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Abstract
Fusarium graminearum is among the most virulent pathogens attacking wheat plants and significantly lowering its production 
globally. The present work aims to shed light on the interactions between two priming solutions, calcium (Ca) or salicylic 
acid (SA), and F. graminearum inoculation depending on the growth rate, physiological attributes, and molecular responses 
in wheat seedlings. In a pot experiment, F. graminearum-pre-inoculated or inoculum-free sandy soil was used to germinate 
wheat kernels after priming them for 12 h in distilled water, 5-mM  CaCl2, or 0.05-mM SA. The results demonstrated that F. 
graminearum inoculation decreased growth rate and chlorophyll content, but promoted carotenoids, stress markers (electro-
lytes leakage, lipid peroxidation, protein oxidation, hydrogen peroxide, and hydroxyl radical), antioxidant molecules (AsA, 
phenols, and flavonoids), osmolytes (GB, amino acids, and proline), and the antioxidant enzymes (CAT, GPX, SOD, PPO, 
and PAL). Additionally, the fungal infestation boosted the expression of CAT, GR, PR4, MT, and PCS genes. However, 
presoaking wheat kernels in Ca or SA solutions has contributed to mitigating the negative effects of fungal inoculation by 
restoring growth rate, chlorophyll content, and antioxidant capacity. It has also decreased the induced oxidative stress and 
downregulated the gene expression of F. graminearum-inoculated wheat seedlings. Consequently, by minimizing the nega-
tive repercussions of F. graminearum infestation, priming with Ca or SA could be used to appropriately stimulate growth 
and readjust the oxidative status of wheat seedlings.
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Introduction

Plants are subjected to biotic stress, which has an impact on 
and poses a threat to the agricultural sector. Fungal infec-
tions are a persistent global danger to crop production and 
food security. Fusarium species are one of the most common 
fungal infections in small grain cereals, causing extensive 
damage (Pereyra et al. 2004; Chouhan et al. 2022). Fusarium 
head blight (FHB), seedling blight, and Fusarium crown and 

foot brown rots (FCFR) are the most important diseases in 
wheat caused by Fusarium graminearum (AL Masri et al. 
2017; Zheng et al. 2022). Climate change, reduced tillage, 
crop rotation practices, and/or the habit of throwing the 
straw in the field could therefore be contributing to the rise 
in FHB cases (Chen et al. 2019). F. graminearum was ranked 
as one of the top 10 fungal plant pathogens based on FHB 
severity and mycotoxicity (Dean et al. 2012). After infection 
and colonization of wheat heads, F. graminearum impairs 
overall wheat yield by interfering with kernel development 
and contaminating the surviving kernels with a mixture of 
mycotoxins, rendering them inappropriate for human and 
feed utilization (Mentges et al. 2020). The most prevalent 
Fusarium mycotoxins in cereal grains are deoxynivalenol, 
nivalenol aurofusarin, and fusarin C, with deoxynivalenol 
being the most important virulence factor for F. gramine-
arum contamination (Chen et al. 2019).

By manipulating cytosolic calcium concentrations, as 
a key player in plant development and response, plants 
have developed efficient mechanisms for perceiving, 
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translocating, and responding to a diverse array of biotic 
and abiotic stimuli (Reddy et al. 2011). Calcium  (Ca2+) is 
a versatile endogenous secondary messenger that triggers a 
variety of responses participating in growth, defense, and 
adaptation to biotic and abiotic stimuli in a diverse set of 
signaling pathways (Johnson et al. 2014; Kour et al. 2023). 
Moreover,  Ca2+ is a tightly regulated ion within cellular 
compartments, and the spatial and temporal control of its 
concentration makes it a versatile signaling component in 
plants (Thor 2019). Calcium ions have also been shown to 
have a role in the crosslinking of pectic polysaccharides in 
the cell wall and middle lamella of plant cells, strengthen-
ing them and promoting tissue opposition to fungal enzyme 
activity (Hernández-Muñoz et al. 2006).

The involvement of phytohormones in reducing the detri-
mental consequences of biological and environmental stress-
ors has been well documented. Salicylic acid (SA), one of 
the phytohormones, operates as a signaling and regulatory 
molecule in plant response to various stimuli by modulat-
ing metabolic and molecular processes (Khan et al. 2015; 
Liu et al. 2016). Consequently, seed germination, stomatal 
closure, ion uptake and transport, membrane permeability, 
photosynthesis, and plant development have all been dem-
onstrated to be influenced by the exogenous application of 
SA (Ashraf et al. 2010; Aftab et al. 2011; Wang et al. 2013; 
Emamverdian et al. 2020). According to numerous studies, 
SA is a prominent phenyl propanoid compound that modu-
lates plant tolerance to pathogenesis and other stress con-
ditions. In plants, the systemic acquired resistance (SAR) 
phenomenon occurs when a pathogen encounters a plant 
organ, causing a local hypersensitivity reaction followed by 
signal transmission to surrounding plant organs, preventing 
additional infections (Heil and Bostock 2002; Bhar et al. 
2018; Noman et al. 2020). These systemic responses are 
mostly based on hormonal cross-talk and small molecules 
interplay, which in turn induce a broad-spectrum resistance 
phenomenon (Shah et al. 2014). Salicylic acid-mediated 
signaling triggers the SAR (Grant and Lamb 2006; Klessig 
et al. 2018). Salicylic acid responses are correlated to the 
expression of pathogenesis-related proteins (PRPs), one of 
which is PRP1, a salicylic acid marker that is upregulated 
during SA response in many plants (Lemos et al. 2016).

Salicylic acid is an important plant defense hormone 
that helps plants defend themselves against a variety of 
diseases with biotrophic and hemibiotrophic lifestyles (De 
Vos et al. 2005). Elevated SA concentration at the site of 
pathogen attack can trigger  H2O2 formation, resulting in a 
hypersensitive reaction and plant cell wall lignification at 
the pathogen infection site, which could promote disease 
resistance (Sorahinobar et al. 2016). Additionally, those 
authors found that SA treatment improved wheat resistance 
to F. graminearum infection via modulating the antioxida-
tive pathway, thereby increasing  H2O2 concentration and 

promoting pathogen-related genes. Furthermore, the sig-
nificant correlation between  H2O2 and SA levels affirms 
the interplay between these two signals in increasing plant 
defense, because they are intimately connected to the activ-
ity levels of PRPs (Herrera-Vásquez et al. 2015).

