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Abstract 

Background: Combined abiotic and biotic stresses frequently occur in agricultural systems, yet the physiological 

mechanisms determining crop performance under stress combinations remain insufficiently understood. Salinity and 

take-all disease caused by Gaeumannomyces tritici are major constraints for wheat production, particularly in salt-

affected regions. This study aimed to identify physiological indicators and adaptive strategies associated with wheat 

performance under simultaneous salinity and pathogen stress. 

Results: Ten bread wheat (Triticum aestivum L.) genotypes were evaluated under control, salinity, G. tritici infection, 

and combined salinity–pathogen conditions using a factorial greenhouse experiment with three replications. Root and 

shoot K⁺/Na⁺ ratios, peroxidase (POD) activity, phenylalanine ammonia-lyase (PAL) activity, and total soluble protein 

content were analyzed. Analysis of variance revealed highly significant effects of genotype, treatment, and genotype 

× treatment interaction for all measured traits (p < 0.001), indicating strong genetic variation in stress adaptation. 

Under combined stress, genotypes 1528 and 1642 maintained superior ionic balance and antioxidant capacity, 

particularly through higher K⁺/Na⁺ ratios and POD activity. Principal component analysis showed that the first two 
components explained 81.8% of total trait variation under combined stress, separating genotypes according to ionic–
antioxidant regulation versus metabolic defense strategies. Ward’s cluster analysis further separated 30 genotype–
environment combinations into two distinct groups. The first cluster (19 observations) was characterized by positive 

standardized values for root K⁺/Na⁺ ratio (+0.657), shoot K⁺/Na⁺ ratio (+0.894), and POD activity (+0.395), whereas 
the second cluster (11 observations) showed higher total protein and PAL activity (+0.558 for both traits), representing 

contrasting physiological strategies. 

Conclusions: The results demonstrate that wheat plants do not rely on a single defense mechanism under combined 

stress but dynamically shift between ionic–antioxidant regulation and secondary metabolic defense depending on the 

dominant stress component. Shoot and root K⁺/Na⁺ ratios, together with POD activity, represent promising 
physiological indicators for identifying wheat genotypes adapted to saline and disease-prone environments. 

Keywords: Wheat; combined abiotic–biotic stress; salinity tolerance; take-all disease; ionic homeostasis; antioxidant 

defense; phenylpropanoid pathway; physiological adaptation strategy 

1. Introduction 

Wheat (Triticum aestivum L.) is one of the most important cereal crops worldwide and represents a major source of 

human nutrition and livestock feed. With the global population projected to reach approximately 9.7 billion by 2050, 

maintaining and improving wheat productivity has become a major challenge for global food security [1, 2].  
However, wheat productivity is increasingly threatened by environmental stresses associated with climate change, 

including water scarcity and soil salinity, which adversely affect plant growth and yield [3]. 
Factors such as farming practices, weather variability, infrastructure, and technology influence soil quality, with 

climate change playing a significant role in altering weather patterns and soil conditions [4]. Wheat (Triticum aestivum 

L.) is one of the world's most important crops and is crucial for global food security. Nevertheless, wheat production 



remains highly vulnerable to both abiotic and biotic stresses, which frequently occur simultaneously under field 

conditions.  Among abiotic stresses, soil salinity is one of the major constraints limiting wheat production, particularly 

in arid and semi-arid regions, where it disrupts plant growth through osmotic stress, ion toxicity, and nutrient 

imbalance [5]. 
Salinity reduces plant growth and yield through osmotic stress, ionic toxicity, and impaired uptake of essential 

nutrients such as K⁺ [5]. Among biotic stresses, take-all disease caused by the soil-borne fungus Gaeumannomyces 

tritici is considered the most important root disease of wheat worldwide. The pathogen colonizes wheat roots, spreads 

through root tissues, and damages vascular structures, thereby impairing water and nutrient uptake and causing 

substantial yield losses [6-8] . 
Plants have evolved several mechanisms to cope with salt stress, including ionic regulation, osmotic adjustment, and 

antioxidant defense systems [5]. The K⁺/Na⁺ ratio in plant tissues is widely recognized as a key indicator of salt 
tolerance [9]. Tolerant genotypes limit Na⁺ uptake while maintaining K⁺ absorption, thereby preserving a favorable 
K⁺/Na⁺ balance. This regulation occurs at both the root level (restricting Na⁺ entry) and the shoot level [10]. Previous 

studies have shown that salt‑tolerant wheat genotypes maintain higher shoot K⁺/Na⁺ ratios under saline conditions 
([11]. 

