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Abstract Fusarium graminearum is a hemibiotrophic
plant fungal pathogen that causes head and seedling
blight in wheat and other cereals; however little is
known about the mechanisms involved in its pathoge-
nicity. To examine the role of pathogen metabolites in
pathogenecity, we studied the effects of F. graminearum
crude extract on physiological and morphological re-
sponses of Falat and Sumai3, as respectively susceptible
and resistant wheat cultivars to Fusarium head blight
(FHB). Our results showed that seed germination,

seedling growth and coleoptile cell development were
highly affected by the pathogen crude extract in both
cultivars, with Sumai3 growth being more affected than
Falat. These results show little correspondence between
wheat seedling tolerance to F. graminearum crude ex-
tract and resistance to FHB. Crude extract treatment
resulted in significant increase of hydrogen peroxide
(H2O2) and malondialdehyde (MDA) content in both
cultivars which indicated an oxidative stress.
Differential antioxidative responses to crude extract
was observed; as activity of polyphenol oxidase
(PPO), superoxide dismutase (SOD) and ascorbate per-
oxidases (APX) increased in Falat and decreased in
Sumai3. In addition, a greater phenylalanine ammonia-
lyase (PAL) activity was observed in treated seedlings of
both cultivars. Quantitative Real- time PCR analysis
showed that PAL gene expression in Falat was induced
about 4 folds higher than Sumai3 under treatment.
Taken together, our data suggest that a better employ-
ment of enzymatic and none enzymatic antioxidative
systems in Falat could explain its higher degree of
tolerance compared with Sumai3.

Keywords Antioxidative systems . Fusarium
graminearum . Resistance .Wheat

Introduction

The ascomycete fungal pathogen Fusarium
graminearum is one of the hemibiotrophic pathogen that
can cause head (FHB) and seedling blight (FSB) in wheat
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and other cereals (Asran and Eraky Amal 2011). FHB
infection is favored by warm and humid conditions dur-
ing flowering and early stages of kernel development
(Gilbert and Tekauz 2000). It occurs in the wheat spikes
with chalky appearance and visible disease symptom
(Foroud et al. 2012). Besides the negative effect on grain
yield, Fusarium mycotoxins are directly accumulated in
grains that are detrimental to both human and animals
(Zhou et al. 2005). Shriveled grains contaminated with
mycotoxins are commonly observed in susceptible culti-
vars infected by FHB (Bai and Shaner 2004). As for
wheat FSB, infection takes place at germination stage
throughout the succeeding development and can lead to
poor plant establishment (Liu et al. 2012). The severity of
seedling blight symptoms can vary from localised lesions
to extensive necrosis of the coleoptile and roots and pre-
and post-emergent seedling death (Haigh et al. 2009).
Moreover, FSB can provide pathogens for the subsequent
epidemics of FHB (Haigh et al. 2009; Li et al. 2010).

Total FHB resistance in wheat can be dissected into
several resistance components (Mesterhazy et al. 1999):
resistance to initial infection (type I), spread of FHB in
the host (type II) (Schroeder and Christensen 1963), and
insensitivity to toxin and ability to degrade
deoxynivalenol (DON) (type III) (Wang and Miller
1988).

Study of both FHB and FSB resistance in wheat
cultivars and their probable association with mycotoxins
tolerance can help to develop new strategies for curtails
disease caused by Fusarium spp.

Zhang et al. (2012) analyzed the gene expression
profiles of F. graminearum hyphae growing inside
wheat coleoptiles at three distinct stages of infection.
They documented a number of stage-specific gene ex-
pression patterns in pathogen that were ascribed to
distinct metabolic strategies including deployment of
cell wall degrading enzymes, production of specific cell
surface-interacting proteins, mitigation and production
of ROS, shift in energy metabolism and production of
phytotoxic secondary metabolite.

Tracking plant defense responses to all these pathogen
metabolic changes is difficult because of difficulty of
separating pathogen/ plant metabolic involvements as a
result of pathogen hyphae penetration into plant cells in
the final pathogenesis stages (Talas et al. 2011). To tackle
this problem, one can use crude extract of pathogen,
which contains all pathogen compounds to resemble
the condition of living pathogen at its aggressive phase.
Study of plant growth and development in response to

F. graminearum crude extract and its probable correla-
tion with resistance might clarify some unknown aspects
of fungi metabolic toxicity. On the other hand,
transcriptomic and proteomic analyses revealed that a
key feature underlying successful pathogen recognition
is the engagement of ROS, rapid production of reactive
oxygen intermediates, primarily superoxide and hydro-
gen peroxide (H2O2) at the site of attempted infection
(Shetty et al. 2008).

