes (mycotoxins produced by 
Fusarium species) in the necrotrophic phase during the late 
stage of infection. Our results related to the effect of SA on 
CYP expression in F. graminearum inoculated plants show 
that application of SA can induce CYP expression in both 
the genotypes. Zhang et al. (2016) reported up-regulation 
of several CYPs and ATP-binding cassette transporters in 
Salvia miltiorrhiza in response to SA treatment.

In plants several genes such as ABC transporters, 
multidrug resistance-associated proteins, and PDRs play 
major roles in detoxification processes (Kosaka et al. 
2015). Pleiotropic drug-resistant protein transporters have 
been shown to be involved in plant defense, formation 
of the cuticular layer, and transport of antimicrobial 
terpenoids (Kang et al. 2010). It was known that PDR5-
like is a DON-resistant candidate gene, which disposes 
a fungal mycotoxin from cytoplasm (Mitterbauer and 
Adam 2002). In our study, up-regulation of a PDR-like 
ABC transporter gene was shown in both the resistant 
and the susceptible cultivars following F. graminearum 
inoculation indicating a possible detoxification role of this 
gene. Our results are similar to results obtained by Bienert 
et al. (2012) showing that F. oxysporum causes induction 
of PDR in Nicotiana tabacum. Here, we also show that SA 
treatment caused induction of PDR in both the cultivars 
with a higher induction in ‘Falat’ than in ‘Sumai3’. 
Hence, our results suggest that pretreatment with SA may 
overcome susceptibility by activating the detoxification 
mechanism. 

Gottwald et al. (2012) showed that the expressions of 
genes encoding ABC transporters, which are potentially 
involved in the detoxification of pathogen toxins, are 
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higher in FHB resistant wheat cultivars Dream and Sumai3 
than in a susceptible cultivar Lynx.

Conclusions

We have demonstrated that there are different patterns 
of gene induction in susceptible and resistant cultivars 
of wheat following F. graminearum inoculation and 
further infection. That may be due to variations in genetic 
backgrounds of wheat cultivars, which are probably due 
to different origins. The major finding of this study is that 
soil application of SA could prepare plants to confront 
the pathogen attack. The SA reduced disease rating in 
the susceptible and resistant cultivars and increased the 
expressions of genes and so proteins involved in plant 
defense and detoxification pathways. The SA-induced 
expression of Glu-2 and PAL indicates that the attacked 
plant tried to respond to the pathogen through glucanase 
activity. We suggest the existence of a molecular pathway 
in the resistant cultivar through which the plant magnifies 
its defensive responses to pathogen attack by the use of 
Glu-2 and PAL positive feedback loops. Hence, PAL 
and Glu could be considered for genetic engineering in 
F. graminearum-susceptible wheat cultivars because of 
their determined role in giving resistance to ‘Sumai3’. 
These results provide a base in exploring mechanisms 
and regulations of FHB resistance in wheat; however, 
we emphasize that more investigations are necessary in 
order to find the upstream regulators of salicylic acid upon 
F. graminearum attack. Another unresolved question that 
remains to be answered is how an increased transcription of 
Glu-2 is compatible with our previous report of augmented 
content of callose (β-1,3-glucan) in the resistant cultivar 
under pathogen treatment, as callose can be a target for 
glucanases. Can plant glucanases discriminate between the 
pathogen and their own glucan polymers?
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