In addition to ionic regulation, plants activate their antioxidant defense systems in response to both biotic and abiotic 

stresses. Environmental stresses trigger the overproduction of reactive oxygen species (ROS), which can damage cell 

membranes and macromolecules [12]. Antioxidant enzymes such as peroxidase (POD) play a vital role in scavenging 

ROS and mitigating oxidative damage [13]. Increased POD activity under salt stress has been reported in tolerant 

genotypes [14], and enhanced peroxidase activity is also a well‑documented early defense response to pathogen 
infection [15]. 

Plants also activate the phenylpropanoid metabolic pathway in response to biotic stress. The enzyme phenylalanine 

ammonia‑lyase (PAL) is the key entry‑point enzyme in this pathway, catalyzing the synthesis of phenolic compounds, 
phytoalexins, and lignin [16]. Increased PAL activity following fungal infection has been documented in wheat [17] 

and some evidence suggests that PAL may also play a role under salt stress [18].  
PAL is recognized as a key metabolic valve that redirects carbon flux between primary metabolism and the 

phenylpropanoid pathway [19]. While PAL activity is strongly induced upon pathogen attack [17], it is generally 

suppressed under salinity stress, as plants prioritize energy‑efficient ionic regulation over costly secondary metabolic 
defense pathways [20, 21]. 
In field conditions, plants are often exposed to combined abiotic and biotic stresses simultaneously [22]. However, 

most studies have focused on individual stresses, and relatively little research has addressed the combined effects of 

salinity and disease in wheat. Responses to combined stresses are complex and often unpredictable because distinct 

signaling pathways may interact synergistically or antagonistically [23, 24]. The outcome of such interactions depends 

on multiple factors, including the type, intensity, and duration of each stress, as well as the plant species and 

developmental stage [24]. 

Evidence indicates that the impact of salinity on fungal disease development can be dual and sometimes contradictory. 

For instance, a study conducted more than two decades ago found that the severity of maize susceptibility to smut 

disease (Ustilago maydis) diminished when salinity increased to 9 dS m⁻¹ [25]. In another study on tomato, low salt 

concentrations (50 mM NaCl) suppressed the plant's defense performance against powdery mildew (Oidium 

neolycopersici), whereas higher salt concentrations (150 mM NaCl) enhanced resistance to the same pathogen [26]. 

Conversely, low to moderate NaCl levels (50 or 100 mM) can increase plant susceptibility to fungal stress, as observed 

in tomato crops under mild salinity stress [26]. Positive interactions have also been documented; for example, 

salt‑induced osmotic stress improved resistance against powdery mildew in barley through enhanced antioxidant 
activity [27]. Furthermore, exposure to one stress can sometimes confer tolerance to another unrelated stress, a 

phenomenon known as cross‑tolerance [28, 29]. 

From a molecular perspective, salinity stress, through increased abscisic acid (ABA) accumulation, can antagonize 

salicylic acid (SA) signaling and suppress the expression of defense‑related genes, thereby compromising resistance 
to biotrophic pathogens under combined stress conditions [30, 31]. Conversely, salt‑induced osmotic adjustment may 
enhance resistance to some foliar pathogens by promoting stomatal closure or accumulating antifungal ions [26, 32]. 

These observations underscore the complexity of plant responses to combined stresses and highlight the need for 

genotype‑specific studies under realistic field conditions. 
The responses of plants to biotic and abiotic stress combinations are inherently complex, as the multitude of 

interactions involves two living organisms—the plant and the pathogen—under the additional dimension of abiotic 

stress exposure [24]. Evidence indicates that physiological and molecular responses of plants to combined abiotic–
pathogen stresses are significantly different from their responses to individual stresses [31, 33]. Understanding the 



responses of diverse wheat genotypes to combined salinity and take‑all disease is therefore of particular importance 
for breeding programs. 