Wheat (Triticum aestivum L.) was categorized as the most 
fundamental agricultural commodity in 2014, with 730 mil-
lion tons produced from over 220 million hectares (Arzani 
and Ashraf 2017). In many regions, it is utilized as the main 
staple food, such as bread, and it has been stated to be the 
most abundant source of dietary protein in human nutrition, 
accounting for the fifth of total dietary protein worldwide 
(Braun et al. 2010). Wheat grain is rich in phytochemicals, 
vitamins, antioxidants, and macro- and micronutrients, in 
addition to the major components of protein, carbohydrate, 
and lipids (Arzani 2019).

Previous studies have described how osmolyte molecules 
like glycinebetaine, proline, and free amino acids help the 
plant to cope with the invading microorganism through a 
variety of mechanisms, including adjusting cellular osmo-
lality, ROS dissolution, maintaining membrane fluidity, and 
stabilizing cellular structures (Hayat et al. 2012; Sobhy et al. 
2021). According to a comprehensive exploration of the lit-
erature, it is uncertain exactly how SA function to decrease 
F. graminearum pathogenicity to wheat and that there are 
no studies we are aware of that have determined the role of 
Ca in this pathogen’s resistance. Hence, the key target of this 
study was to explore if priming with Ca or SA can indeed 
relieve the deleterious effects of F. graminearum inocula-
tion on wheat seedlings and yields, with an emphasis on 
the growth rate, metabolic activity, antioxidant status, and 
molecular responsiveness at the seedling stage.

Materials and Methods

Wheat Kernels and Fungal Isolate

Wheat kernels (Triticum aestivum L., cv. Masr 1) were 
received from the Agricultural Research Center in Gemiza, 
Egypt and were chosen for conspicuous size and morphol-
ogy homogeneity. The Mycological Center at Assiut Univer-
sity provided Fusarium graminearum Schwabe (isolate No. 
Fg8) for this investigation.

Inoculation of the Soil with F. graminearum

According to Sobhy et al. (2021), a sand-corn meal (SCM) 
medium was used to inoculate the soil with F. gramine-
arum spores. Five mycelial discs were inserted in the SCM 
medium and incubated at 28 °C for 3 weeks after growing 
the fungal mycelia for 7 days on potato dextrose agar (PDA) 
medium. Before seeding wheat kernels, 5 g of SCM medium 
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were sprinkled in the prewashed sandy soil and left for two 
days.

Treatments and Setup for the Experiment

At the sowing time (November 2018), kernels of Triticum 
aestivum (cv. Masr 1) were externally disinfected for 5 min 
with 5%  Clorox®, washed many times with tap water, and 
then rinsed in deionized water. According to the results of 
a preliminary study, the disinfected kernels were split into 
three groups: the  1st submerged in distilled water, the  2nd 
primed with 5-mM  CaCl2 solution, and the  3rd primed with 
0.05-mM salicylic acid solution. After 12 h, the soaking 
solutions were removed and the kernels were washed with 
deionized water. Each kernel group was split into two sub-
groups, one of which was seeded in F. graminearum pre-
inoculated sandy soil and the other in prewashed inoculum-
free sandy soil. In a completely randomized design, the soil 
was enclosed in plastic pots (35 cm diameter × 27 cm depth) 
holding 8-kg soil and six treatments. In a completely rand-
omized design with six treatments in total, the soil was con-
fined in 35 × 27 cm plastic pots with 8-kg sand/pot. The pots 
were allowed to grow in controlled conditions (12:12 day/
night, 25/15 °C, 2 and 70% relative humidity) and supplied 
with 70% of their field capacity distilled water whenever 
needed. Pots were trimmed into 10 uniform seedlings/pot 
upon seedling establishment, with each treatment repli-
cated five times. Seedlings were collected after 21 days to 
be evaluated morphologically, biochemically, and molecu-
larly. To emphasize reliability, the experiment was repeated, 
and the results were depicted as the average of two different 
experiments.

Plant Measurements

Growth Criteria

Wheat seedlings were harvested at 21 days old, separated 
into shoots and roots, and washed with tap water before 
being rinsed in deionized water. The length and water con-
tent of shoots and roots, as well as the leaf area, were deter-
mined using the harvested samples.

Estimation of Leaf Pigments

The photosynthetic pigments in the leaves of wheat seed-
lings were extracted in 80% cold acetone and assessed uti-
lizing the technique of Metzner et al. (1965), with some 
modifications as described by Faryal et al. (2022).

Oxidative Stress Indices Estimation

Electrolyte leakage from the leaves of wheat seedlings was 
monitored according to the approach of Sairam et al. (1997), 
using a conductivity meters as adapted by Li et al. (2015). 
The level of malondialdehyde (MDA), as a product of perox-
idative damage of unsaturated fatty acids in cell membranes, 
was evaluated in the leaves of wheat seedlings by follow-
ing the procedures of Heath and Packer (1968), with slight 
modification as followed by (Golizadeh and Kumleh 2019). 
Protein oxidative damage in wheat leaves, as represented by 
the level of carbonyl content, was determined by the aid of 
2,4-dinitrophenylhydrazine (Reznick and Packer 1994) fol-
lowing the modifications established by Dias et al. (2019).

Utilizing the method outlined by Velikova et al. (2000), 
the level of  H2O2 in wheat seedlings was measured spec-
trophotometrically. The concentration of hydroxyl radicals 
 (OH•) in the treated seedlings was determined using the 
method outlined by Halliwell et al. (1995), using 2-deoxy-
ribose and thiobarbituric acid.

Antioxidant Molecules Determination

Based on a standard graph by AsA, the approach suggested 
by Oser (1979) and modified by Ragab and Saad-Allah 
(2020) was utilized to measure ascorbic acid (AsA) levels in 
wheat leaves. The content of phenolic compounds in wheat 
leaves was determined using Folin–Ciocalteu’s reagent and 
a standard curve plotted using gallic acid according to the 
method of Jindal and Singh (1975) in accordance with the 
modifications proposed by (Ardestani and Yazdanparast 
2007).  AlCl3, potassium acetate, and a standard flavonoid 
(quercetin) were used to determine the flavonoid concentra-
tion of wheat leaves as prescribed by Chang et al. (2002).