ROS accumulation is closely associated with the
induction of defense response including enzymatic and
non-enzymatic protective mechanisms to scavenge ex-
cess ROS. Several antioxidative enzymes including su-
peroxide dismutase (SOD), catalase (CAT) and peroxi-
dase (POX) are involved in detoxification of ROS (Lee
and Lee 2000). In addition, phenolic and some other
organic compounds serve as the potent non-enzymatic
antioxidants in cells. Moreover, to confront stress, plants
also induce secondary metabolites production as result
of pathogen attack. These compounds help them to
con t ro l pa thogen pene t r a t i on and sp read .
Phenylpropanoid metabolism sits across the boundary
of primary and secondary metabolism. Phenylalanine
ammonia-lyase (PAL) functions as a critical enzyme in
the phenylpropanoid pathway and it is the key enzyme
involved in synthesis of several secondary compounds
such as phenolics and lignins (Hemm et al. 2004).

Here, we investigated the effect of F. graminearum
crude extract on two wheat genotypes at germination and
seedling stages to elucidate their effect on wheat growth
and development, the mode of action and respective
defensive response. We hypothesized that exposing
wheat to a suite of F. graminearum metabolites may
provide a good indication of resistance to the disease.
We also tested the association between pathogen crude
extract tolerance and seedling/head blight resistance in
wheat. Further we investigated plant physiological and
morphological reactions to F. graminearum crude extract
to examine the correspondence between enzymatic and
non-enzymatic ROS scavenging wheat potential and re-
sistance to F. graminearum extract.

Materials and methods

Fungal growth condition

F. graminearum isolate F42 was derived from the wheat
grains collected from wheat production areas in Gorgan
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County, Golestan Province, Iran. The isolate was cultured
for 7 days in the dark at 25 °C on potato dextrose agar
(PDA). Sporulation was induced by culturing the fungus
in mung bean broth, 4 g of mung bean seed boiled in
100 ml of water for 2 days at 22 °C. The mixture of
macroconidia with fungal mycelium was filtered through
four layers of autoclaved cheesecloth. Spore concentra-
tion was determined using a hemocytometer.

Crude extract production

The crude extract production was carried out according
to He et al. (2007). 100 grams of white rice (purchased
from a local grocery store) was soaked in 43 ml distilled
water for 6 h and autoclaved twice for 15 min at 121 °C.
The resulting sterile rice was inoculated with 1×106

macroconidia and then incubated in dark at 28 °C for
18 days.

The rice culture (10 g) was homogenized in 20 ml
methanol using polytron blender. The homogenates was
allowed to stand for 2 h and filtered through Watman No.
1 filter paper (Watman,Maid stone, UK). The residue was
re-extracted twice under constant stirring for 2 h, each
time with 20 ml methanol. The combined filtrate was
filtered through a 0.45 μm poly (vinylidene difluoride)
syringe filter (whatman) before HPLC analysis.

Chromatographic separations were performed on an
Agilent 1200 series high-performance liquid chroma-
tography (HPLC) system including a quaternary pump
and a degasser equipped with a G1315D diode array
detector and a G1321A fluorescence detector.
Separations were carried out on a C18 column (150×
4.6 mm, with 3 mm particle size) fromWaters Company
(Massachusetts, USA). The flow rate of the mobile
phase that consisted of acetonitril: water solution
(10:90, v/v) was kept at 0.6 ml/min in 30 °C. Injection
volume was 50 μl, and samples detection was per-
formed at 218 nm for nivalenol (NIV), DON and its
derivatives and at 275 nm for Zearalenol (ZEA) (Kotal
and Radova 2002). Identification of DON, its deriva-
tives and ZEAwere achieved by comparing their reten-
tion time and UV- vis spectra with their standards.
Quantification of DON was based on the calibration
curve of DON standard.

Plant growth condition

Twowheat (Triticum aestivum) genotypes with contrast-
ing levels of resistance and susceptibility to FHB were

used in this study. An Iranian spring wheat cultivar,
Falat, as a highly susceptible to FHB along with a
Chinese originated FHB resistance cultivar, Sumai3
have been employed. Seeds of the two cultivars were
surface sterilized with 15 % (v/v) sodium hypochlorite
for 10 min and cultured on the main culture medium, a
gelatinous water agar (8 g/l) medium, which had been
amended with the toxic extract in treatments
(Buerstmayr et al. 1997). Control media were free of
phytotoxic semi-purified extract.

Plant growth condition and inoculation of wheat spikes

Seeds of two wheat cultivars Falat and Sumai3 were
germinated in 2 L plastic pots (five per pot) filled with
autoclaved composed-peat-based mixture, and plants
were grown in a greenhouse at 22 °C/18 °C day/night
cycle and a photoperiod of 16/8 h (day/night). For
inocula t ion , the macronid ia suspens ion of
F. graminearum isolates F42 was adjusted to a concen-
tration of 105 spore cm−3. At anthesis, 30 spikes of each
cultivar, 1 spike per plant, were inoculated with 10 μl of
F. graminearum suspension between palea and lemma.
The central spikelets, one on either side of the rachis,
were inoculated. After inoculation the plants were kept
humid for 3 days and growth in the plastic house. Plants
were evaluated for FHB disease for 28 days and at
periodic intervals as percent spikelets infected with
FHB (Makandar et al. 2012).