Given that the world is facing severe climate change impacts, and that take‑all disease acts as a major growth‑limiting 
constraint for wheat, this study is the first to investigate the combined effects of salinity and this pathogen on wheat 

physiological and ionic responses. Identifying reliable physiological markers that can predict performance under 

concurrent stresses would greatly assist breeders in selecting superior genotypes. Given this research gap, the main 

objectives of this study were: (1) to identify physiological indices and their combinations that best differentiate wheat 

genotypes for combined tolerance to salinity and take‑all disease; (2) to evaluate Na⁺ and K⁺ concentrations in roots 
and shoots, activities of antioxidant enzymes (POD and PAL), and total protein content in ten wheat genotypes under 

four environmental conditions (control, salinity, pathogen inoculation, and combined salinity–pathogen stress); and 

(3) to use principal component analysis (PCA) and cluster analysis to determine the contribution of each trait to 

genotype discrimination under each stress condition. 

2. Materials and Methods 

2.1. Plant Materials and treatments 

Ten bread wheat (Triticum aestivum L.) genotypes were selected based on a previous screening of 100 genotypes 

evaluated for resistance to take-all disease (Gaeumannomyces tritici). In that earlier study, cluster analysis using 

disease severity, lignin content, and root weight categorized the genotypes into susceptible, moderately resistant, and 

resistant groups [34, 35]. To represent the full spectrum of responses, three susceptible genotypes (164, Kavir, and 

Sardari), four moderately resistant genotypes (862, Roshan, 9033, and 9056), and three resistant genotypes (1528, 

1642, and 2071) were selected for the present investigation. 

The experiment was conducted under greenhouse conditions using a factorial arrangement in a completely randomized 

design (CRD) with three replications. The greenhouse was maintained at day/night temperatures of 25 ± 2 °C and 18 

± 2 °C, respectively, with a relative humidity of 60–70% and a photoperiod of 16 h light/8 h dark. Seeds were surface-

sterilized with 1% sodium hypochlorite for 5 min, rinsed thoroughly with sterile distilled water, and sown (three seeds 

per pot) in plastic pots containing 1 kg of washed sterilized sand. The sand was previously characterized for pH (7.84) 

and electrical conductivity (EC; 1.75 mS cm⁻¹). Plants were irrigated with half-strength Hoagland nutrient solution 

once a week throughout the experiment to provide essential mineral nutrients. The same nutrient regime was applied 

to all treatments, including control, salinity, pathogen inoculation, and combined salinity–pathogen stress. The soil 

was autoclaved at 121 °C for 1 h on three consecutive days to ensure uniformity and eliminate any background 

microflora. Plants were irrigated with half-strength Hoagland nutrient solution throughout the experiment to ensure 

adequate mineral nutrition. The same nutrient regime was applied to all treatments, including control, salinity, 

pathogen inoculation, and combined stress treatments. The experiment consisted of four treatment groups: (1) control 

(non-stressed), (2) salinity stress, (3) pathogen inoculation, and (4) combined salinity–pathogen stress. Plants were 

grown under these conditions until the two-leaf stage, when stress treatments were initiated. All treatments were 

maintained for four weeks until final harvest. 

2.2. Salinity Stress Treatment 

At the two-leaf stage, salinity stress was imposed by irrigating plants once with NaCl solution to establish a final 

concentration of 150 mM NaCl in the sand culture. This concentration has been effectively used for screening wheat 

genotypes in sand culture, enabling clear differentiation between salt-tolerant and salt-sensitive cultivars  [36]. 

Following salt application, plants were irrigated with non-saline water, and half-strength Hoagland nutrient solution 

was supplied once a week throughout the remaining experimental period. Salt accumulation was monitored every 

three days by measuring the electrical conductivity (EC) of the sand extract. 

2.3. Pathogen Inoculation 

At the two-leaf stage, plants assigned to the pathogen and combined stress treatments were inoculated with the 

Gaeumannomyces tritici isolate used in the previous screening study [34, 35]. The fungal inoculum was prepared 

using a colonized millet–sand substrate containing actively growing mycelium of G. tritici. Briefly, millet seeds and 

sand (1:1, w/w) were thoroughly mixed, moistened with distilled water, and sterilized by autoclaving at 121 °C for 1 

h on two successive days. The sterilized substrate was then inoculated with fresh mycelial plugs of G. tritici and 



incubated at 25 °C for two weeks to allow complete fungal colonization.  The identity and pathogenicity of the fungal 

isolate were confirmed according to the protocol described in the previous screening study [34, 35]. For inoculation, 

the sand around the crown region of each plant was carefully removed, and the millet–sand–fungus inoculum was 

applied at a rate of 0.5% (w/w) directly to the root zone. The sand was then gently replaced to ensure uniform contact 

between the roots and the inoculum. In the control and salinity-only treatments, the same amount of sterilized millet–
sand mixture without the fungus was applied to maintain identical substrate disturbance conditions. Plants were 

maintained under greenhouse conditions for four weeks after inoculation before physiological and biochemical 

measurements were performed. 