Osmoprotectant Molecules

The quaternary ammonium osmolyte glycine betaine (GB) 
was quantified in the aqueous extract of wheat leaves dry 
powder by the method outlined by Grieve and Grattan (1983) 
and modified by Escalante-Magaña et al. (2019) using KI-I2 
reagent and a standard graph developed by GB. The total 
free proline (TFPs) content of wheat leaves was determined 
using the acid ninhydrin reagent and a calibration curve 
created by proline (Bates et al. 1973). Using glycine as a 
standard and ninhydrin-citrate buffer-glycerol reagent, the 
total amino acids (TAAs) in the extract of wheat leaves were 
measured spectrophotometrically as proposed by Lee and 
Takahashi (1966).
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Enzymatic Activities

Fresh wheat leaves were homogenized in liquid nitrogen 
and then extracted in phosphate buffer (50 mM, pH 7.0). 
Catalase (CAT) activity was measured by monitoring the 
initial rate of  H2O2 breakdown at 240 nm and calculating 
the activity using an extinction coefficient (40  mM−1  cm−1) 
(Kato and Shimizu 1987). The activity of guiacol peroxidase 
(GPX) was determined by measuring the brown-colored 
product tetraguaiacol produced by the reaction of guaiacol 
with  H2O2 at 470 nm, and the activity was assessed using an 
extinction coefficient (26.6  mM−1  cm−1) (Kato and Shimizu 
1987). The increase in light absorption at 560 nm owing to 
the photochemical reduction of nitro blue tetrazolium (NBT) 
into formazan and the utilization of an extinction coefficient 
(21.1  mM−1  cm−1) were used to evaluate superoxide dis-
mutase (SOD) activity in wheat leaf extracts (Beyer and 
Fridovich 1987). The intensity of the generated color due 
to the oxidation of pyrogallol into purpurogallin was moni-
tored at 420 nm, and polyphenol oxidase (PPO) activity was 
calculated using an extinction coefficient (26.4  mM−1  cm−1) 
(Kumar and Khan 1982). In the presence of phenylala-
nine as a substrate, the absorbance of the resultant trans-
cinnamic acid at 290 nm was used to detect phenylalanine 
ammonia-lyase (PAL) activity. PAL activity was calculated 
using the molar extinction coefficient of trans-cinnamic acid 
(10.24  mM−1  cm−1) according to Wang et al. (2006). The 
activity of all measured enzymes was expressed as μM.g−1 
FM min.

Gene Expression Patterns Using qRT‑PCR Analysis

The manufacturer’s guidelines were followed to extract 
total RNA from wheat seedlings using the RNeasy Mini Kit 
(Qiagen). By reverse transcribing RNA in a total volume of 

20 μL using a thermocycler (MJ Research, Inc., PTC-100™ 
Programmable thermal controller, USA), complementary 
DNA (cDNA) was generated using the reverse transcriptase 
(RT) enzyme. The reaction course involved an enzyme 
activation cycle for 60 min at 40 °C followed by a second 
enzyme deactivation cycle for 5 min at 95 °C.

The qRT-PCR was carried out in triplicate with a Rotor-
Gene 6000 (QIAGEN, ABI System, USA) using SYBR 
Green PCR Master Mix (Fermentas, USA). A 25-µL mixture 
comprising primer pairs of the investigated genes: catalase 
(CAT), glutathione reductase (GR), pathogenesis-related 
2 (PR2), pathogenesis-related 4 (PR4), metallothionein-
like protein 1 (MT), or phytochelatin synthase (PCS), were 
utilized (Table 1) in each reaction, and data were retrieved 
during the extension stage. An initial dissociation phase at 
95 °C for 10 min was followed by 40 cycles of denaturation 
at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension 
at 72 °C for 30 s in the amplification process. To exclude 
the presence of non-specific amplicons, melting curves were 
acquired and as a reference, the β-actin gene was employed 
(Mo et al. 2012). The relative expression of the investi-
gated genes was quantified and calculated using the  2−∆∆CT 
approach developed by Livak and Schmittgen (2001).

Statistical Analysis

The findings of the current study were submitted to a 
two-way analysis of variance (ANOVA) to ascertain the 
relevance of both fungal inoculation and stimulant solu-
tions (Ca and SA), along with their combined interac-
tions on the measured variables (Supplementary materi-
als Table S1). In addition, one-way ANOVA was used to 
separate means and determine the level of significance 
between the experimental treatments. All data analysis 
was carried out using Minitab 19.11 software under the 

Table 1  The sequence of 
primers used in the current 
study

Primer name Gene ID Direction Sequences 5–3

PR4 (Pathogenesis-related 4) 819632 Forward GAC CTG AAT GCG GTC GTC AAGG 
Reverse AGC ATG TTT CTG GAA TCA GGCTG 

PR2 (Pathogenesis-related 2) 824893 Forward TCA CCA AAC TAT TGG ATT TCAA 
Reverse GAC TCA ATT TTT GAC TTC TTA ATC C

MT (Metallothionein-like protein 1) 543163 Forward ACA CCA AGG GCA GAG CAT AG
Reverse CAC TCG TGT GAT GGT GTG AG

PCS (Phytochelatin synthase) 839354 Forward CAG ACC ACC ATC CAC GAC TT
Reverse ACA GCC TGT TCA TTC CCT TT

GR (Glutathione reductase) 824631 Forward CCT GAT GCG GTA TTT TCT CCTTA 
Reverse GCA CCA TAT GCG GTG TGA A

CAT1 (Catalase) 107799583 Forward CCA TCT GGC TCT CCT ACT GG
Reverse AGA ACT TGG ACG ACG GCC CTGA 

ß-actin (Beta-actin) 10096 Forward GTG GGC CGC TCT AGG CAC CAA 
Reverse CTC TTT GAT GTC ACG CAC GAT TTC 
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general linear model (GLM) using LSD as a post hoc test 
at 5% level. The data are a representation of results from 
two distinct trials, with each carried out in triplicate (i.e., 
n = 6). All data were reported as the average ± the stand-
ard deviation (SD).

Results

Plant Growth Parameters

Inoculation with F. graminearum or priming with Ca or 
SA, as well as their combined interactions, significantly 
(P < 0.05) affected the growth characteristics of wheat 
seedlings, as measured by shoot height, shoot water content, 
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Fig. 1  Representative images of the impact of calcium or salicylic acid grain priming on the growth characteristics of wheat seedlings inoculated 
with F. graminearum 
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leaf area, root depth, and root water content (Fig. 1 and Fig. 
S1). When compared to the healthy-not infected control, F. 
graminearum inoculation evidently reduced shoot height, 
leaf area, root depth, and root relative water content, but 
had no obvious effect on the shoot water content of wheat 
seedlings. In comparison to the control treatment, seed prim-
ing with  CaCl2 increased shoot height and leaf area, did 
not affect shoot water content or root depth, and slightly 
decreased root water content of wheat seedlings. On the 
other hand, SA-treated wheat seedlings showed no change in 
shoot height, shoot water content or root depth, a mild drop 
in root water content, and a minor improvement in leaf area, 
in comparison to control seedlings. Even though the combi-
nation of fungal infection and priming treatments (Ca or SA) 
boosted shoot and root growth, the leaf area of SA-treated 
and F. graminearum-infected wheat seedlings showed more 
stress signals than infected seedlings. Overall, the effect of 
F. graminearum on wheat seedling growth was reduced in 
plants primed with Ca or SA solutions than in unprimed-
infected control plants.