Inoculation of wheat seedlings

For seedling inoculation, wheat seeds were disinfected
with 0.01 % HgCl2 for 1 min followed by two rinses of
strille distilled water and were pre-germinated for 24 h
in water. Then wheat seeds were placed in petri dishes
with two layers of filter paper saturated with water. The
same number of seeds was inoculated with discs of
F. graminearum culture on PDA according to
Wiśniewska and Chełkowski (1999). The disease rating
of seedlings (roots and corresponding coleoptiles) was
evaluated for 21 days and at periodic intervals after
inoculation as a percentage of injuries: 0 – healthy plant,
100 % - total damage of roots (Grey and Mathre 1984).

Determination of H2O2 and MDA contents

H2O2 content in control coleoptile and in coleoptile
exposed to F. graminearum extract was determined
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according to Velikova et al. (2000). Coleoptile tissues
(0.4 g) were homogenized in an ice bath with 5 mL of
0.1% (w/v) trichloroacetic acid (TCA). The homogenate
was centrifuged at 12,000 g for 15 min and 0.5 ml of the
supernatant was added to 0.5 ml of 10 mM potassium
phosphate buffer (pH 7.0) and 1 ml of 1 M of potassium
iodide (KI). The absorbance of the supernatant was
measured at 390 nm. The content of H2O2 was calcu-
lated by comparison with a standard calibration curve
previously made by using different concentrations of
H2O2.

The lipid peroxidation was measured, following the
method of Heath and Packer (1968). The coleoptile
(0.5 g) was homogenized in 2.5 ml of 0.1 % (m/v)
trichloroacetic acid (TCA). The homogenate was centri-
fuged at 10, 000×g for 20 min. To 1 ml aliquot of the
supernatant, 4 ml of 0.5 % thiobarbituric acid (TBA) in
20 % TCAwas added. The mixture was heated at 95 °C
for 30 min and then quickly cooled in an ice bath. After
centrifugation at 10, 000 g for 15 min, the absorbance of
the supernatant was recorded at 532 and 600 nm. The
value for non-specific absorption at 600 nm was then
subtracted from that of 532 nm. The concentration of
MDA was calculated using absorption coefficient of
155 mM−1cm−1.

Antioxidant enzyme activities

For estimation of total protein content and enzyme
activity, plant material (coleoptile) was homogenized
at 4 °C with a mortar and pestle in 0.1 M Tris–HCl
buffer (pH 8.9) containing 10mMmercapto ethanol and
4 % (m/v) polyvinylpolypyrrolidone (PVPP). The ho-
mogenates were centrifuged at 13, 000×g for 30 min at
4 °C and resulting supernatants were kept at −70 °C and
used for protein determination and enzyme assays. A
high-speed centrifuge (J2-21 M, Beckman, Palo Alto,
USA) and UV-visible recording spectrophotometer
(UV-160, Shimadzu, and Tokyo, Japan) were used.
The protein content was determined according to the
method of Bradford (1976) using bovine serum albumin
as a standard.

SOD (EC 1.15.1.1) activity was estimated by moni-
toring the inhibition of photochemical reduction of
nitroblue tetrazolium (NBT) as described by
Giannopolitis and Ries (1977) in a reaction mixture
containing 50 mM sodium phosphate buffer (pH 7.5),
13 mM methionine, 75 μM NBT, 75 μM riboflavin,
0.1 mM EDTA and 0.1 ml of enzyme extract. The

reaction mixture was irradiated for 14 min and absor-
bance was read at 560 nm against the non-irradiated
blank. One unit of SOD was defined as the amount of
enzymewhich caused 50% inhibition of NBT reduction
under the assay condition, and the results were
expressed [Unit mg−1 (protein)].

CAT (EC 1.11.1.6) activity was assayed from the rate
of H2O2 decomposition as measured by the decrease of
absorbance at 240 nm, following the procedure of Aebi
and Catalase (1974). The reaction mixture contained
0.625 ml 50 mM sodium phosphate buffer (pH 7.0),
0.075 ml H2O2 (3 %) and 0.01 ml enzyme extract.
Activity was expressed as units (μmol of H2O2

decomposed per min per mg protein) [Unit mg−1

(protein)].
POX (EC 1.11.1.7) activity was measured according

to the method of Abeles and Biles (1991). The reaction
mixture contained 2 ml of 0.2 M acetate buffer (pH 4.8),
0.2 ml H2O2 (3 %), 0.1 ml of 20 mM benzidine and
0.1 ml enzyme extract. The increase of absorbance was
recorded at 530 nm. The POX activity was defined as l
μM of benzidine oxidized per min per mg protein [Unit
mg −1 (protein)].

