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Abstract Fusarium head blight (FHB), mainly caused by
Fusarium graminearum and F. culmorum, is a worldwide dis-
ease of wheat (Triticum aestivum L.), resulting in significant
loss in both yield and quality. Use of resistant cultivars is an
effective strategy for managing FHB and reducing mycotoxin
production in wheat. Understanding of the histochemical,
physiological, biochemical and molecular mechanisms in-
volved in FHB resistant and susceptible wheat cultivars is
limited so far. In this research, we investigated the role of
reactive oxygen species (ROS), non-enzymatic and enzymatic
antioxidants in basal resistance of wheat to the hemi-
biotrophic and necrotrophic Fusarium species causing FHB.
Gaskozhen and Falat plants were used as partially resistant
and susceptible wheat cultivars against Fusarium spp., respec-
tively. Accumulation of H2O2 and O2

− was higher in
Gaskozhen compared to Falat cultivar. The obtained results
revealed considerably higher levels of non-enzymatic and en-
zymatic antioxidants after inoculation with Fusarium spp. in
Gaskozhen compared to Falat cultivar at most of the time
points investigated. No significant increase in the accumula-
tion and activity of various antioxidants was observed in the
uninoculated control plants in most cases during the time pe-
riod tested. Significantly higher disease progress in the leaves
of both cultivars treated with KCN, as an inhibitor of not only
GPOX but also CuZnSOD and MnSOD, revealed the major
role of these antioxidantive enzymes compared to FeSOD,
APX and CAT in wheat defense responses to Fusarium spe-
cies. Expression analysis of the genes responsible for

production of enzymatic antioxidants using RT-PCR revealed
a direct correlation between enzyme activities and expression
of the corresponding genes. Application of ROS generating
systems increased disease progress in both cultivars.
Investigating wheat-Fusarium spp. interaction showed that
F. culmorum isolate induced higher levels of ROS and antiox-
idants compared to F. graminearum. In addition, application
of enzymatic antioxidant inhibitors reduced H2O2 and O2

−

levels, which led to increased disease development.

Keywords Antioxidant . Basal resistance . Fusarium
culmorum . Fusarium graminearum . Oxidative burst .

Triticum aestivum

Introduction

Wheat (Triticum aestivum L.) is one of the most important
global dietary sources. Biotic and abiotic stresses can signifi-
cantly reduce wheat yield (Li et al. 2008b). Fusarium head
blight (FHB), also called head scab or scab, causes severe
damage on wheat and other small grain cereals. FHB can be
associated with at least seventeen Fusarium species, but is
mainly caused by F. graminearum and F. culmorum
(Boutigny et al. 2014). FHB may significantly reduce wheat
yield and quality. However, contamination of grain with
trichothecene mycotoxins produced by many species in the
genus Fusarium is a major health concern for humans and
animals (Pestka 2010). Several strategies have been used to
manage FHB disease and mycotoxin production, including
crop rotation, genetic resistance, application of plant extracts
and essential oils, chemical and biological control (Gilbert and
Tekauz 2011). The use of resistant cultivars is the most effec-
tive, economic, and environmentally safe way to control plant
diseases.
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After recognition of the pathogen, basal defense responses
lead to activation of several resistance mechanisms such as
production of reactive oxygen species (ROS), enzymatic and
non-enzymatic antioxidants (Walter et al. 2010; Shetty et al.
2008; Zhou et al. 2007). In plant-pathogen interactions, one of
the earliest plant defense responses is production of ROS.
ROS include free radicals such as superoxide anion (O2

−),
hydroxyl radical (OH−), as well as nonradical molecules like
hydrogen peroxide (H2O2), and singlet oxygen (

1O2) (Das and
Roychoudhury 2014). The phenomenon of ROS accumula-
tion is often termed the oxidative burst. High ROS levels
can cause peroxidation of lipids, oxidation of proteins, dam-
age to nucleic acids, enzyme inhibition, and activation of pro-
grammed cell death (PCD) pathway (Foyer and Noctor 2005).
H2O2 accumulation inhibits the growth of biotrophic patho-
gens, but can help the infection process of plant by
necrotrophic pathogens (Barna et al. 2012; Taheri et al.
2014). ROS contribute to cell death during susceptible re-
sponses to hemibiotrophic pathogens by causing HR in plant
cells during the early infection phase (Shetty et al. 2007). The
oxidative burst is an effective process to combat biotrophic
pathogens. However, necrotrophic pathogens may exploit
ROS production by the plant or endogenous ROS burst by
the pathogen to facilitate infection and colonization, as has
been suggested for Botrytis cinerea (Govrin and Levine
2000), Septoria tritici (Shetty et al. 2003; Shetty et al. 2007),
Pyrenophora teres (Able 2003) and Leptosphaeria maculans
(Li et al. 2008a). The magnitude of the host oxidative burst
alone does not stressMagnaporthe oryzae as a hemibiotrophic
pathogen sufficiently to prevent infection of host plants
(Samalova et al. 2014).

Rapid induction of high amounts of ROS content as a signal
molecule, and induction of antioxidants in resistant cultivar
may play an important role in wheat resistance against FHB
(Sorahinobar et al. 2015a). Toxins produced by Fusarium spp.
have been shown to induce H2O2 accumulation in the host
(Desmond et al. 2008). Fusarium responds to H2O2 by produc-
ing more toxins (Ponts et al. 2007; Ponts et al. 2009).

Scavenging or detoxification of excess ROS is achieved by
an efficient anti-oxidative system comprising of non-
enzymatic and enzymatic antioxidants. The non-enzymatic
antioxidants include two general classes (1) lipid soluble
membrane associated antioxidants (e.g., α-tocopherol and β-
carotene), and (2) water soluble reductants (e.g., glutathione,
ascorbate and phenolics). Enzymatic antioxidants comprise
superoxide dismutase (SOD), ascorbate peroxidase (APX),
Guaiacol peroxidase (GPOX), catalase (CAT), glutathione re-
ductase (GR), glutathione peroxidase (GPX), glutathione S-
transferases (GSTs), dehydroascorbate reductase (DHAR) and
monodehydroascorbate reductase (MDHAR) (Barna et al.
2012).