Photosynthetic Pigments Response

The statistical analysis of photosynthetic pigments response 
to F. graminearum inoculation, priming with Ca or SA, 
and their combined interactions revealed that individual 
treatments slightly affected Chl a and Chl b levels, but not 
carotenoids content in wheat seedling leaves. The combined 
treatments, on the other hand, did not affect Chl a, but had 
a significant effect on both Chl b and carotenoids (Fig. 2). 
Fungal inoculation decreased Chl a and b contents in a simi-
lar way, whereas Ca and Sa treatments separately boosted 
Chl a and slightly decreased Chl b, compared to the healthy-
untreated control. When compared to plants individually 
inoculated with F. graminearum, combined treatments of 
Ca or SA with fungal inoculation resulted in a significant 
improvement in Chl a and b contents. In the case of carote-
noids, fungal invasion resulted in a significant increase when 
compared to the control; however, priming with Ca or SA 
did not influence carotenoids content, whether used alone or 
in combination with fungal treatment.

Changes in Stress Markers

The stress markers in wheat seedlings, as measured by 
electrolytes leakage (EL), lipid peroxidation (as meas-
ured by MDA), protein oxidation (as measured by C=O), 
hydrogen peroxide  (H2O2), and hydroxyl radical (OH˙) 
contents, were significantly affected by the single experi-
mental treatments (fungal inoculation or priming either 
with Ca or SA). The combined treatments, on the other 
hand, showed a significant effect on El, MDA, and C=O 
levels, but nonsignificantly affected  H2O2 or OH˙ levels 

(Fig. 3). When EL, MDA, C=O,  H2O2, and OH˙ contents 
were compared to the healthy-unstressed control values, 
F. graminearum inoculation resulted in 88.45, 184.63, 
88.44, 33.11, and 51.83% increases, respectively. How-
ever, there was no discernible difference in the levels of 
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stress markers after the single administration of Ca or SA, 
except for OH˙ content, which was somewhat reduced by 
both treatments. Nonetheless, when the priming solutions 
were combined with F. graminearum-inoculated treatment, 
the level of these stress markers declined in comparison 
to the stressed treatment, although they were still greater 
than the typical control values.

Alternation in Non‑enzymatic Antioxidants

The non-enzymatic antioxidants, ascorbic acid (AsA), phe-
nolic compounds, and flavonoids in the leaves of wheat seed-
lings, were substantially affected by the treatments used in 
this study (Fig. 4). The results of the two-way ANOVA anal-
ysis revealed that the contents of non-enzymatic antioxidants 
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were significantly affected by fungal and priming treatments, 
either separately or together, except for the interaction of 
F. graminearum with priming solutions treatment, which 
nonsignificantly affected phenolic content (Table S1). When 

compared to control levels, AsA and flavonoids were signifi-
cantly increased in response to F. graminearum infection, 
whereas phenolic compounds were decreased. Single prim-
ing treatments with Ca or SA, on the other hand, showed no 
change in the concentration of these compounds, except for 
a minor increment in flavonoids due to  CaCl2 priming. In 
comparison to the infected treatment, combined treatments 
resulted in decreased accumulation of AsA and flavonoids 
and increased accumulation of phenolic content in wheat 
seedlings.

Osmotic Homeostasis Molecules

Glycinebetaine (GB), free proline (FP), and free amino acids 
(FAAs) as osmotica were significantly affected (P ˂  0.05) in 
wheat seedlings by the experimental treatments as indicated 
by the statistical analysis (Fig. 5). Fungal inoculation treat-
ment resulted in 87.10, 87.07, and 227.70% increases in GB, 
FP, and FAAs, respectively, when compared to the healthy 
control. Priming solutions sole treatments, on the other hand, 
exhibited no change in the level of these osmolytes in wheat 
seedlings. The interaction of priming and inoculation treat-
ments contributed to a significant reduction in the amount 
of these molecules as contrasted to the unprimed-stressed 
control, while their level was still comparatively higher than 
the normal control treatment.

Variations in Antioxidant Enzymes

The effects of F. graminearum inoculation, seed priming 
with Ca or SA, and the combination of these treatments on 
catalase (CAT), guaiacol peroxidase (GPX), superoxide dis-
mutase (SOD), polyphenol oxidase (PPO), and phenylala-
nine ammonia-lyase (PAL) activities in wheat seedlings are 
depicted in Fig. 6. Statistically, all the investigated enzymes 
were significantly (P ˂  0.5) affected by the experimental treat-
ments. As apparent from the results, F. graminearum inoc-
ulation resulted in a significant increment in CAT, GPX, 
SOD, PPO, as well as PAL activities with percentages of 
114.3, 93.9, 250.0, 253.0, and 172.7%, respectively, com-
pared to the non-infected control. The individual priming 
treatments caused no any discernible change in the activity 
of the investigated enzymes, except for a slight increment 
in GPX activity attained following priming treatments, as 
compared to the control activities. Despite this, when seed 
priming and fungal inoculation treatments were combined, 
all of the aforementioned enzymes exhibited a significant 
decrease in activity compared to the infected treatment.

qRT‑PCR Expression of the Investigated Genes

The growth, biochemical responsiveness, and yield of wheat 
infested with F. graminearum are largely dependent on the 
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expression of specific genes that enable it to withstand such 
stressful conditions. In this study, we looked at how seed 
priming with Ca or SA affected the expression of antioxidant 

enzymes like catalase (CAT) and glutathione reductase 
(GR), pathogenesis-related proteins like PR2 and PR4, and 
metal-chelating proteins like metallothionein (MT), and 
phytochelatin synthase (PCS) in response to F. gramine-
arum invasion in wheat seedlings (Fig. 7). Regarding F. 
graminearum inoculation, the data revealed highly signifi-
cant increases in CAT, GR, PR4, MT, and PCS genes expres-
sion (379.1, 209.9, 2.6, 1.5 and 54.5 folds, respectively), 
and a non-significant decline (2%) in PR2 gene expression 
compared to the un-inoculated control. In the case of single 
priming treatments, Ca presoaking resulted in substantial 
increases in CAT (97.1 folds), GR (880.6 folds), PR4 (1.2 
folds), and PCS (49.5 folds); however, it markedly decreased 
MT (98.0%) expression, with no effect on PR2 gene expres-
sion. Indeed, SA pretreatment showed increases of 126.3 
folds in CAT, 11.6 folds in GR, 1.2 folds in MT, and 27.0 
folds in PCS expression, but marginally (2.0%) lowered PR2 
expression, with a complete lack of PR4 gene expression, 
compared to the unprimed-healthy control.