Polyphenol oxidase (PPO; EC 1.14.18.1) activity
was determined according to the method of Raymond
et al. (1993) at 40 °C. The reaction mixture contained
2.5 ml of 0.2 M sodium phosphate buffer (pH 6.8),
0.2 ml of 20mMpyrogallol and 0.02ml enzyme extract.
The increase of absorbance was recorded at 430 nm.
The PPO activity was defined as 1 μM of pyrogallol
oxidized per min per mg protein [unit mg−1 (protein)].

Ascorbate peroxidase activity (APX; EC 1.11.1.11)
was measured according to Jebara et al. (2005). The
reaction mixture contained 50mM potassium phosphate
buffer (pH 7.0), 0.5 mM ascorbic acid, 0.1 mM hydro-
gen peroxide and 10 μl of enzyme extract in a total
volume of 1ml. The concentration of oxidized ascorbate
was determined by the decrease in absorbance at
290 nm. The concentration of oxidized ascorbate was
calculated by using extinction coefficient (ε=2.8 mM−1

cm−1). One unit of APX was defined as 1 μM oxidized
ascorbate per min per mg protein [unit mg−1 (protein)].

Determination of phenolic and flavonoid contents

For estimation of phenolics and flavonoid contents 0.1 g
powder of seedling tissues (coleoptile and emerging
shoot) was extracted with boiling 80 % methanol for
3 h according to Conde et al. (1995) with minor
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modification. Total phenolics content were determined
by using Folin-Ciocalteu reagent according to Akkol
et al. (2008). One milliliter of methanolic extract or
gallic acid (standard phenolic compound) was mixed
with 5 ml Folin-Ciocalteu reagent and 4 mL sodium
carbonate solution 7.0 %. The mixtures were allowed to
stand for 2 h before its absorbance was measured at
765 nm. Gallic acid was used as a standard for the
calibration curve. Total phenolic values are expressed
in terms of mg equal gallic acid in 1 g FW. Total
flavonoid content was estimated by the aluminum chlo-
ride method, according to Akkol et al. (2008). For total
flavonoid 1 ml of methanolic extract, 250 μl of alumi-
num chloride solution and 250 μl of potassium acetate
were mixed and the samples remained at room temper-
ature for 30 min. The absorbance of the reaction mixture
was measured at 415 nm with a spectrophotometer.

Estimation of total antioxidant activity by using DPPH
scavenging assay

The free radical-scavenging activity of coleoptile was
measured according to the method described by
Shimada et al. (1992). Briefly, 0.1 g of coleoptile tissues
was extracted by 1 ml methanol. Then 0.1 ml of plant
extract was added to 3.9 ml of 80 ppm of 1, 1-diphenyl-
2-picrylhydrazyl (DPPH) solution. The mixture was
shaken vigorously and allowed to stand for 30 min in
the dark. The absorbance was then measured at 517 nm.
Free radical scavenging activity was calculated by the
following equation.

% DPPH radical – scavenging

¼ Absorbance of control− Absorbance of sampleð Þ= Absorbance of controlð Þ½ � � 100

Determination PAL activity

PAL activity was determined based on the rate of
cinnamic acid production as described by Ochoa-Alejo
and Gómez-Peralta (1993). Briefly, 1 ml of the

extraction buffer, 0.5 ml of 10 mM L-phenylalanine,
0.4 ml of double distilled water and 0.1 ml of enzyme
extract were incubated at 37 °C for 1 h. The reaction was
terminated by the addition of 0.5 ml of 6MHCl, and the
product was extracted with 15ml ethyl acetate, followed
by evaporation to remove the extracting solvent. The
solid residue was suspended in 3 ml of 0.05 M NaOH
and the cinnamic acid concentration wherein was quan-
tified with the absorbance measured at 290 nm. One unit
of PAL activity is equal to 1 μmol of cinnamic acid
produced per min.