Non-enzymatic antioxidants interact with numerous cellu-
lar components and have crucial roles in defense as enzyme

cofactors. Ascorbic acid (ASA) is the most abundant and pow-
erful antioxidant, which acts to prevent or minimize the dam-
age caused by ROS in plants. It can also directly scavenge O2

−

, 1O2, OH
−, and regenerate oxidized carotenoids or α-tocoph-

erol, thus providing membrane protection and reducing the
damage caused by the oxidative process through synergic ac-
tion with other antioxidants (Gill and Tuteja 2010).
Carotenoids are a group of isoprenoid compounds located in
chloroplasts and a multitude of functions in plant metabolism
including their role in oxidative stress tolerance. Carotenoids
are known as antioxidants, which scavenge 1O2 to inhibit
oxidative damage (Havaux 2013). Flavonoids are synthesized
by phenylpropanoid pathway and are known to be accumulat-
ed in plants in response to microbial infection (Kumar and
Pandey 2013). Flavonoids serve as ROS scavengers by neu-
tralizing harmful radicals (Agati et al. 2012).

In addition, proline is a non-enzymatic antioxidant and
considered as a potential inhibitor of adverse effects of ROS.
Proline has been proposed to act as an osmoprotectant, a pro-
tein stabilizer, a metal chelator, maintainer of redox homeo-
stasis, OH− and 1O2 scavenger (Ashraf and Foolad 2007).

Despite the economic importance of FHB and mycotoxins
in wheat, understanding of defense mechanisms in wheat cul-
tivars against different Fusarium species causing this destruc-
tive disease is limited. Although basal resistance is a widely
studied subject, no investigations on the role of H2O2 and O2

−

in defense responses of wheat cultivars to FHB has been doc-
umented until now. In addition, the involvement of oxidative
burst and antioxidant systems in wheat defense against differ-
ent Fusarium species is not investigated so far.

Therefore, this research was carried out in order to under-
stand the role of ROS and various antioxidants in wheat basal
resistance to different Fusarium species causing FHB. The
aims of this study were to (i) investigate changes of ROS,
antioxidant enzyme activities (SOD, CAT, APX and GPOX)
and non-enzymatic antioxidant (ASA, carotenoid, total flavo-
noid and proline) contents at two growth stages of wheat
plants inoculated with Fusarium spp.; (ii) determine the role
of ROS and enzymatic antioxidants in disease progress on
wheat cultivars using ROS generating systems and inhibitors
of antioxidants; and (iii) analyse expression of some genes
associated with enzymatic antioxidants.

Materials and methods

Wheat cultivars and plant growth conditions

The wheat (Triticum aestivum L.) cultivars Gaskozhen and
Falat, as partially resistant and susceptible cultivars to FHB,
respectively (Soltanloo et al. 2011; Sorahinobar et al. 2015b,
2015c; Motallebi et al. 2015b), were used in this study. The
seeds were surface sterilized with 1% sodium hypochlorite for
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1 min, rinsed 3 times with sterile distilled water and directly
sown in the 15 cm-diameter plastic pots. The pots were filled
with soil, which had been autoclaved at 121 °C for a minimum
of 30 min at 100 kPa (15 psi) on two successive days and the
plants were grown in the greenhouse (30 ± 4 °C; 16/8 h light/
dark photoperiod). The soil used in this experiment, was a
combination of clay, sand and farmyard manure with the ratio
of 2:1:1 (v/v/v).

Fungal isolates and inoculum preparation

Isolates FH1 of F. graminearum and FH9 of F. culmorum
obtained from symptomatic wheat plants in the Golestan prov-
ince of Iran and deposited in the fungal culture collection in
Ferdowsi University of Mashhad, were used in this study. The
isolates were grown at 25 °C with alternate cycles of 12 h
light/12 h darkness on potato dextrose agar (PDA). Fungal
inoculumwas produced inMung Bean Broth (MBB) medium
using the methods described by Zhang et al. (2013a). Conidial
suspensions were diluted with autoclaved water to a final con-
centration of 1 × 105 conidia mL−1 containing 0.05% (v/v)
Tween 20.

Plant inoculation and disease evaluation

In the greenhouse experiments, pathogenicity test on wheat
spikes was carried out using the method described by
Yoshida et al. (2007). At the flowering stage (ZGS 64 to
65), 10 mL of a spore suspension (1 × 105 conidia mL−1)
amended with 0.05% Tween 20 was sprayed onto the spikes
of each plant. Then, the plants were incubated overnight in
greenhouse at 18–25 °C, with 90–100% humidity. The inoc-
ulated plants were placed in a plastic bag for 3 days to main-
tain high relative humidity. Control plants were treated with
sterile distilled water only. Inoculated wheat heads were eval-
uated after 10 days and the FHB disease severity was estimat-
ed. In all cases, when lesions developed, the pathogen was
reisolated from infected plants. Disease severity wasmeasured
as the percentage of infected spikelet(s) within the spike on a 0
to 5 scale (0 = no disease, 1 = to 20%, 2 = to 40%, 3 = to 60%,
4 = to 80% and 5 = more than 80% disease severity) and the
FHB index was calculated using a formula as described pre-
viously (Amarasinghe et al. 2013; Taheri and Tarighi 2010).
Each test had ten replicates arranged in a randomized com-
plete block design, and the experiment was repeated two
times.

Detached leaf assay was used for manipulating ROS levels
and investigating the effects of ROS generating systems and
antioxidant inhibitors in basal resistance of wheat cultivars to
Fusarium species causing FHB disease. In this bioassay, the 4-
cm length segments from the mid-section were prepared from
the apical leaf of 4-week-old wheat plants. Each leaf segment
was placed adaxial surface uppermost on the surface of 0.5%

water agar as described by Browne and Cooke (2004). After
5 days, the length of necrotic lesions was measured.

Histochemical detection and quantitative measurement
of H2O2 and O2

−

3,3-diaminobenzidine (DAB) staining (Thordal-Christensen
et al. 1997) was performed for comparative investigation of
H2O2 accumulation in the partially resistant and susceptible
wheat cultivars at various time points after inoculation.
Polymerization of the DAB molecule at the site of H2O2 ac-
cumulation and peroxidase activity results in a reddish brown
polymer which could be visualized via microscopy. The
leaves with brown polymerization product were evaluated un-
der microscope (Olympus BX51). In order to detect O2

− ac-
cumulation in the leaves, nitro-blue tetrazolium (NBT) stain-
ing was performed according to Dong et al. (2009). By NBT
reaction with O2

− a dark blue insoluble foramazan compound
could be produced. Controls for H2O2 and O2

− detection in
DAB and NBTstaining were prepared by adding 5 mM ascor-
bate as a powerful scavenger of H2O2 (Nikraftar et al. 2013)
and 50 μg mL−1 SOD as O2

− scavenger (Liszkay et al. 2004)
to the infiltration solutions.