2.4. Combined Stress Treatment 

For the combined stress treatment, salinity and pathogen inoculation were applied at the same developmental stage 

(two-leaf stage). Plants were first irrigated with 150 mM NaCl solution as described in Section 2.2, followed 

immediately by inoculation with G. tritici as described in Section 2.3. This approach was designed to establish 

overlapping abiotic and biotic stress conditions and to evaluate wheat responses under combined stress exposure. All 

plants were maintained under the corresponding treatment conditions for four weeks until harvest.  

2.5. Confirmation of Infection 

Infection symptoms were confirmed at the end of the experiment by visual examination of root and crown tissues. 

Characteristic blackening (necrosis) and discoloration of vascular tissues were used as diagnostic symptoms of take-

all disease. Successful infection was confirmed at the end of the experiment by visual examination of roots and crown 

tissues. The characteristic blackening and discoloration of vascular tissues were used as diagnostic symptoms of take-

all disease. The observed symptoms were consistent with the previously established response classification of the 

selected genotypes under the same inoculation conditions. [34, 35]. Disease severity was not considered a response 

variable in the present study because the main objective was to characterize host physiological and ionic responses 

under a standardized pathogen challenge 

2.6. Physiological and Biochemical Measurements 

2.6.1. Determination of Potassium (K⁺) and Sodium (Na⁺) Concentrations in Roots and Shoots 

After four weeks of stress exposure, shoots and roots were collected separately and briefly washed with distilled water 

to remove surface-adhered ions. Samples were dried in a forced-air oven at 72 °C for 48 h until constant weight. Dried 

samples (0.5 g) were ground to a fine powder using a mortar and pestle and transferred to porcelain crucibles. Samples 

were subjected to dry ashing at 250 °C for 2 h followed by 550 °C for 3 h in a muffle furnace. After cooling, the ash 

was dissolved in 5 mL of 2 N hydrochloric acid (HCl). The solution was filtered through Whatman No. 42 filter paper 

into a 50 mL volumetric flask and adjusted to volume with double-distilled water. Potassium and sodium 

concentrations were determined using a flame photometer, and the K⁺/Na⁺ ratio was calculated for root and shoot 
tissues.  

2.6.2. Biochemical Assays (Protein, PAL, and POD) 

Fresh leaf tissue (0.5 g) was homogenized in 3–5 mL of ice-cold 50 mM potassium phosphate buffer (pH 7.5) 

containing 1% (w/v) polyvinylpyrrolidone (PVP) and 1 mM ethylenediaminetetraacetic acid (EDTA). The 

homogenate was centrifuged at 4,000 rpm for 20–30 min at 4 °C, and the resulting supernatant (crude enzyme extract) 

was stored at −20 °C for further analyses. Total soluble protein concentration in the extract was determined using the 
Bradford method [37], with bovine serum albumin (BSA) as the standard. 

PAL activity was measured spectrophotometrically by quantifying the rate of conversion of L-phenylalanine to trans-

cinnamic acid, according to the method described by D'Cunha et al. (1996) with minor modifications [38]. The reaction 

mixture consisted of 1.0 mL of the same potassium phosphate extraction buffer (50 mM, pH 7.5), 0.5 mL of 10 mM 

L-phenylalanine, 0.4 mL of double-distilled water, and 0.1 mL of the crude enzyme extract. The mixture was incubated 

at 37 °C for 1 h, and the reaction was terminated by adding 0.5 mL of 6 M HCl. The absorbance of the final solution 

was read at 260 nm using a UV-Vis spectrophotometer. Enzyme activity was calculated using a standard curve 



prepared with authentic trans-cinnamic acid at concentrations of 0, 10, 15, 20, 25, 30, and 35 µM. One unit of PAL 

activity was defined as 1 µmol of cinnamic acid produced per minute per milligram of protein. 