PAL gene expression analyses

Total RNA were extracted from control and treated
plants using RNX-plus kit (RN7713C, CinnaGen,
Iran) according to the manufacturer’s instruction
with slight optimization. The quality and concen-
tration of RNA samples were examined by EB-
stained agarose gel electrophoresis and spectropho-
tometer analysis. RNA was treated with DNaseI
(Fermentase TM, Germany) to remove DNA con-
tamination before cDNA synthesis according to
manufactures instructions. Three microgram of
DNase-treated RNA was reverse transcribed into
complementary DNA (cDNA) using Revert Aid
TM Reverse Transcriptase (Fermentas, Canada),
oligo dT18 and random hexamer primers (MWG,
Germany) in a total volume of 20 μl reaction
mixture , according to the manufacturer ’s
instructions.

mRNA expression levels of PAL was measured with
appropriate primers which were designed using
PRIMER EXPRESS software (Applied Biosystems).
Primers used for qRT-PCR are listed in Table 1. The
relative expression levels of PAL gene were quantified
in comparison with the house keeping gene β- actin as
an internal control. Quantitative real-time PCR was
performed using Applied Biosystems 7500 Real Time
PCR System (Applied Biosystem/MDS SCIEX, Foster

Table 1 primer sequences used for RT-qPCR during this study

Accession
number

Gene Product Forward primers (5–3) Reverse primers (5–3)

JQ269668.1 Actin Actin TGTTCCAGCCATCTCATGTTGG TCATGCGATCAGCAATTCCAGG

AY005474.1 PAL Phenylalanine ammonia lyase CATGAACGAGCGCAAGCACATCG AACGTAGTATACCAGGAACCTCC
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City, CA, USA), with 10 ng cDNA, 10 μl of SYBR
Green I master mix (Takara, Shiga, Japan) and 200 nM
of forward and reverse primers up to final reaction
volumes of 20 μl, according to the manufacturer’s in-
structions. The PCR was performed through following
instruction: 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 the PCR products was examined
by melting curve analysis, restriction endonuclease di-
gestion followed by 12 % polyacrylamide gel electro-
phoresis. The mean of ΔCT for two cultivars after
treatment and control condition was calculated and fi-
nally the relative expression of PAL gene was estimated
by ratio formula (ratio=2-ΔΔCt) as described by (Livak
and Schmittgen 2001). PAL gene expression level was
expressed relative to the non-treated control plants. All
experiments were at least, duplicated and a serially
diluted cDNAwas examined to obtain a standard curve
for each primer.

Anatomical methods

Cross-sections of coleoptiles were taken by hand.
Sections were cleared in sodium hypochlorite and
stained by carmine-vest (1 % w/v in 50 % ethanol) and
methyl green (1 % w/v, aqueous) and mounted in gela-
tin. Then well-stained sections were photographed with
an Olympus BH2 and all the measurements and obser-
vations were performed 10 times on different sides were
performed bymeasurement software with five repeats at
each part.

Statistical analysis

Each experiment was repeated three times to confirm the
reproducibility of the data and reduce errors.
Comparison between control and treated plants was
carried out by Student’s independent t test using SPSS-
16 (SPSS, Chicago, IL, USA). Differences were consid-
ered significant at a P-value <0.05, unless otherwise
noted.

Results

HPLC analysis confirmed the presence of DON, 3-
Acetyl DON, 15 Acetyl DON, Nivalenol and ZEA in
the crude extract (Supplementary Fig. S1). DON was

selected as internal control to determine crude extract
concentration. The extract contained 20 ppm DON
expressed the physiological effect (between 40 and
60 % reduction) on seed germination in both genotypes.
The crude extract contains 20 ppm of DON decreased
the germination rate to approximately 63 % in Sumai3
and 41 % in Falat (Supplementary Fig. S2a). Thus this
concentration was used for further analysis.

Results of spike inoculation with F. graminearum
strain F42 showed a distinctly different resistance reac-
tion in two wheat cultivars. In spikes after single-floret
inoculation Sumai3 displayed more resistance (21 %
infected spikelets) compared with Falat (100%) 28 days
after inoculation (Supplementary Fig. S2c). In seedlings
after inoculation, differences in resistance were not sig-
nificant between Sumai3 and Falat and both cultivars
exhibited about 95 % disease rating on their roots
(Supplementary Fig. S2b). Thus a resistance inversion
between FHB and FSB was apparently present in
Sumai3. In spite of its FHB resistance Sumai3 was
sensitive to F. graminearum and F. graminearum crude
extract at seedling stage. Falat showed susceptibility to
all FHB, FSB and F. graminearum crude extract at
seedling stage but it exhibited better function (germina-
tion and growth) than Sumai3 when exposed to crude
extract.

F.graminearum extract significantly affected the co-
leoptile length and fresh weight of both genotypes com-
pared with the control (P<0.05), with Sumai3 being
more affected than Falat (Fig. 1). The anatomical anal-
ysis of the treated coleoptile with crude extract revealed
a decrease in the cortex thickness of both cultivars.
Moreover, the vascular bundles in treated coleoptile
showed a decrease in size in both cultivars compared
to the control (Fig. 2).

A reduction in amylase activity was observed in both
cultivars after crude extract treatment (Fig. 3); however
this reduction in Sumai3 was more pronounced than
Falat.