The H2O2 content was measured using the method de-
scribed by Velikova et al. (2000). Amount of H2O2 was cal-
culated using a standard curve prepared with known concen-
trations of H2O2 (Alexieva et al. 2001) and expressed as μmol
g−1 FW. The O2

− content was determined as described by
Elstner and Heupel (1976). Production rate of O2

− was calcu-
lated using a standard curve prepared with NaNO2 (Zhao et al.
2008) and expressed as nmol min−1 g−1 FW.

Artificial manipulation of oxidative burst in detached
wheat leaves

Wheat leaf segments were treated for 3 h with either glucose/
glucose oxidase (G/GO; 2.5 mM/25 units mL−1) or X/XO
(0.5 mM/0.05 unit mL−1 [Sigma-Aldrich]) in 10 mM sodium
phosphate buffer (pH 7.0) to generate H2O2 or O2

−, respec-
tively (Bennett et al. 2005). Sterile distilled water was used as
control. Two hours later, the treated leaf tissues were inoculat-
ed with spore suspension of Fusarium isolates as formerly
described for the detached leaf bioassay. The disease was
evaluated at 7 dpi. Intensity of disease symptoms was graded
into five classes based on the leaf area infected and the DI was
calculated as previously described (Taheri and Tarighi 2010).

Non-enzymatic antioxidant assays

Total ASA (ASA + dehydro-ascorbic acid) concentrations
were determined as described by De Pinto et al. (1999).
Proline, carotenoid and total flavonoid content were deter-
mined according to the methods of Bates et al. (1973),
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Harborne (1973) and Siddhuraju and Becker (2003),
respectively.

Enzyme extraction and activity assays

Extraction of total protein was done according to the method
described by Gapinska et al. (2008). Total protein was deter-
mined by the method of Bradford (1976) using bovine serum
albumin as the standard.

GPOX (EC 1.11.1.7) activity was determined as described
by Urbanek et al. (1991) in a reaction mixture containing
100 mM phosphate buffer (pH 7.0), 0.1 μM EDTA, 5.0 mM
guaiacol, 15.0 mMH2O2, and the enzyme extract. Addition of
enzyme extract started the reaction and increase in absorbance
was recorded at 470 nm for 1 min. The results were expressed
as μmol tetraguaiacol min−1 mg−1 protein.

APX (EC 1.11.1.11) activity was assayed according to the
method of Nakano and Asada (1981). The reaction mixture
(1.95 mL) contained 50 mM phosphate buffer (pH 6.0),
0.1 μM EDTA, 0.5 mM ascorbate, 1.0 mM H2O2, and
65 μL enzyme extract. The reaction was started by addition
of H2O2 and ascorbate oxidation measured at 290 nm for
1 min. The APX activity was expressed as μmol ascorbate
min−1 mg−1 protein.

SOD (EC 1.15.1.1) activity was measured following the
method of Yu and Rengel (1999). Illumination of riboflavin
in the presence of O2 and electron donor generates O2

−. The
O2

− reacts with NBTand reduction of NBTwithO2
− generates

a blue coloured formazan which can be measured at wave-
length of 560 nm. The SOD activity was expressed as U SOD
mg−1 protein.

CAT (EC 1.11.1.6) activity was measured according to the
method used by Aebi (1984). The reaction mixture consisted
of 20 μL H2O2 (500 mM) and 10 μl enzyme extract in 970 μl
potassium phosphate buffer (50 mM, pH 7). H2O2 was
catabolised by the CAT activity. The decomposition of H2O2

was followed by measuring the decrease in absorbance at
240 nm. The CATactivity was expressed as μmol min−1 mg−1

protein.

Antioxidant inhibitor assays

To evaluate the effect of SOD, APX, GPOX and CAT in basal
resistance of wheat to Fusarium spp. isolates, the leaf tissues
were treated with 5 mM diethyl dithiocarbamate (DDC) as
SOD inhibitor (Morita et al. 1999), 1 mM salicylic acid (SA)
as APX inhibitor (Durner and Klessig 1995), 1 mM potassium
cyanide (KCN) as GPOX inhibitor (Mika and Lüthje 2003)
and 5mM sodium azide (NaN3) as CAT inhibitor (Reddy et al.
1995). The treated leaves were kept for 2 h at room tempera-
ture and sterile distilled water was used as control treatment.
Inoculation of Fusarium spp. on the treated leaf segments was
carried out as mentioned before. Disease symptoms were

evaluated at 7 dpi and the DI was calculated as previously
described (Taheri and Tarighi 2010).

RNA extraction and reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted using the TRIzol® reagent follow-
ing the manufacturer’s guidelines. After treatment with
RNase-Free DNase (Dena Zist, Iran) to remove contaminating
DNA, the RNAwas quantified by spectrophotometer absorp-
tion at 260 nm OD 260/280 and electrophoresis on agarose
gel. Complementary DNA (cDNA) was synthesised from
100 ng of total RNA using oligo (dT)18 primer and M-
MuLV Reverse Transcriptase (Cinnagen, Iran) and used for
PCR amplification. The reaction quantities were 25 μL, in-
cluding 5 μL of cDNA, 13.5 μL water, 2.5 μL buffer, 1 μL
MgCl2, 0.5 μL dNTP, 1 μL forward primer (0.03 mM), 1 μL
reverse primer (0.03 mM) and 0.5 μL Taq DNA polymerase.
The gene specific primers of MnSOD (accession number:
GI1622928; listed by Baek and Skinner 2003), CAT (acces-
sion number: GI5711144; listed by Baek and Skinner 2003),
GPOX (accession number: X85229; Adhikari et al. 2007), and
Actin (accession number: KC775780.1; Ji et al. 2011) as an
internal control, were used for amplification of corresponding
cDNA in different samples. The PCR program usedwas 5min
initial denaturation at 95 °C, followed by 35 cycles of dena-
turation at 95 °C for 30 s, annealing (for MnSOD: 30 s at
57 °C; CAT: 30 s at 55 °C; POX: 60 s at 59 °C, and for
Actin: 30 s at 58 °C), extension at 72 °C (for MnSOD: 30 s;
CAT: 30 s; POX: 60 s; and for Actin: 45 s), and final extension
for 5 min at 72 °C. Each primer set, used for amplifying
antioxidant genes and actin as an internal control, successfully
amplified a single recognized product in the RT-PCR reaction.
Intensities of the obtained bands were quantified using Image
J (http://rsb.info.nih.gov/ij/index.html) software.