Guaiacol peroxidase activity was assayed according to the procedure of Plewa et al. (1991). The reaction mixture 

contained 2.77 mL of 50 mM potassium phosphate buffer (pH 7.0), 100 µL of 1% (v/v) H₂O₂, 100 µL of 4% (w/v) 
guaiacol, and 30 µL of the crude enzyme extract [39]. The increase in absorbance due to the oxidation of guaiacol to 

tetraguaiacol was monitored at 470 nm for 3 min using a UV-Vis spectrophotometer. The enzyme activity was 

calculated using the extinction coefficient of tetraguaiacol (5.25 mM⁻¹ cm⁻¹) and expressed as µmol tetraguaiacol 

formed per minute per milligram of protein. 

2.7. Statistical Analysis 

All data were subjected to analysis of variance (ANOVA) using the general linear model (GLM) procedure for a 

factorial experiment arranged in a completely randomized design (CRD) with three biological replications. Genotype 

and stress treatment were considered as fixed factors. The sources of variation included genotype, stress treatment, 

and genotype × treatment interaction. Principal component analysis (PCA) was conducted separately for each stress 

environment to identify the physiological traits contributing most to genotype discrimination and to visualize genotype 

distribution under each condition.  Principal component analysis (PCA) was conducted separately for each treatment 

environment to identify the most discriminating physiological traits and to visualize genotype distributions. 

Additionally, cluster analysis based on Ward’s linkage method and squared Euclidean distance was performed to 
classify genotypes according to their overall similarity in physiological and biochemical traits under different stress 

environments. All statistical analyses and graphical outputs were performed using MINITAB software version 18 

(MINITAB Inc., State College, PA, USA). 

3. Results  

3.1. Analysis of variance 

Analysis of variance revealed significant differences among the studied genotypes for all measured traits, including 

total protein content, POD and PAL activities, and the K⁺/Na⁺ ratio in shoots and roots (Table 1). The significant 
genotypic variation indicates substantial differences among wheat genotypes in their physiological and biochemical 

responses under the tested stress conditions. 

Treatment effects were significant for all evaluated traits, indicating that salinity, fungal inoculation, and their 

combination significantly altered physiological and biochemical parameters. Furthermore, the significant genotype × 

treatment interaction demonstrated that genotypes responded differently across the tested environmental conditions. 

Table 1- ANOVA results for physiological and biochemical traits evaluated under different 

environmental conditions 
MS df SOV 

Total protein POD PAL K/Na in Shoot K/Na in Root 
***1046.35 ***1.5777 ***0.000034 ***0.0772 ***0.0037 9 Genotype 

***403.97 ***1.0630 ***0.000013 ***2.0268 ***0.0598 3 treatment 
***1314.16 ***0.8401 ***0.000043 ***0.0618 ***0.0046 27 Genotype × Treatment 

21.31 0.0457 0.000001 0.0069 0.00032 80 Error experimental 

     119 Total 

3.33 20.22 3.33 15.42 16.74  CV (%) 

 ***: Significant at the 0.001 probability level 

3.2. Ionic responses: root and shoot K⁺/Na⁺ ratios 

Significant variation was observed among wheat genotypes for root K⁺/Na⁺ ratio across different stress conditions 
(Table 2). Under control conditions, genotype 1642 exhibited the highest root K⁺/Na⁺ ratio, whereas genotypes 1528, 
164, and 2071 showed comparatively lower values. Following G. tritici inoculation, root K⁺/Na⁺ ratios decreased in 
most genotypes, with values remaining significantly lower than those recorded under control conditions. Under 

salinity stress, genotypes 164 and 1528 maintained relatively high root K⁺/Na⁺ ratios compared with several other 



genotypes. Under combined salinity and G. tritici stress, variation among genotypes was observed; genotypes 1528 

and Kavir showed relatively higher root K⁺/Na⁺ ratios compared with several other entries (Table 2). 
Shoot K⁺/Na⁺ ratio also differed significantly among genotypes and treatments (Table 2). Under control conditions, 
genotypes Sardari and 164 exhibited the highest shoot K⁺/Na⁺ ratios, whereas other genotypes showed comparable 
values. Inoculation with G. tritici resulted in a significant reduction in shoot K⁺/Na⁺ ratio in most genotypes, with 
pronounced decreases observed in genotypes 1642, 1528, 862, and Sardari. Under salinity stress, genotypes 9056 and 

862 maintained relatively higher shoot K⁺/Na⁺ ratios compared with several other genotypes. Under combined salinity 

and pathogen stress, shoot K⁺/Na⁺ ratio declined across all genotypes, although the magnitude of reduction differed 
among entries. Genotypes 862 and 1528 retained comparatively higher values under combined stress conditions (Table 

2). 