Lipid peroxidation was assessed asMDA content. To
determine ROS scavenging capacity, the H2O2 content
of both susceptible and resistant genotypes under path-
ogen extract were investigated. According to our obser-
vation, seed treatment with F. graminearum extract
significantly increased H2O2 and MDA content in both
genotypes. Our results also, showed that under
F. graminearum crude extract treatment the fold in-
crease of H2O2 and MDA is higher than in Sumai3
when compared to Falat (Fig. 4).
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The fungi extract significantly increased activity of
CAT in both cultivars (Fig. 5). PPO activity in Sumai3
decreased under treatment. However, the decrease in
PPO activity was not significant. In contrast, significant
increase of PPO activity (about 1.5 fold) occurred in
Falat under treatment. SOD and APX activity in Falat
were higher than those of Sumai3 under control condi-
tion. In Falat, SOD and APX activities were increased in

the presence of extract. In contrast, crude extract de-
creased SOD and APX activities in Sumai3. Significant
enhancement of POX activity was observed in Falat
(about 2.5 fold), but not in Sumai3 due to
F. graminearum extract treatment. Protein content in
Falat significantly increased (about 1.5 fold) in contrast
to Sumai3 under treatment as compared to control
(Fig. 5).

Fig. 1 Phytotoxic effect of F. graminearum crude extract on
coleoptile length and fresh weight of two wheat cultivars. Vertical
bars indicate Means ± SE based on three replicates. At minimum

25 plants per genotype were tested for each treatment. An asterisk
(*) denotes a value that is significantly different (p<0.05; t test)
from control

Fig. 2 Microscopic analysis of the cross sections of treated and control coleoptiles of two wheat cultivars, a Falat and b Sumai3.scale bar=
33 μm
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Phenolic and flavonoid content significantly en-
hanced in both cultivars, but enhancement in phenolic
content was higher in Falat (about 3.5 fold) in compar-
ison with Sumai3 (Fig. 6 a and b). Our data revealed that
F. graminearum extract caused a significant increase in
DPPH radical scavenging activity in both cultivars;
however this induction was higher in Falat compared
to Sumai3 (Fig. 6c).

F. graminearum extract caused significant increase in
gene expression and PAL activity in both cultivars
(Fig. 7). Our results further showed that induction of
PAL gene expression under treatment was more pro-
nounced in Falat compared to Sumai3.

Discussion

In this study, we examined the effect of F. graminearum
crude extract on wheat germination and seedling
growth. This is the first report on the physiological and
developmental responses of wheat cultivars to
F. graminearum crude extract.

Our results revealed a direct relation between
germination rate and crude extract concentration
in media culture. This shows the toxic effect of
crude extract as the presence of at least five
mycotoxines was confirmed by HPLC analysis.
F. graminearum extract caused a significant reduc-
tion in germination rate, fresh weight and seedling
height in both cultivars. Moreover, the anatomical
studies on the treated coleoptiles of both cultivars
revealed a decrease in the cortex thickness and

vascular bundles, in accordance with plant growth
inhibition due to extract toxicity. It seems that the
extract negatively affects plant cell division and
expansion, as observed in microscopic studies total
cell area and numbers of coleoptiles in the treated
seedlings were significantly less than control. Our
observations showed that Sumai3 seedlings were
more sensitive to F. graminearum crude extract
than Falat.

Positive correlation between growth and amylase
activity in both genotypes and significant decrease of
amylase activity in treated seedling of both cultivars
(Fig. 8) suggest that reduction in germination and
growth in treated seeds could be attributed to reduc-
tion in seedling amylase activity. The current findings
hypothesized the direct or indirect effect of pathogen
metabolites (toxins) on seedling amylase activity may
be the main target of pathogen effect in Fusarium
seedling blight. Phytotoxic study of mycotoxins on
cereal seedling has shown that mycotoxins can inhibit
seed germination and growth by affecting amylase

Fig. 3 Activity of α-amylase in Falat and Sumai3 treated by
F. graminearum crude extract. Vertical bars indicate Means ± SE
based on three replicates. An asterisk (*) denotes a value that is
significantly different (p<0.05; t test) from control

Fig. 4 Content of (a) H2O2 and (b) MDA in Falat and Sumai3
under treatment of F.graminearm crude extract. Vertical bars
indicate Means ± SE based on three replicates. An asterisk (*)
denotes a value that is significantly different (p<0.05; t test)
from control
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activity and inhibition of starch hydrolysis (Hasan
1999). According to our observations, decrease in
seedling amylase activity was more pronounced in
Sumai3 than Falat, which could explain the higher
sensitivity of Sumai3 seedlings to F. graminearum
crude extract than Falat.

Several studies reported that Fusarium metabo-
lites, including mycotoxins, could affect plant
growth. For example, Wang and Miller (1988)
showed that Fusarium metabolites significantly de-
creased growth of the coleoptile tissues in wheat.
Similarly treatment of cell culture of Linum album
by F. graminearum culture filtrate caused decline
in cell growth and reproduction (Tahsili et al.
2014).