Statistical analysis

All experiments included three independent repetitions with
four replications in each repetition. The data were analyzed
using the Kruskal-Wallis test completed by Mann-Whitney
analysis at the level of P = 0.05. Statistical analysis was per-
formed with statistical package for the social sciences (SPSS;
version 23) software.

Results

Greenhouse evaluation of FHB resistance in wheat
cultivars and virulence of Fusarium isolates

The results of evaluating resistance of wheat cultivars to the
isolates FH1 of F. graminearum and FH9 of F. culmorum
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revealed significant differences in the resistance levels of these
cultivars to the pathogens (Fig. 1). Triticum aestivum L. cv.
Gaskozhen showed lower levels of disease progress on the
leaf segments (Fig. 1a) and wheat spikes (Fig. 1b) compared
to Falat cultivar. Generally, the isolate FH1 ofF. graminearum
caused higher disease progress on leaves and spikes of both
wheat cultivars compared to the FH9 isolate belonging to
F. culmorum.

Investigating H2O2 and O2
− accumulation

Histochemical analyses revealed the presence of H2O2 and
O2

− in the leaves of both wheat cultivars at various time points
after inoculation with Fusarium isolates (Figs. 2 and 3). On
the other hand, the results of quantitative determination of
ROS production in inoculated leaf segments showed that
higher H2O2 accumulation and O2

− production were detected
in Gaskozhen compared to Falat cultivar at various time points
investigated. At 24 hpi, considerably higher accumulation of
H2O2 and O2

−were observed in Gaskozhen compared to Falat
cultivar. At 48 hpi, H2O2 and O2

− generation decreased in the
infected Gaskozhen plants. In Falat cultivar, H2O2 accumula-
tion increased until 48 hpi followed by a decrease at 72 hpi,
which was similar to its O2

− production rate at these time
points (Figs. 2 and 3).

Measuring the levels of ROS in wheat spikes after inocu-
lation with Fusarium isolates showed considerably higher ac-
cumulation of H2O2 and O2

− at milk stage in Gaskozhen com-
pared to Falat cultivar. Earlier accumulation and higher levels
of H2O2 and O2

− production were observed in the infected
Gaskozhen plants. Briefly, higher levels of H2O2 and O2

−

production were detected in Gaskozhen cultivar-
F. culmorum interaction compared to those of Falat plants
inoculated with Fusarium species or Gaskozhen inoculated
with F. graminearum (Figs. 2 and 3).

The role of artificially generated ROS in wheat cultivars-
Fusarium spp. interaction

The role of ROS in wheat basal resistance to FHB was further
investigated by in planta manipulation of H2O2 and O2

− pro-
duction, via treating the leaves with glucose plus glucose ox-
idase (G/GO) and xanthine plus xanthine oxidase (X/XO)
reaction systems, respectively. The obtained data showed that
G/GO and X/XO did not have any direct effect on Fusarium
spp. growth in vitro (data not shown). Treatment with xan-
thine, xanthine oxidase, glucose, glucose oxidase alone had no
significant effect on disease development in Gaskozhen and
Falat cultivars compared to buffer-treated control leaves (data
not shown). Treating wheat leaves with G/GO before

Fig. 1 Evaluation of the disease
caused by Fusarium spp. on the
spike (a) and leaf (b) of twowheat
cultivars. Different letters indicate
significant differences according
to Duncan analysis using SPSS
software (P = 0.05). The bars
indicate standard errors (SE)
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Fig. 2 Histochemical detection of H2O2 in the leaves of partially resistant
(Gaskozhen) and susceptible (Falat) wheat cultivars at various time points
after inoculation with Fusarium spp. (a). The levels of H2O2 were
quantitatively determined in leaves (b) and spikes (c) of wheat
cultivars. FU: Falat uninoculated (control), FFG: Falat inoculated by

F. graminearum, FFC: Falat inoculated by F. culmorum, GU:
Gaskozhen uninoculated (control), GFG: Gaskozhen inoculated by
F. graminearum, GFP: Gaskozhen inoculated by F. culmorum.FU;
FFG; FFC; GU; GFG; GFC
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Fig. 3 Histochemical detection of O2
− in the leaves of partially resistant

(Gaskozhen) and susceptible (Falat) wheat cultivars at various time points
after inoculation with Fusarium spp. (a). The levels of O2

− were
quantitatively determined in leaves (b) and spikes (c) of wheat
cultivars. FU: Falat uninoculated (control), FFG: Falat inoculated by

F. graminearum, FFC: Falat inoculated by F. culmorum, GU:
Gaskozhen uninoculated (control), GFG: Gaskozhen inoculated by
F. graminearum, GFP: Gaskozhen inoculated by F. culmorum. FU;
FFG; FFC; GU; GFG; GFC
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inoculation leads to appearance of significantly higher DI
compared to controls in both cultivars, except for in the
Falat cultivar-F. graminearum interaction. Similarly, treating
the leaves with X/XO increased the DI in both cultivars, which
was slightly higher than the DI enhancement by the G/GO
system (Fig. 4).

Non-enzymatic antioxidant activities

According to the results obtained, non-enzymatic antioxidants
contents such as total ASA, carotenoid, total flavonoid and
proline production increased in the leaves and spikes of the
partially resistant and susceptible wheat cultivars after inocu-
lation with Fusarium spp. Generally, higher level of non-
enzymatic antioxidants were observed in Gaskozhen com-
pared to Falat cultivar. According to analysis of wheat leaves
at the seedling stage, total ASA and proline contents increased
in the infected leaved compared to non-infected samples with
increasing the time after inoculation (Fig. 5a and b). At 72 hpi,
high level of carotenoid content was observed in the leaves of
Gaskozhen compared to Falat cultivar and decreased after-
wards in both cultivars (Fig. 5c). The difference of carotenoid
content in the uninoculated samples was not apparent. In in-
oculated Gaskozhen plants, flavonoid contents increased until
48 hpi, followed by a decrease at 72 hpi. However, these
metabolites accumulated at a lower extent in inoculated
Falat plants (Fig. 5d). The carotenoids, total flavonoid and
proline contents of leaves in Gaskozhen cultivar-

F. culmorum interaction was higher than those of Falat plants
inoculated with Fusarium spp. or Gaskozhen inoculated with
F. graminearum (Fig. 5b, c and d).