Regarding combined treatments of F. graminearum 
inoculation with Ca or SA, the expression of some genes 
was upregulated and others were downregulated. In this 
regard, the combined interaction of F. graminearum inocu-
lation with Ca and SA reduced the expression of CAT by 
74.39 and 98.61%, GR by 50.99 and 71.13%, and MT by 
25.85 and 3.68%, respectively. Ca and SA when combined 
with F. graminearum inoculation, on the other hand, both 
boosted PCS expression by 10.61 and 16.22%, respectively. 
However, both priming solutions had differing effects on PR 
gene expression: Ca priming increased PR2 expression by 
10.21%, while SA priming reduced it by 8.27%. Concerning 
the PR4 gene, Ca priming resulted in a 74.23% decrease in 
its expression, whereas SA entirely turned it off. Interest-
ingly, the experimental treatments significantly (P < 0.001) 
affected the expression of the CAT, GR, and PR4 genes, 
whereas PR2 was nonsignificantly (P > 0.05) affected. Mean-
while, the single treatments possessed a significant effect on 
the expression of MT and PCS genes, but the combination 
treatments were non-significant (Table 2).

Discussion

As a pandemic cause of head blight and root rot diseases, 
Fusarium graminearum has a devastating effect on wheat 
growth and yield. The findings of our investigation demon-
strated a notable reduction in wheat growth characteristics 
as affected by F. graminearum inoculation. These results 
were previously reported by several studies (Aucique-
pérez et al. 2017; Baghbani et al. 2019; Sobhy et al. 2021). 
They ascribed the slowing of wheat growth caused by F. 
graminearum inoculation to biomolecules breakdown, dis-
ruptions in stomatal conductance, chlorophyll deterioration, 
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and impairment of hydraulic homeostasis. Additionally, 
the study findings revealed that seed priming with either 
0.05-mM salicylic acid (SA) or 5-mM  CaCl2 marginally 
boosted the growth rate of F. graminearum-infected wheat 
seedlings. It has been demonstrated that SA causes plants to 
develop systemic resistance to biotic and abiotic stressors 
(Shakirova et al. 2012). A substantial state of knowledge 

has been amassed up to this point and has suggested that 
SA is involved in the control of defense responses in sev-
eral plants, including wheat, to phytopathogens and abi-
otic stressors (Shakirova et al. 2012; Verma et al. 2016). In 
their investigation, Qi et al. (2012) demonstrated that SA 
markedly retarded the mycelial growth of F. graminearum 
and inhibited the germination of its conidia. In agreement 
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with our findings, Sorahinobar et al. (2021) concluded that 
wheat priming with SA promoted its defense responses for 
an effective and expeditious response to F. graminearum 
through modifying the antioxidative pathway for increasing 
 H2O2 content, which contradicts our findings in this inves-
tigation because SA priming caused the drop in  H2O2 con-
centration of wheat seedlings. Therefore, the elevated  H2O2 

production at the site of pathogen attack via SA contributes 
to both a hypersensitivity response and the solidification of 
plant cell walls, which in turn boost resistance against F. 
graminearum invasion (Sorahinobar et al. 2016).

In the same time, the results obtained herein showed an 
obvious improvement in the growth rate of wheat seedlings 
primed with  CaCl2 solution, as compared to F. graminearum 
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single treatment. These results are in line with Zielińska and 
Michniewicz (2001) findings on Fusarium culmorum, who 
postulated that the impact of Ca on the hormone balance in 
the plant may be the initial stage in the suppression of F. 
culmorum damage to wheat seedlings. Consequently, it is 
proposed that some plant hormones, including ethylene and 
ABA, participate in the interactions with F. graminearum 
(Wang et al. 2018), by regulating leaf chlorosis, senescence, 
and apoptosis, and ethylene helps to promote the establish-
ment of disease symptoms (der Ent and Pieterse 2018). ABA 
was reported to have a positive or negative consequence on 
susceptibility depending on the timing and invading man-
ner of the pathogen (Wang et al. 2018). To restrict pathogen 

penetration at the pre-invasive stage, ABA regulates stomata 
closure (Melotto et al. 2008). At the late post-invasive stage, 
however, ABA antagonistically inhibits SA- or JA-dependent 
defensive resistance, resulting in vulnerability (Yasuda et al. 
2008). In addition, Chardonnet et al. (1999) described the 
mechanism by which exogenous calcium application can 
slow the progression of a fungal infection by thickening 
the fungal cell walls, thereby slowing the fungal mycelial 
expansion across the host cell walls, as well as increasing the 
resistance of plant cell walls to the pathogen invasion. Sasaki 
and Nagayama (1997) proposed that Ca stimulates the for-
mation of Ca cross-linkages in the host cell walls, thereby 
inhibiting the pathogen cell wall-degrading enzymes, in 
addition to causing fungal cytoplasm to contract, resulting 
in the inactivation of fungal enzymes, as another potential 
mechanism by which calcium can resist fungal infection.

The observed decrease in chlorophyll content and the 
increase in carotenoids level brought on by F. gramine-
arum inoculation in wheat seedlings is consistent with 
the findings of our earlier study (Sobhy et al. 2021). The 
decreased chlorophyll following fungal invasion could be 
ascribed to excessive water loss due to increased stomatal 
conductance (Baghbani et al. 2019). Another interpretation 
for the decrease in chlorophyll in wheat seedlings following 
F. graminearum infection could be the overproduction of 
ROS as a protective barrier against the fungal attack, which 
in turn accelerates chlorophyll breakdown. Carotenoids, as 
antioxidant molecules, are anticipated to increase in infected 
plants as a defensive mechanism. In light of this, increasing 
carotenoids content enhances Fusarium resistance by the 
infected plants (Boba et al. 2011).