Many studies have been performed using patho-
gen produced toxic metabolites as selection agents to
find plants with the increased levels of resistance to
diseases (Van den Bulk 1991). The present study
investigated the possibility of in vitro selections for
more resistant cultivar of wheat through finding re-
lation between crude extract tolerance and resistance
to FHB or FSB. We found a resistance inversion
between FHB and FSB in Sumai3 as reported before
(Li et al. 2010). In spite of its FHB resistance Sumai3
showed susceptibility to F. graminearum crude ex-
tract at seedling stage. Buerstmayr et al. (1997)

reported similar results about Sumai3 when exposed
to F. graminearum crude extract. Falat showed sus-
ceptibility to all FHB, FSB and F. graminearum
crude extract at seedling stage but it exhibited more
tolerance than Sumai3 when exposed to crude ex-
tract. Analyzing the relationship between the results
of seedling response to crude extract, FHB and FSB
infection revealed no significant relation between
non-germinated seeds percentage and disease rating.
Sumai3 resistance against FHB was suggested as
type II resistance (Jayatilake et al. 2011) which in-
volves a combination of structural features that slow
fungal spread and the activation of a systemic re-
sponse in uninfected tissues adjacent to the site of
infection to prevent and minimize secondary infec-
tion (Makandar et al. 2012).

Our data suggest that even resistant wheat at seedling
stage might not be able to detoxify mycotoxins.
Lemmens et al. (2005) describe a significant correlation
between field FHB resistance and toxin resistance,
whereas Bruins et al. (1993) reported no association
between the two variables. Poppenberger et al. (2003)
reported the isolation and characterization of a gene
from Arabidopsis thaliana encoding a UDP-
glycosyltransferase that is able to detoxify DON. They
showed that expression of the glucosyltransferase is
developmentally regulated and induced by DON as

Fig. 5 Changes in protein content (mg/g F.W.) and specific activ-
ities of Superoxide Dismutase (SOD), Catalase (CAT), Peroxidase
(POX), Ascorbat Peroxidase (APX) and Polyphenol Oxidase
(PPO) in Falat and Sumai3 treated with F. graminearum crude

extract. Vertical bars indicate Means ± SE of three replicates. An
asterisk (*) denotes a value that is significantly different (p<0.05; t
test) from control
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well as salicylic acid, ethylene and jasmonic acid.
Lemmens et al. (2005) believed that resistance to DON
is correlated with resistance to spread of FHB (Type III
resistance). They showed that in resistant wheat lines,
the applied DON was converted to DON-3-O-glucoside
as the detoxification product. They concluded that re-
sistance to DON is important in the FHB resistance
complex and hypothesize that the resistant wheat culti-
var encodes a DON-glucosyltransferase or regulates the
expression of such enzyme. In the present study Sumai3

could not tolerate crude extract indicating that detoxify-
ing enzymes could not functionally be activated to con-
front mycotoxines at seedling stage. Of course in our
study F.graminareum crude extract contains a broader
range of biomolecules than only DON in other studies.
On the other hand this results emphasis that type II
resistance can be activated at Sumai3 head but not at
seedling or germination stage. Of course considering
results obtained by others (Poppenberger et al. 2003;
Lemmens et al. 2005) it seems that type III resistance
can be activated in company with type II at flowering.
This shows a probable developmental dependence of
resistance to F.graminareum in wheat.

The observed increased content of H2O2 and MDA in
our experiment provides support for the detrimental effect
ofFusariummycotoxins through promoting cell death by
induction of hydrogen peroxide production thereby

Fig. 6 Total content of phenolic (a), flavonoid (b) and DPPH
scavenging activity (c) in the coleoptile of Falat and Sumai3
treated by F. graminearum crude extract. Vertical bars indicate
Means ± SE based on three replicates. An asterisk (*) denotes
a value that is significantly different (p<0.05; t test) from
control

Fig. 7 a Activity of Phenylalanine ammonia-Lyase (PAL) in two
wheat cultivars Falat and Sumai3 treated by F. graminearum crude
extract. b: RT-qPCR analyses of PAL gene transcripts in Falat and
Sumai3 under treatment. Columns represent average induction
(±SE) of gene transcripts in treated plants compared to control
plants at the same time for three biological replicates. Values
normalized to wheat β-actin normalization factor. An asterisk (*)
denotes a value that is significantly different (p<0.05; t test) from
control
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disturbing balance between production and removal of
ROS in cellular components (Desmond et al. 2008).