According to data analysis of wheat spikes at different
growth stages, flavonoids increased in infected compared to
non-infected plants until milk stage (Fig. 5h). Carotenoids
content increased after infection by F. culmorum isolate at
milk stage, and decreased afterwards. Wheat spikes at dough
stage, considerably showed higher levels of carotenoid con-
tents in Gaskozhen compared to Falat cultivar, under non-
infected condition (Fig. 5g). Non-enzymatic antioxidant con-
tents increased in infected compared to non-infected plants at
the milk stage. The total ASA, flavonoids and proline contents
of spikes in Gaskozhen cultivar- F. culmorum interaction was
higher than wheat cultivars- Fusarium species interaction at
most of the time points investigated. (Fig. 5e, f and h).

Enzymatic antioxidants activity

We investigated enzymatic antioxidants activities such as
SOD, CAT, GPOX and APX in leaves and spikes of wheat
cultivars to determine the time point of induction and the role
of enzymatic antioxidants in basal resistance of wheat culti-
vars against F. graminearum and F. culmorum. According to
data analysis of leaves at the seedling stage, the level of enzy-
matic antioxidants activities at all time points after inoculation
with Fusarium spp. were higher in Gaskozhen compared to
Falat cultivar (Fig. 6). SOD activity, as a potent scavenger of

Fig. 4 Effect of treating wheat
leaves with ROS generating
systems, including xanthine/
xanthine oxidase (X/XO, O2

− and
H2O2 generating) and glucose/
glucose oxidase (G/GO, H2O2

generating), on disease index (a)
and development of symptoms
caused by Fusarium spp. on
wheat cultivars (b). FU: Falat
uninoculated (control), FFG:
Falat inoculated by
F. graminearum, FFC: Falat
inoculated by F. culmorum, GU:
Gaskozhen uninoculated
(control), GFG: Gaskozhen
inoculated by F. graminearum,
GFP: Gaskozhen inoculated by
F. culmorum
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Fig. 5 Non-enzymatic antioxidants activities such as total ascorbate
(ASA; a and e), proline (b and f), carotenoid (c and g) and total
flavonoid (d and h) in the leaves and spikes of wheat cultivars at
various time points after inoculation with Fusarium isolates. FU: Falat

uninoculated (control), FFG: Falat inoculated by F. graminearum, FFC:
Falat inoculated by F. culmorum, GU: Gaskozhen uninoculated (control),
GFG: Gaskozhen inoculated by F. graminearum, GFP: Gaskozhen
inoculated by F. culmorum.FU; FFG; FFC; GU; GFG; GFC
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Fig. 6 Enzymatic antioxidants activities such as superoxide dismutase
(SOD; a and e), catalase (CAT; b and f), Guaiacol peroxidase (GPOX; c
and g) and ascorbate peroxidase (APX; d and h) in the leaves and spikes
of wheat cultivars at various time points after inoculation with Fusarium
isolates. FU: Falat uninoculated (control), FFG: Falat inoculated by

F. graminearum, FFC: Falat inoculated by F. culmorum, GU:
Gaskozhen uninoculated (control), GFG: Gaskozhen inoculated by
F. graminearum, GFP: Gaskozhen inoculated by F. culmorum.FU;
FFG; FFC; GU; GFG; GFC
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O2
−, revealed increasing trend between 0 and 24 hpi in the

inoculated Gaskozhen plants. In inoculated Falat plants, SOD
activity increased to a lower extent compared to Gaskozhen
and reached to the maximum level at 48 hpi, and decreased
afterwards (Fig. 6a). Activity of CAT, as a potent scavenger of
H2O2, revealed an increasing trend between 0 and 48 hpi in
the inoculated Gaskozhen plants. In inoculated Falat
plants, CAT increased to a lower extent, peacked later
at 72 hpi, and decreased afterwards (Fig. 6b). In
Gaskozhen plants, the GPOX and APX activities in-
creased in infected samples compared to non-infected
plants after 48 and 72 hpi, respectively. However, in
Falat plants, enzymes activities increased in infected
treatments compared to non-infected treatments after 72
and 96 hpi, respectively (Fig. 6c and d). SOD, CAT, GPOX
and APX activities in the leaves of Gaskozhen cultivar inoc-
ulated with F. culmorum was higher than those of Falat plants
inoculated with Fusarium species or Gaskozhen inoculated
with F. graminearum (Fig. 6a, b, c and d).

In wheat spikes at different growth stages, activity of these
enzymes increased in infected compared to non-infected
plants at the milk stage. SOD, CAT, GPOX and APX activity
in the spikes of Gaskozhen cultivar inoculated with
F. culmorum was higher than those of Falat plants inoculated
with Fusarium spp. or Gaskozhen inoculated with
F. graminearum (Fig. 6e, f, g and h).

The role of enzymatic antioxidants in basal resistance
of wheat cultivars- Fusarium spp.

Based on previous knowledge about H2O2 and O2
− formation

in our pathosystems, we performed experiments using DDC
as SOD inhibitor, SA as APX inhibitor, NaN3 as CAT inhib-
itor, and KCN as GPOX inhibitor, to investigate the role of
these antioxidants in wheat cultivars- Fusarium spp. interac-
tion. In vitro experiments revealed that DDC, SA, NaN3 and
KCN (at the concentrations used in these assays) did not have
any direct effect on Fusarium spp. growth (data not shown).
Treating detached wheat leaves with each inhibitor signifi-
cantly increased the DI compared to controls in each cultivar
and reduced basal resistance (Fig. 7). However, application of
KCN led to significantly higher enhancement of the DI com-
pared to DDC, SA and NaN3 treatments in both cultivars.