Interestingly, Ca and SA priming positively affected the 
chlorophyll content of the infected wheat seedlings. As pre-
viously mentioned by Radwan et al. (2008), SA contributes 
to the improvement of chlorophyll content in diseased plants 
by inducing the biosynthesis of carotenoids, which is con-
sistent with our findings. Additionally, SA treatment, accord-
ing to Khodary (2004), could increase the chlorophyll con-
centration in diseased plants because it promotes the activity 
of rubisco enzyme. Moreover, SA promotes membrane 
permeability, which facilitates the utilization efficiency of 
minerals, particularly Mg and Fe, that are essential for the 
movement of photo-assimilates and the production of chlo-
rophyll (Javaheri et al. 2012). Our findings of increased chlo-
rophyll content following F. graminearum inoculation due to 
Ca priming supports the findings of Ahmad et al. (2015) that 
Ca helps stressed plants maintain high chlorophyll content. 
According to Guimaraes et al. (2011), Ca stabilizes the chlo-
roplast and thylakoid membranes by interacting with their 
proteins and phospholipids. Additionally, Ca has a direct 
impact on chlorophyll since it is known that chloroplasts 
accumulate large amounts of calcium, which precipitates 
insolubly with phosphate and is used by the chloroplast to 

Table 2  The results of two-way ANOVA analyses of F. graminearum 
and priming solution (Ca or SA), as well as their interactions treat-
ments on wheat-assessed parameters

Numbers indicates F values at 0.05 level
***P < 0.001; **P < 0.01; *P < 0.05; ns non-significant (P > 0.05)

Parameters F. graminearum Priming solution F. graminearum 
× Priming solu-
tion

Shoot length 269.56*** 23.13*** 7.69**
Root depth 65.21*** 9.93** 8.74**
Leaf area 57.81*** 5.59* 1.42ns
WC Sh 7.79* 4.59* 0.63ns
WC R 43.77*** 4.77* 24.22***
Chl a 778.71*** 22.68*** 0.365ns
Chl b 87.69*** 20.53*** 26.97***
Caro 1.50ns 1.60ns 11.69**
EC 572.00*** 33.57*** 54.22***
MDA 213.14*** 21.81*** 13.95***
C=O 634.88*** 164.95*** 147.74***
H2O2 70.97*** 9.94** 1.48ns
OH˙ 83.66*** 16.79*** 2.74ns
Ascorbate 157.38*** 14.91*** 20.76***
Phenols 92.22*** 4.74* 0.62ns
Flavonoids 62.87*** 6.15* 8.59**
GB 217.50*** 33.22*** 31.75***
Proline 252.20*** 46.83*** 46.92***
Amino acids 494.02*** 20.27*** 20.57***
CAT 169.55*** 31.43*** 37.28***
GPX 93.19*** 8.95** 50.86***
SOD 179.12*** 20.08*** 18.70***
PPO 132.93*** 19.75*** 52.49***
PAL 311.06*** 239.70*** 253.86***
CAT PCR 24.00*** 14.43*** 44.13***
GR PCR 141.27*** 336.45*** 425.99***
PR2 0.89ns 1.42ns 0.85ns
PR4 309.74*** 2522.56*** 976.96***
MT 44.93*** 27.67*** 7.55ns
PC 23.19*** 5.22* 3.19ns
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produce ATP (Rocha and Vothknecht 2012). Additionally, 
Ca increases glucose oxidation, promoting the availability 
of ATP (Griffiths and Rutter 2009).

Stress markers are physiological indicators of the unfa-
vorable environmental conditions, either biotic or abiotic, 
that the plant is encountering. Inoculating wheat with F. 
graminearum caused significant membrane deteriorations, 
including electrolyte leakage, lipid peroxidation, and protein 
oxidation, as well as  H2O2 accumulation and the production 
of hydroxyl radicals. The increased levels of stress markers 
in wheat that had been invaded by F. graminearum were 
documented by other investigations (Sorahinobar et al. 2015; 
Spanic et al. 2020; Sobhy et al. 2021). Along with its func-
tion as a protective molecule against Fusarium invasion, 
 H2O2 frequently acts as an elicitor in plant–pathogen inter-
actions (Sorahinobar et al. 2017).  H2O2 has been reported to 
be essential for the development of phytoalexins, cell wall 
thickening, and various plant genes involved in cellular 
defense against pathogen attack (Quan et al. 2008). Protein 
carbonylation, which is frequently employed as a measure 
of protein oxidation, is another consequence of oxidative 
stress causing damage to proteins as a response to the fungal 
attack (Shishatskaya et al. 2018). Additionally, it is proposed 
that the elevated electrolyte leakage observed in the infected 
wheat seedlings throughout this study is correlated to the 
membrane integrity loss that follows ROS development. 
Consequently, it has been suggested that the overproduction 
of hydroxyl radical after fungal invasion plays a significant 
part in the process of plant defense against fungal attack 
(Taheri and Kakooee 2017).

Regarding priming pre-treatments, the current findings 
showed that priming with either 5-mM  CaCl2 or 0.05-mM 
SA had contributed to a profound decrement in oxidative 
stress markers (EL, MDA, C=O,  H2O2, and  OH• radical), 
as compared to wheat seedlings infected with F. gramine-
arum. Earlier reports showed that Ca could improve the 
water status and seedling growth while reducing the dam-
age to membranes by increasing the quantity of proline and 
glycine betaine (Nayyar 2003). Accumulating evidence 
also strongly suggests a cross-talk between Ca and  H2O2 
in the regulation of antioxidant enzymes activity (Hu et al. 
2006). Moreover, Ca can regulate the activity of target 
proteins directly or via CaM, a ubiquitous calcium-binding 
protein, and the Ca/CaM complex regulates the activities 
of antioxidant enzymes along with several protein kinases 
and transcription factors (Rentel and Knight 2004). Ca 
functions as the central node in the overall signaling web 
and regulates a variety of mechanisms, including ion 
transport, gene regulation, cell motility, growth, prolif-
eration, apoptosis, and stress tolerance. Supporting the 
alleviatory role of SA on F. graminearum-infected wheat 
seedlings, Szepesi (2005) reported that SA enhanced anti-
oxidant enzyme activities of stressed tomato offering stress 

tolerance by decreasing oxidative stress. Moreover, Awate 
and Gaikwad (2014) asserted that SA treatment prompted 
the level of some secondary metabolites, such as cou-
marins, sterols, xanthoproteins, glycosides, and saponins. 
In addition to supporting plants recovery from biotic and 
abiotic stressors, these secondary metabolites may also 
diminish oxidative injury. According to Makandar et al. 
(2012), SA application promoted SA signaling, which 
improved the acquisition of innate immunity against F. 
graminearum in wheat.