It is well known that oxidative burst as an earlier
plant reaction to necrotrophic fungal pathogens can
support necrotrophic growth of the pathogen whereas
also stimulating an antimicrobial defense response in the
host (Dixon and Lamb 1990). Promotion of H2O2 accu-
mulation may presumably be related to increased SOD
activity or inhibition of enzymes responsible for H2O2

scavenging (Chao et al. 2010; Hayat et al. 2010; G.
Kang et al. 2003; Krantev et al. 2008).

In plants, antioxidative system controls the produc-
tion of ROS. In this respect, SOD, POX and CAT play
important roles. SOD protects cells from oxidative stress
by converting superoxide to H2O2 that can be scavenged
by POX and CAT (Bowles 1990).

Our results indicate significant differences in the
scavenging enzyme activities between treated and con-
trol plants in the both cultivars. Moreover, we observed
differential antioxdative responses to crude extract in the
both cultivars. According to our results activity of SOD,

CAT, POX, PPO and APX induced after treatment in
Falat. In contrast, crude extract decrease SOD, APX and
PPO activity in Sumai3 (Fig. 8).

In light of the fact that decrease in activity of SOD can
lead to increased concentration of free radical, our find-
ings of increased activity of SOD in Falat, can be
interpreted as an attempt to overcome the oxidative stress.
Increased activity of SOD in response to Fusarium infec-
tion was reported by García-Limones et al. (2002).

There is compelling evidence showing that PPO and
POX play important role in cell wall reinforcement and
lignifications in response to pathogen attack
(Mohammadi and Kazemi 2002). Hence, increases in
activity of PPO and POX in Falat can lead to increase of
plant resistance. Similarly, we observed a positive corre-
lation between PPO and POX activity with Falat resis-
tance, suggesting that these enzymesmight be involved in
seedling viability within pathogen crude extract.

Besides antioxidative enzymes, plants develop efficient
non-enzymatic antioxidants system to scavenge ROS and
mitigating oxidative stress. Phenolic compounds can

Fig. 8 Schematic diagrams of the physiological response of Falat
(a) and Sumai3 (b) wheat to F. graminearum crude extract. Color
intensity is proportional to activity or content. Size of shapes
adjusted based on physiological response of treated plant in

comparison to control. Abbreviations: APX ascorbat peroxidase,
CAT catalase, MDA malondialdehyde, PAL phenylalanine ammo-
nia-Lyase, PC phenolic compound, POX peroxidase, PPO poly-
phenol oxidase, SOD superoxide dismutase
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protect plants by scavenging of ROS and reducing their
toxicity in cytoplasmic structures. (Mishra et al. 2012;
Shaheen et al. 2013). In our study, total phenolics and
falvonoids content and DPPH radical scavenging activity
were increased in response to the F. graminearum extract
in both cultivars (Fig. 8), which could be linked to their
antioxidant capacity (Li et al. 2007). Higher content of
phenolic compounds in Falat in response to crude extract
treatmentwere in accordancewith changes in PAL activity
and gene expression. PAL by deamination of L-
phenylalanine to trans-cinnamic acid is considered as an
important regulation point between primary and second-
ary metabolism (Dixon and Paiva 1995). Greater induc-
tion of PAL gene expression of Falat in response to the
pathogen crude extract with considering its substantial role
in biosynthesis of secondary metabolites including pheno-
lics support the idea of its crucial role in wheat resistance
against pathogen (Hill-Ambroz et al. 2006; Guo et al.
2007). PAL activity may be involved in the plant defense
system through biosynthesis of active metabolites, such as
phytoalexins, phenolics, lignins and salicylic acid in plant
defense pathways (Mandal et al. 2009). Moreover,
Skadhauge et al. (1997) indicated that barely seeds defi-
cient in flavonoid production, show increased penetration
of F. graminearum. Similarly, Tahsili et al. (2014) showed
that culture filtrate of F. graminearum could increase
content of total phenolics, falvonoids and PAL activity in
cell culture of Linum album.

Conclusion

Wheat cultivars with different genetic background
showed different level of resistance to pathogenic fungi
like F. graminearum. Considering wheat seedling
growth and development under the crude extract of
F. graminearum proved that Sumai3 in spite of its
resistance to FHB is sensitive to crude extract and
susceptible to seedling blight. Falat showed susceptibil-
ity to FHB, FSB and sensitivity to crude extract but it
was more tolerant to crude extract than Sumai3.
Apparently there was no association between wheat
resistance to FHB, FSB and F. graminearum crude
extract. This shows a dependency between resistance
and development. We also observed that pathogen me-
tabolites could affect plant metabolism and ROS pro-
duction. Moreover, we observed substantial differences
in physiological responses between Falat and Sumai3 in
response to F. graminearum crude extract. A set of

antioxidative enzymes and antioxidant compounds was
activated in Falat which can control reactive oxygen
species. Falat also employs an unknown strategy to
prevent blocking protein biosynthesis by mycotoxins.
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