Table 2. Effects of genotype × treatment interaction on root and shoot K⁺/Na⁺ ratios of wheat 
genotypes under control, salinity, G. tritici infection, and combined stress conditions. 

K/Na Root 

Treatme

nts 

Genotypes 

9056 9033 2071 1642 1528 862 164 Sardari Rosha

n 
Kavir 

Control a0.101
b 

0.164
a 

0.094
b 

a0.206 b0.076 a0.172 0.040
b 

a0.140 ab0.166 a0.127 

G. 

tritici 
c0.014 0.152

ab 
0.026

c 
c0.038 c0.026 c0.039 0.030

b 
c0.022 c0.034 b0.021 

Salinity b0.090 0.118
b 

0.152
a 

b0.118 a0.170 ab0.120 0.171
a 

a0.140 a0.175 a0.114 

Salinity 

+ G. 

tritici 

a0.112 0.152
ab 

0.111
b 

bc0.088 a0.157 b0.104 0.152
a 

b0.090 bc0.090 a0.143 

K/Na shoot 

Treatme

nts 

Genotypes 

9056 9033 2071 1642 1528 862 164 Sardari Rosha

n 
Kavir 

Control a0.708 1.022
a 

1.091
a 

a0.764 a0.840 a0.905 1.185
a 

a1.269 a0.935 a0.443 

G. 

tritici 
b0.364 0.432

b 
0.415

b 
c0.333 b0.269 c0.407 0.281

c 
b0.207 b0.447 c0.273 

Salinity a0.668 0.339
b 

0.457
b 

b0.564 b0.348 b0.682 0.571
b 

b0.431 b0.590 b0.399 

Salinity 

+ G. 

tritici 

b0.427 0.432
b 

0.399
b 

c0.446 b0.454 c0.484 0.382
c 

b0.275 b0.387 c0.265 

Within each column, means followed by at least one common letter are not significantly different according 

to Tukey's HSD test (p < 0.05). 

3.3. Biochemical traits: protein content, POD, and PAL activities 

POD activity showed significant differences among genotypes under different stress conditions (Table 3). Under 

control conditions, genotype 9033 exhibited the highest POD activity, whereas genotype 2071 showed the lowest 

value. Following G. tritici inoculation, POD activity increased in several genotypes, with the highest values observed 

in genotypes 1528, Sardari, 2071, and Kavir. Under salinity stress, genotypes 9056 and Sardari showed relatively 

higher POD activities, whereas Kavir exhibited the lowest activity. Under combined salinity and G. tritici stress, 

genotypes 1528, 1642, 9033, and 9056 maintained higher POD activity compared with other genotypes (Table 3). 

PAL activity varied significantly among genotypes and stress treatments (Table 3). Under control conditions, genotype 

1528 showed the highest PAL activity among the tested genotypes. Pathogen inoculation increased PAL activity in 

several genotypes, particularly 2071, 1642, Roshan, and Sardari. In contrast, salinity stress resulted in relatively lower 

PAL activity in some genotypes, although 9033 and 1642 maintained comparatively higher values. Under combined 

salinity and G. tritici stress, the highest PAL activities were observed in Kavir and 164 (Table 3). 



Total soluble protein content differed significantly among genotypes and treatments (Table 3). Under control 

conditions, genotype 1528 showed the highest protein content, whereas genotype 1642 exhibited the lowest value. 

Following G. tritici inoculation, protein content increased in several genotypes, with the highest values recorded in 

2071 and Roshan. Under salinity stress, genotypes 9033 and 2071 maintained relatively higher protein contents, 

whereas Kavir showed a lower value. Under combined salinity and pathogen stress, the highest total protein content 

was observed in genotype Kavir, followed by genotype 164 (Table 3). 

Table 3. Effects of genotype × treatment interaction on biochemical responses (POD, PAL, and total soluble 

protein content) of wheat genotypes under different stress conditions. 