Ascorbic acid (AsA) and flavonoids were demonstrated 
to increase in wheat seedlings as a result of F. gramine-
arum inoculation. The same findings were reported ear-
lier by Gauthier et al. (2015) and Sobhy et al. (2021). The 
increased accumulation of flavonoids has been attributed 
to the upregulation of flavonoids biosynthesizing genes in 
response to the infection with F. graminearum (Ravensdale 
et al. 2014). The most ubiquitous and efficient antioxidant, 
ASA, effectively reduces or prevents the damage caused by 
ROS to plants. It can also restore oxidized carotenoids or 
α-tocopherol, which effectively scavenge ROS, preserving 
membranes and reducing cellular injury through synergistic 
interactions with other antioxidants (Gill and Tuteja 2010). 
The antioxidant characteristics of flavonoids enable them 
to lower and remove ROS generated by both the pathogen 
and the plant during infection. Additionally, flavonoids are 
thought to contribute to the strengthening of plant struc-
tures and act as a mechanical barrier against fungal infes-
tation (Treutter 2005, 2006). The integration of phenolic 
compounds into the cellulose fraction of the host plant cell 
walls to strengthen the plant’s tolerance to pathogenic fungi 
may be responsible for the drop in their content following 
fungal invasion (Sobhy et al. 2021).

The assessed non-enzymatic antioxidants were unaffected 
by the single priming treatments with Ca or SA, but their 
interaction with F. graminearum reduced AsA and flavo-
noids while increased phenolics accumulation in comparison 
to seedlings that had been infected. The increased phenolic 
content following priming with Ca or SA can be explained 
by the ability of these solutions to inhibit the activity of 
the polyphenol oxidase enzyme. Both AsA and flavonoids 
have antioxidant characteristics that can counteract oxidative 
damage to cellular membranes and biomolecules, allowing 
plants to thrive in stressful situations. As the priming solu-
tions could accommodate for their antioxidant role in plants’ 
defense against the imposed fungal attack, the lowered accu-
mulation of both compounds after priming with Ca or SA 
can be explained by the reduced demand for these molecules 
under such circumstances. Furthermore, the potential of 
these solutions to inhibit the activity of polyphenol oxidase 
can be used to elucidate why there is an increase in phenolic 
content after priming with Ca or SA (Singh et al. 2020).
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The osmoregulatory molecules glycinebetaine (GB), 
free proline (FP), and free amino acids (FAAs) were stimu-
lated by F. graminearum treatment in the present study. The 
accumulation of compatible solutes in plants has been docu-
mented to enhance their adaptability to stress conditions. 
Plants perform better under stress when compatible solutes 
are accumulated because they are valuable for the stabil-
ity and maintenance of cellular biomolecules and enzymes 
(Mattana et al. 2005). As a component of the basic immune 
response, proline functions as a regulatory element of cell 
death to minimize the severity of disease progression in 
pathogen-infected cells. In addition, the elevated proline 
levels likely inhibit uncontrolled host cell death (Senthil-
Kumar and Mysore 2012). In line with our findings, Lavanya 
and Amruthesh (2017) demonstrated that GB, as a versatile 
osmoprotectant, was effective in managing downy mildew 
infestation by eliciting host innate immunity.

When compared to F. graminearum-stressed seedlings, 
the proportion of osmoregulatory molecules evaluated in 
this study revealed a substantial decrease in their content as 
a result of Ca and SA priming. Ca priming promotes cells to 
develop stress tolerance by sustaining cellular membranes 
permeability and stability and by providing anti-stress 
responses (Hepler 2005). Additionally, Ca acts as a sec-
ondary messenger by sending a specific anti-stress signal 
that activates transcription factors associated with enzy-
matic antioxidants, preventing the accumulation of ROS 
and lipid peroxidation (Farooq et al. 2008). According to 
Hongna et al. (2021), SA treatment stimulated endogenous 
SA accumulation, which modified the distribution of endog-
enous phytohormones. Although there was no direct inter-
action between SA and ABA in response to abiotic stress, 
Alazem et al. (2019) detected the presence of crossta Sasaki 
lk between SA and ABA in plants under biotic stress. By 
acting as a molecular chaperone, GB was shown to scavenge 
ROS, upregulate stress-related genes, safeguard the photo-
synthetic apparatus, and sustain the structural integrity of 
proteins (Parveen et al. 2021). This implies that the used 
priming solutions (Ca and SA) potentially perform many 
roles like those of osmoregulatory molecules, negating the 
requirement for further accumulation of these osmolytes in 
response to F. graminearum infection.

Several antioxidant enzymes have been reported to 
become more active as a quick plant–pathogen interac-
tion response to reduce the oxidative injury caused by the 
invading pathogen. As the first line of defense, superoxide 
dismutase (SOD) catalyzes the dismutation of superoxide 
radicals into  O2 and  H2O2 preventing cell injury and tissue 
dysfunction. Catalase (CAT) and peroxidase (POD) simulta-
neously decompose the surplus  H2O2 (Xu et al. 2013). Stress 
symptoms brought on by fungal invasion are caused by an 
imbalanced ROS-antioxidant system that oxidatively dam-
ages cellular membranes and macromolecules. Our findings 

showed that F. graminearum inoculation significantly 
increased the activity of all elucidated antioxidant enzymes, 
including CAT, guiacol peroxidase (GPX), SOD, polyphenol 
oxidase (PPO), and phenylalanine ammonia-lyase (PAL). 
Our results support the earlier findings of many authors 
(Sorahinobar et al. 2016; Spanic et al. 2017; Sobhy et al. 
2021). The ability of a plant to withstand pathogen attack 
is based on the increased activity of antioxidant enzymes in 
response to the infection. SOD repairs the oxidative damage 
and fortifies the cell walls of the host (Zhang et al. 2013), 
and GPX and CAT eliminate the toxic ROS to avoid harm-
ing cells and organelles. In addition to generating lignin as a 
physical barrier against fungal invasion, PPO employs phe-
nols as a substrate in ROS-consuming processes to produce 
fungitoxic quinones, which prevent fungal growth (Lattanzio 
et al. 2006). PAL plays a critical role in the plant defense 
system through its involvement in the biosynthesis of piv-
otal metabolites, like phenols, lignin, phytoalexins, and SA 
(Mandal et al. 2009). Because phenolic compounds are used 
as a substrate for PPO and PAL, the increased activity of 
these enzymes helps to explain why there was a decrease 
in phenolic compounds concentration after F. graminearum 
inoculation in the current study.

CAT, GPX, SOD, PPO, and PAL activities in wheat 
seedlings inoculated with F. graminearum were found to be 
declined to levels mostly close to that of the control by Ca 
and SA priming treatments. Because Ca sustains the integ-
rity of the membrane and prevents the generation of free 
radicals, it may be responsible for the decrease in antioxidant 
enzymes activity (Tuberosa et al. 2007). This role of Ca 
may improve cell relief and adaptability. The involvement 
of Ca in signal transduction and gene expression under the 
oxidative stress brought on by fungi was also documented 
(McAinsh and Hetherington 1998; Trofimova et al. 1999). 
Nonetheless, the reduction in the antioxidant enzymes in 
F. graminearum-inoculated wheat seedlings following SA 
treatment may be attributed to that the activities of these 
enzymes are directly or indirectly regulated by SA. The 
decreased level of oxidative stress in seedlings treated with 
SA may potentially be attributed to its antioxidant poten-
tial in scavenging ROS (Popova et al. 2012). Makandar 
et  al. (2012) demonstrated that SA, through activating 
responsive genes, promotes the basal resistance defense of 
wheat against F. graminearum. This decrease in antioxidant 
enzymes activity in the Ca- and SA-treated seedlings com-
pared to the stressed ones raises the possibility that these 
molecules could mitigate the oxidative damage caused by 
F. graminearum.