Analysis of SOD, CAT and GPOX gene expression

We investigated transcription of the genes associated with
SOD, CAT and GPOX activity (Fig. 8) at time points that
the enzyme activity was higher for most samples investigated
(Fig. 7). Transcription analysis revealed presence of signifi-
cant differences in expression of MnSOD, GPOX and CAT in
non-infected wheat cultivars and those infected with
Fusarium spp. Herein, wheat seedlings induced expression

Fig. 7 Effect of enzymatic antioxidants inhibitors (DDC, SOD inhibitor;
SA, APX inhibitor; NaN3, CAT inhibitor; KCN, GPOX inhibitor) on
disease index (a) and development of symptoms caused by Fusarium
isolates on wheat cultivars (b). FU: Falat uninoculated (control), FFG:

Falat inoculated by F. graminearum, FFC: Falat inoculated by
F. culmorum, GU: Gaskozhen uninoculated (control), GFG: Gaskozhen
inoculated by F. graminearum, GFP: Gaskozhen inoculated by
F. culmorum
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of enzymatic antioxidants such as MnSOD, GPOX and CAT
following inoculation with Fusarium isolates. Interestingly, a
correlation was observed between the thicknesses of observed
bands and the activity of corresponding enzymes.

Infected plants of both cultivars showed elevated CAT and
GPOX expression, which peaked at 48 hpi in Gaskozhen and
later (at 72 hpi) in Falat (Fig. 8a). The peak of SOD expression
in the infected plants of both cultivars was observed at 48 hpi.
Higher levels of transcript accumulation for the MnSOD and
GPOX genes were observed in Gaskozhen compared to Falat,
following inoculation withFusarium isolates. In addition, var-
iation in the level of induction following the inoculation with
Fusarium isolates was observed in gene expression analysis.
We observed that the enzymatic antioxidant expression

increased in F. culmorum infected plants compared to
F. graminearum infected samples. Image J was used to quan-
tify pixels for each band (Fig. 8b, c, d and e). At 48 hpi, GPOX
and SOD transcripts were clearly more abundant visually and
quantitatively in Gaskozhen compared to Falat cultivar infect-
ed with Fusarium species.

Discussion

This study is the first report on the mechanisms involved in
basal resistance of wheat cultivars to the hemibiotrophic
F. graminearum and necrotrophic F. culmorum. The role of
plant defense responses including oxidative burst and

Fig. 8 RT-PCR analysis of MnSOD, CAT and GPOX transcript
accumulation in the leaves of partially resistant (Gaskozhen) and
susceptible (Falat) wheat cultivars. The 4-week-old wheat plants were
inoculated with Fusarium isolates. At each of the indicated time points
after inoculation, fully expanded third leaves from ten plants were
collected, pooled and subjected to RNA isolation for using in RT-PCR
(a). Intensities of the obtained bands (b, c, d and e) were quantified using

Image J software. Statistical data analysis was carried out using SPSS
software. Different letters indicate significant differences according to
Kruskal-Wallis followed by the Mann-Whitney comparison test
(P = 0.05). FU: Falat uninoculated (control), FFG: Falat inoculated by
F. graminearum, FFC: Falat inoculated by F. culmorum, GU: Gaskozhen
uninoculated (control), GFG: Gaskozhen inoculated by F. graminearum,
GFP: Gaskozhen inoculated by F. culmorum
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induction of antioxidant systems in wheat cultivars-Fusarium
species interaction were demonstrated in the present research.
The obtained results provided knowledge on the histochemi-
cal, physiological, biochemical and molecular aspects of
wheat defense against Fusarium species causing FHB, which
might be used as powerful markers for determining resistant
wheat cultivars to FHB.

Two components of host resistance to FHB are widely
recognized: resistance to initial infection (type I resistance)
and resistance to spread within the spike (type II) (Schroeder
and Christensen 1963). Mesterhazy (1995) proposed 5 types
of resistance to FHB: Type I: resistance to initial infection
(Schroeder and Christensen 1963), Type II: resistance to
spread of the pathogen through the spike from the point of
initial infection (Pettersson and Aberg 2003), Type III: resis-
tance to kernel infection (Mesterhazy 1995), Type IV: toler-
ance (Schroeder and Christensen 1963), and Type V: resis-
tance to mycotoxin accumulation. Type I resistance is
assessed mostly by spray inoculation and Type II resistance
by single floret point inoculation (Schroeder and Christensen
1963). Therefore, we investigated type I (resistance to initial
infection) and partly type II (prevention of spreading to the
spike) of the FHB resistance in our pathosystems. It is gener-
ally accepted that single-spikelet (point) inoculation assesses
type II resistance only, whilst spraying a conidial suspension
on spikes assesses the combined effect of type I plus type II
resistance (Miedaner et al. 2003). Type I resistance must be
inferred following assessment by both point (type II) and
spray (type I plus II) inoculation (Mesterhazy et al. 2008;
Gosman et al. 2010).

Single-phase accumulation of H2O2 and O2
− in plant cells

surrounding the infection site of Fusarium species were ob-
served in partially resistant (Gaskozhen) and susceptible
(Falat) wheat cultivars. Results showed that maximum rates
of H2O2 and O2

− generation were observed in the leaves of
Gaskozhen compared to Falat plants. Also, H2O2 and O2

−

generation in Gaskozhen were observed earlier than Falat cul-
tivar. Accumulation of high O2

− and H2O2 levels in
Gaskozhen at 24 hpi might be associated with higher level
of resistance in this cultivar. Since the spatiotemporal accu-
mulation patterns of H2O2 and O2

− during infection were sim-
ilar, these are indicative of a similar response of wheat cells to
the Fusarium species with different virulence levels and life
styles at the initial stages of infection process.

Isolates FH1 of F. graminearum and FH9 of F. culmorum,
both belonging to NIV chemotype, were used in this study.
The enzymes could facilitate pathogen penetration in host and
the role of trichothecenes is rapidly spreading infection and
increasing aggressiveness of FHB pathogens (Bushnell et al.
2003; Goswami and Kistler 2005). Higher adaptation to oxi-
dative stress is consistent with higher virulence of Fusarium
isolates with the nivalenol (NIV) chemotype compared with
deoxynivalenol (DON) isolates, which partially results from a

significant enhancement of CAT activity in the pathogen in-
duced by the host plant oxidative burst (Ponts et al. 2009).