POD 

Treatmen

ts 

Genotypes 

9056 9033 2071 1642 1528 862 164 Sardari Roshan Kavir 
Control ab0.955 a2.156 d0.219 c0.755 b0.896 b0.600 c0.437 b0.810 ab1.142 b0.750 
G. tritici b0.235 ab1.636 a1.543 d0.196 a2.710 ab0.626 a1.412 a1.777 a1.257 a1.402 
Salinity a1.459 b0.909 b1.077 b1.191 b0.874 a0.828 c0.567 ab1.388 ab0.902 c0.141 
Salinity 

+ G. 

tritici 

a1.535 ab1.652 c0.725 a1.403 a2.352 c0.336 b0.983 ab1.135 b0.735 bc0.576 

PAL 

Treatmen

ts 

Genotypes 

9056 9033 2071 1642 1528 862 164 Sardari Roshan Kavir 
Control a0.026 b0.025 c0.023 0.0180

b 
a0.040 b0.021 ab0.024 ab0.023 b0.025 b0.026 

G. tritici b0.023 c0.022 a0.028 0.0253
a 

b0.025 a0.025 bc0.023 a0.026 a0.028 b0.026 

Salinity a0.025 a0.028 b0.025 0.0249
a 

b0.024 ab0.023 c0.021 ab0.022 c0.021 c0.024 

Salinity 

+ G. 

tritici 

b0.022 c0.022 bc0.024 0.0245
a 

c0.022 ab0.023 a0.027 b0.021 b0.024 a0.032 

Total protein 

Treatmen

ts 

Genotypes 

9056 9033 2071 1642 1528 862 164 Sardari Roshan Kavir 
Control 147.61

a1 
144.27

b8 
131.500

c 
100.38

b9 
226.50

a0 
117.333

b 
135.389

ab 
129.278

ab 
b140.944 144.83

b3 
G. tritici 130.66

b7 
126.77

c8 
157.333

a 
140.66

a7 
140.11

b1 
139.556

a 
128.167

bc 
145.667

a 
a157.333 147.33

b3 
Salinity 142.33

a3 
157.61

a1 
141.500

b 
138.72

a2 
138.16

b7 
129.556

ab 
117.889

c 
126.778

acb 
c120.944 134.44

c4 
Salinity 

+ G. 

tritici 

124.55
b6 

124.27
c8 

132.278
bc 

136.22
a2 

123.72
c2 

132.611
ab 

151.500
a 

118.444
b 

b134.278 a179 

Within each column, means followed by at least one common letter are not significantly different according to Tukey's 

HSD test (p < 0.05). 

3.4. Principal component analysis (PCA) 

3.4.1. Control environment 

Under control conditions, PCA extracted two principal components that together explained 78.0% of the total 

variability among measured traits (Table 4). PC1 accounted for 49.2% of the total variability and showed strong 

positive loadings for total protein content (0.632) and PAL activity (0.632), indicating their major contribution to this 

component. PC2 explained 28.9% of the variability and was mainly associated with root K⁺/Na⁺ ratio (0.616) and 
POD activity (0.677), whereas shoot K⁺/Na⁺ ratio showed a negative loading (-0.392). 



The genotype–trait biplot (Figures 1 and 2) showed that genotypes Kavir, Roshan, 9056, and 9033 were positioned in 

the positive region of both PC1 and PC2, indicating their association with traits contributing positively to these 

components. In contrast, genotypes Sardari, 2071, and 164 were located in the negative region of both components. 

Genotype 1642 was positioned in the upper-left quadrant and showed positive association mainly with POD activity 

and root K⁺/Na⁺ ratio, whereas its association with total protein content and PAL activity was weaker compared with 

genotypes located in the upper-right quadrant. 

Table 4. Principal component analysis (PCA) loadings, eigenvalues, and explained 

variance of physiological and biochemical traits under control conditions. 

Variable PC1 PC2 

K/Na in Root -0.394 0.616 

K/Na in shoot -0.049 -0.392 

POD 0.211 0.677 

Total Protein 0.632 0.064 

PAL 0.632 0.064 

Eigenvalue 2.4578 1.4433 

Proportion 0.492 0.289 

Cumulative 0.492 0.780 

 

 



Figure 1. PCA score plot showing the distribution of wheat genotypes under control conditions.

 
Figure 2. PCA biplot showing relationships among genotypes and physiological traits under control 

conditions. 