Plant responses to biotic stress can be appropriately eval-
uated by monitoring alterations in gene expression. Here, 
we investigated the expression of wheat seedlings for some 
of the genes encoding for the antioxidant enzymes catalase 
(CAT) and glutathione reductase (GR), pathogenesis-related 
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(PR) proteins (PR2 and PR4), as well as metal-binding 
proteins, such as metallothionine (MT) and phytochelatin 
synthase (PCS). Except for the PR2 gene, F. graminearum 
treatment resulted in increased expression of the studied 
genes, as compared to the non-inoculated control. Over-
expression of CAT enzyme has been shown to boost the 
efficiency of the infected seedlings to remove ROS and, as 
a result, to promote their resistance toward oxidative stress 
(Van Nguyen et al. 2012). To protect plant cells from oxida-
tive damage, GPX uses GSH to eliminate  H2O2 and lipid 
hydroperoxides (Quan et al. 2008). According to Asada 
(1994), lignin production, indole-3-acetic acid oxidation, 
and pathogen resistance are the three primary roles of GPX 
in plants. Similar to our findings, wheat plants treated with 
Pyricularia oryzae showed an increased GPX expression in 
their leaves (Debona et al. 2012). The increased GPX activ-
ity in response to the fungal assault was also demonstrated 
in Plasmopara halstedii-infected sunflower (Herbette et al. 
2003). The stress-induced overexpression of the GPX gene 
may involve signaling components cross-talk, revealing 
the increasing complexity of the modulation of this gene 
(Agrawal et al. 2002).

In response to pathogen attack, plants immediately alter 
gene expression, resulting in the de novo synthesis of dis-
tinctive pathogenesis-related (PR) proteins (Sarowar et al. 
2005). The current study revealed upregulation of patho-
genesis-related protein 4 (PR4) in wheat seedlings as a con-
sequence of F. graminearum infection. Correspondingly, 
Caruso et al. (1999) demonstrated that F. culmorum inocu-
lation upregulated PR4 protein expression in wheat leaves. 
According to Zhou et al. (2021), PR4 (chitin-binding pro-
tein) is a key player in the activation of defense mechanisms 
against Fusarium infection. Because PR4 has enzymatic 
activity typical of ribonucleases, it has antifungal potential. 
The fact that PR4 proteins have antifungal activity toward 
a range of pathogenic fungi implies that they occupy main 
position in the defense mechanisms against pathogen attack 
(Singh et al. 2018).

The formation of metallothioneins (MTs) may be a rel-
evant resistance mechanism in plants. These peptides with 
low molecular weight are abundant in cysteine residues 
(Cys) and frequently have a characteristic pattern of sulfur-
containing amino acids. MTs were reported to be involved 
in ROS scavenging and metal homeostasis (Lukács et al. 
2021). In wheat seedlings inoculated with F. graminearum, 
the acquired data showed that the expression of the MT 
gene was significantly upregulated. In line with our find-
ings, Kim et al. (2001) documented that rice plants infected 
with Magnaporthe grisea blast fungus displayed increased 
gene expression of MTs. Similarly, the viral pathogen TMV 
substantially stimulated the N. glutinosa MTs gene expres-
sion (Choi et al. 1996). The role of MTs in modulating 
the availability of metal ions, which in turn influences the 

intracellular ROS generated in stressed plants, was identified 
by the authors as the reason for this upregulation in MTs 
gene expression. Phytochelatins (PCs) are small cysteine-
rich peptides that are produced from glutathione as a precur-
sor. By binding different heavy metals to sulfhydryl groups, 
PCs can sequester these metals in vacuoles and detoxify 
them (Chaudhary et al. 2018). Phytochelatin synthase (PCS) 
expression has been extensively documented under a variety 
of heavy metals stress situations, but to our knowledge, no 
prior studies have addressed the expression of this gene in 
a fungal invasion scenario. The overexpression of the PCS 
gene was reported to appraise the redox status of PR gene 
proteins, which indirectly interferes with the salicylic acid-
induced genes encoding pathogen-related proteins, may 
be the mechanism underlying its effectiveness in pathogen 
defense (Dong 2004). To understand the precise mechanism 
and the transcriptional mechanisms controlling the expres-
sion of these genes, further detailed research on the potential 
involvement of phytochelatins in ROS homeostasis at the 
time of fungal attack is needed in future.

Conclusion

In this study, we have demonstrated that priming wheat 
kernels with either 5-mM  CaCl2 or 0.05-mM salicylic 
acid previous to F. graminearum inoculation significantly 
altered growth performance, leaf pigmentation, stress mark-
ers, oxidative status, osmoprotectant molecules, as well as 
the expression level some genes. Our findings exposed that 
priming solutions trigger metabolic and defensive pro-
cesses, which may contribute to earlier and more efficient 
responses to the fungal assault. The decline in oxidative 
stress parameters (EL, MDA, C=O,  H2O2, and OH˙) together 
with the stimulated accumulation of non-enzymatic antioxi-
dants (ascorbic acid, phenolics, and flavonoids) as well as 
osmoregulatory compounds (GB, proline, and amino acids), 
in addition to the enhanced antioxidant enzymes activity 
(CAT, GPX, SOD, PPO, and PAL), may be the key requi-
site for the survival of F. graminearum-infected wheat seed-
lings. Our findings imply that wheat-defensive mechanisms 
versus F. graminearum infection may involve MT and PCS 
upregulation. Additionally, the integrated implementation of 
the priming treatments and F. graminearum administration 
considerably minimized the pathogen effects by improving 
growth rate, boosting oxidative homeostasis, and modify-
ing the expression levels of some stress-responsive genes 
in wheat-infected seedlings. Understanding the concise 
mechanisms by which Ca and SA priming could restrict F. 
graminearum toxicity in wheat plants requires more study 
on the signaling, molecular, and proteomic levels in the sub-
sequent developmental phases. Additionally, in the inves-
tigation that follows, we should also take into account the 
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following query: Does exogenous Ca inhibit the pathogen 
itself?
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