H2O2 accumulation inhibits the growth of biotrophic path-
ogens such as Blumeria graminis f. sp. hordei (Thordal-
Christensen et al. 1997), while it could help the infection
and colonization process of plants by necrotrophic pathogens
(Govrin and Levine 2000; Barna et al. 2012). Furthermore, it
could be important in resistance mechanisms against various
types of pathogens as a second messenger leading to activa-
tion of defense related genes and interfaces with other signal-
ing molecules and defense compounds including phytohor-
mones, nitric oxide, lignin and callose (Chen and Collinge
2013; Noorbakhsh and Taheri 2016). In the case of the
hemibiotrophic pathogen Septoria tritici, during the
biotrophic early infection phase no accumulation of H2O2

was detectable, whereas in the necrotrophic phase, just before
sporulation, there was a massive production of ROS in wheat.
However, later it was found that this late H2O2 accumulation
was harmful to S. tritici even though the pathogen could tol-
erate it (Shetty et al. 2003 and Shetty et al. 2007). Similarly,
accumulation of O2

− could be related to susceptibility in the
interaction of various plants with biotrophic or necrotrophic
pathogens (Shetty et al. 2008). Lightfoot et al. (2016) demon-
strated the differential role that ROS might play in various
plant pathogen interactions and suggests that the ROS and
antioxidants play a role in hemibiotroph (Magnaporthe
oryzae) and/or biotrophic (Blumeria graminis f. sp. hordei)
interactions.

At most of the time points investigated, the intensity of
H2O2 and O2

− in leaves changed depending on virulence of
Fusarium isolate, becoming much higher in the leaves infect-
ed with the hypovirulent F. culmorum isolate and conversely,
decreasing in the leaves infected with the highly virulent
F. graminearum isolate. Briefly, the detailed characteristics
of the process may vary depending on the particular plant,
pathogen and type of interaction. Wheat spikes at milk stage,
considerably showed higher accumulation of H2O2 and O2

− in
Gaskozhen compared to Falat cultivar, in both non-infected
and infected conditions. Motallebi et al. (2015b) showed that
the highest level of H2O2 content was seen at 2 and 4 dpi in
partially resistant (cv. Sumai3) and susceptible (cv. Falat)
plants, respectively, following inoculation with F. culmorum.
Wheat leaves treated with deoxynivalenol (DON) induced
H2O2 production within 6 h followed by cell death within
24 h (Desmond et al. 2008). Debona et al. (2012) observed
that increased O2

−, and H2O2 concentrations and electrolyte
leakage in wheat after inoculation by Pyricularia oryzae.
These findings suggest that wheat plants have similar defense
strategies against various biotic stresses.

Previous studies have shown that low levels of ROS in-
duced antioxidant enzymes and alleviated oxidative stress,
when the concentration of ROS reaches a certain threshold,
a signal transduction pathway that results in PCD was
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activated, high levels of ROS resulted in necrosis (Petrov et al.
2015; Xu et al. 2011; Gao et al. 2008). Ponts et al. (2007)
indicate that the presence of H2O2 in the fungal growth medi-
um is a prerequisite for DON and 15-acetyl deoxynivalenol
production. Ponts et al. (2009) reported that the higher adap-
tation to oxidative stress and is consistent with the higher
virulence of Fusarium isolates with the nivalenol chemotype
compared with DON isolates, which partially results from a
significant enhancement of CAT activity induced by peroxide
stress.

Fusarium spp. causing FHB disease , such as
F. graminearum and F. culmorum may have an initial
biotrophic phase within plant tissues, but then shift to a
necrotrophic stage through the production of trichothecenes
and cell wall-degrading enzymes (Bushnell et al. 2003). The
biotrophic phase of F. culmorum is very brief, so this fungus is
considered as a necrotrophic pathogen (Scherm et al. 2013)
compared to the hemibiotrophic F. graminearum which has a
longer biotrophic phase (Bushnell et al. 2003). It is well
known that when a hemibiotroph switches over to being
necrotroph it shares many aspects with the necrotrophic path-
ogen. Infection process of F. graminearum includes a
biotrophic step, that takes place within 6 hpi and activation
of Ca2+ fluctuations and SA pathway happens in this period.
Second phase, probably starting of the necrotrophic step is
before 24 hpi, and JA pathway could be activated (Ding
et al. 2011). F. culmorum may have an initial brief biotrophic
phase within plant tissues, but then shifts to a necrotrophic
stage, which occurs after 6 hpi through the production of
trichothecenes and cell wall-degrading enzymes (Scherm
et al. 2013; Petti et al., 2012; Ding et al. 2011). Therefore,
accumulation of ROS and programmed cell death (PCD) as
its consequence at the early time points after inoculating host
plant with the FHB pathogens would be helpful defense strat-
egies leading to decrease progress of the pathogen in plant
tissues and improve resistance (when the pathogen is still in
its biotrophic phase). Leaf treatment with X/XO is known to
cause H2O2 and O2

− accumulation and the G/GO system gen-
erates H2O2 in different plants (Govrin and Levine 2000).
Each of the components of these ROS generating systems
such as X, XO, G, and GO alone did not affect the DI in wheat
leaves, which is parallel to other reports (Nikraftar et al. 2013;
Taheri et al. 2014). The X/XO treatment enhanced necrotic
lesion development caused by Fusarium isolates on the leaves
of both wheat cultivars tested. The G/GO and X/XO treat-
ments might have induced cell death in the leaves with the
provision of H2O2 and O2

−, thereby leading to a nutrient
source for the pathogens.

Similarly, G/GO treatment caused higher susceptibility of
both Gaskozhen and Falat cultivars to Fusarium isolates com-
pared to buffer treated control plants. To our knowledge, any
reports about artificial manipulation of oxidative burst in
wheat have not been documented, so far. Similar to our data,

enhanced susceptibility of rice to the necrotrophics such as
A. al ternata (Taheri et a l . 2014) , R. solani and
C. miyabeanus (De Vleesschauwer et al. 2009) byG/GO treat-
ment are already reported. These findings indicate that wheat
defends itself against various necrotrophic and hemibiotrophic
pathogenic fungi via similar resistance mechanisms.
Significantly higher disease progress caused by each
Fusarium species on the leaves of both cultivars treated with
X/XO compared to G/GO revealedmore harmful effect of O2

−

compared to H2O2 accumulation on wheat resistance to the
pathogens tested.

Plants have evolved enzymatic and non-enzymatic antiox-
idant mechanisms for scavenging and detoxification of excess
ROS (Foyer and Noctor 2005). Although understanding the
mechanisms of FHB resistance is limited, it has been
hypothesised that wheat antioxidants may play a role in
preventing Fusarium spp. infections. Comparative analysis
of non-enzymatic antioxidant levels showed significant differ-
ence of each cultivar when compared between non-infected
and infected plants. Non-enzymatic antioxidants are less spe-
cific in their reactivity. Higher level of ASA accumulation was
observed in Gaskozhen compared to Falat cultivar, under non-
infected and infected conditions. The total ASA is an impor-
tant component of plant antioxidant system and plays a central
role in the cellular defense against oxidative damage (Guo
et al. 2005). The total ASA and flavonoids were major com-
ponents of total antioxidant capacity in wheat leaves (Zhang
et al. 2015). Proline is a multi-functional amino acid with
important role in osmoregulation and osmotolerance, and also
protects cells against oxidative stress (Ashraf and Foolad
2007). The data obtained in this research confirmed the find-
ings of Gherbawy et al. (2012), who reported that proline
content increased in wheat inoculated with F. culmorum,
F. graminearum and a mixture of all Fusarium species. Our
observation that carotenoids were higher in Gaskozhen com-
pared to Falat is in accordance with the findings of Atanasova-
Penichon et al. (2016), which reported that the carotenoids
plays a pivotal role in FHB resistance. The main role ascribed
to carotenoids in plant-Fusarium spp. interaction directly re-
sults from their ability to quench the free radicals produced by
plant cells (Gutierrez-Gonzalez et al. 2013; Boba et al. 2011).
The high carotenoid contents favors better adaptation of sug-
arcane plants under saline condition (Gomathi and
Rakkiyapan 2011).

The results showed that flavonoid contents increased after
infection by Fusarium spp. isolates compared to non-infected
plants. Accumulation of these compounds in Gaskozhen was
higher than Falat cultivars. These results were similar to the
reports of Ravensdale et al. (2014) and Gunnaiah et al. (2012)
in the wheat- F. graminearum pathosystem. Bollina et al.
(2010) showed that the resistance-related metabolites mainly
belonged to phenylpropanoid, flavonoid, fatty acid and terpe-
noid metabolic pathways in barley against FHB. Several
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flavonoids including quercitins, luteolin, apigenin and
kaempferol are ROS scavengers during biotic and abiotic
stresses (Agati et al. 2012).

In both wheat cultivars, the enzymatic antioxidants activi-
ties and expression of corresponding genes considerably in-
creased after inoculation with Fusarium species. Enhanced
activity of enzymatic antioxidants including SOD, CAT,
GPOX and APX in leaves and spikes of wheat in
Gaskozhen was correlated with higher level of resistance in
this cultivar compared to Falat plants. These results suggest
that the defense enzymes could be stimulated in wheat by
Fusarium species infection. Our data are in accordance with
observations of Motallebi et al. (2015b), who reported that
highest activity of SOD, CAT and POX was observed earlier
in partially resistant Sumai3 compared to the susceptible Falat
cultivar. Sorahinobar et al. (2015a) showed the differences in
ROS production and enzymatic antioxidant response of Falat
and Sumai3 wheat cultivars against FHB. Zhang et al. (2013c)
demonstrated higher level of SOD, POX and phenylalanine
ammonia-lyase activities in resistant (cv. Hongyouzi) com-
pared to the susceptible (cv. Wo0102) plants.

Gherbawy et al. (2012) reported that activity of POX, CAT
and APX increased in the shoots and roots of wheat (cv. Giza
164) inoculated with F. culmorum and F. graminearum. Zhang
et al. (2013b) demonstrated that SODs play a critical role in
resistance to FHB penetration by strengthening cell walls. Li
and Yen (2008) investigated antioxidant expression using mi-
croarray method to compare FHB resistant and susceptible
lines. Upregulation of SOD, dihydrorhodamine (DHR) and
glutathione S-transferases (GSTs) at 5 days after inoculation
with F. graminearum were reported by Zhou et al. (2005).

In the wheat spikes, enzymatic antioxidants activities in-
creased at milk stage in the infected and non-infected samples
of both cultivars. This finding is in accordance with observa-
tions ofMohammadi and Kazemi (2002), who demonstrated a
significant increase in GPOX activity in heads of resistant and
susceptible wheat cultivars following F. graminearum inocu-
lation during the milk stage.

The DDC, SA, NaN3 and KCN treatments as inhibitors of
enzymatic antioxidants reduced basal resistance of wheat cul-
tivars to Fusarium species. Significantly higher disease prog-
ress in the leaves of both cultivars treated with KCN, as an
inhibitor of not only GPOX but also CuZnSOD and MnSOD,
revealed the major role of these antioxidantive enzymes com-
pared to FeSOD, APX and CAT in wheat defense responses to
Fusarium species. This is the first report about artificial ma-
nipulation of antioxidants in wheat and its effect on basal
resistance against Fuarium spp. Similar to our observations,
in rice- Alternaria alternata (Taheri et al. 2014), in tomato-
Rhizoctonia solani (Nikraftar et al. 2013), and also sugar beet-
R. solani interaction (Taheri and Tarighi 2011), NaN3 treat-
ment reduced basal resistance of monocot and dicot plants to
the pathogens.

Wheat cultivars with different genetic backgrounds
showed different level of resistance to FHB. Difference in
defense responses under FHB inoculation was observed in
resistant and susceptible cultivars. Rate of defense responses
induced by pathogen attack show a genetic potential in
Gaskozhen which was not observed in Falat. Moreover, we
observed substantial differences in physiological responses
between Gaskozhen and Falat in response to Fusarium spp.
infection. According to our results, rapid induction and high
amount of ROS and induction of antioxidant enzymes activity
especially GPOX and SOD in resistant cultivar may play an
important role in wheat resistance against FHB. These results
showed the presence of more efficient antioxidant systems for
removing excess ROS generated during the infection process
of Fusarium spp. limits the cellular damage caused by the
fungus, thus contributing to greater wheat resistance to FHB.
Thus, the measurements of ROS levels and antioxidant con-
tents scavenging activities may be very useful for breeding
programs to screen and select FHB-resistant varieties.
Together, these findings suggest the critical role of ROS and
antioxidant systems as defense mechanisms involved in basal
resistance in our pathosystem. The knowledge on defense
mechanisms involved in basal resistance could be useful in
breeding programs leading to the introduction of wheat culti-
vars and produce new transgenic plants with enhanced immu-
nity to the destructive FHB disease.
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