3.4.2. PCA Under Salinity Stress 

Under salinity stress, PCA revealed that the first two principal components explained 80.4% of the total variability 

among measured traits, with PC1 and PC2 accounting for 52.0% and 28.4% of the variation, respectively (Table 5). 

Therefore, these two components provided an adequate representation of the relationships among the evaluated 

physiological and biochemical traits. 

PC1 showed strong positive loadings for total protein content (0.609) and PAL activity (0.609), whereas root K⁺/Na⁺ 
ratio (-0.403) and shoot K⁺/Na⁺ ratio (-0.240) showed negative loadings. These loading patterns indicate that PC1 

mainly reflected variation associated with protein accumulation and PAL activity in relation to ionic traits under 

salinity stress. Genotypes located on the positive side of PC1 were more closely associated with higher values of 

protein content and PAL activity, whereas genotypes with negative PC1 scores showed stronger associations with 

K⁺/Na⁺ ratios. 
PC2 was mainly associated with shoot K⁺/Na⁺ ratio (-0.717) and POD activity (-0.545), whereas root K⁺/Na⁺ ratio 
showed a positive loading (0.417). This pattern suggests that PC2 was mainly related to the relationship between shoot 

ionic status and POD activity. Genotypes with positive PC2 scores showed stronger associations with root K⁺/Na⁺ 
ratio, whereas negative PC2 scores were associated with shoot K⁺/Na⁺ ratio and POD activity (Figures 3 and 4). 
Overall, PCA demonstrated that genotypic variation under salinity stress was mainly explained by differences in 

protein content, PAL activity, and ionic traits. The distribution of genotypes along PC1 and PC2 indicated distinct 

patterns of association among physiological and biochemical responses under saline conditions. 
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Table 5- Factor loadings, eigenvalues, and explained variance of the first two principal 

components under salinity stress conditions 

Variable PC1 PC2 

K/Na in Root -0.403 0.417 

K/Na in shoot -0.240 -0.717 

POD 0.198 -0.545 

Total Protein 0.609 0.085 

PAL 0.609 0.085 

Eigenvalue 2.6019 1.4185 

Proportion 0.520 0.284 

Cumulative 0.520 0.804 

 



Figure 3. Principal component analysis (PCA) score plot illustrating the distribution of wheat genotypes 

based on physiological traits under salinity stress.

 

Figure 4. PCA loading plot showing the contribution of physiological traits to the first two principal 

components under salinity stress. 

3.4.3. PCA Under Pathogen Inoculation 

Under pathogen inoculation, PCA revealed that the first two principal components explained 81.4% of the total 

variability among the measured traits, with PC1 and PC2 accounting for 56.0% and 25.4% of the variation, 

respectively (Table 6). These two components therefore provided an adequate representation of trait relationships and 

genotype distribution under G. tritici infection. 

The first component (PC1; eigenvalue = 2.80) accounted for 56.0% of the total variation and was mainly associated 

with biochemical traits in relation to ionic characteristics. Total protein and PAL activity showed the highest positive 

loadings on PC1 (0.567), while root and shoot K⁺/Na⁺ ratios showed negative loadings (−0.221 and −0.298, 
respectively). Genotypes located on the positive side of PC1, including 9033, 9056, and Sardari (Figure 5), showed 

stronger associations with total protein and PAL activity, whereas genotypes positioned on the negative side were 

more closely associated with higher K⁺/Na⁺ ratios. 
PC2 (eigenvalue = 1.27) explained 25.4% of the total variation. Root K⁺/Na⁺ ratio showed the strongest negative 
loading (−0.745), followed by shoot K⁺/Na⁺ ratio (−0.531) and POD activity (−0.534), whereas total protein and PAL 
activity contributed weakly to this component (−0.138). This loading pattern indicates that PC2 was mainly related to 
variation in ionic traits and POD activity among genotypes under pathogen infection. 

The genotype–trait biplot (Figures 5 and 6) showed clear separation among genotypes under G. tritici inoculation. 

Genotypes 1528, 862, 2071, and Roshan were positioned in the negative region of PC1 and PC2 and showed stronger 

associations with K⁺/Na⁺ ratios and POD activity. In contrast, genotypes 9033, 9056, Sardari, and Kavir were mainly 

distributed on the positive side of PC1, showing stronger associations with biochemical traits, particularly PAL and 

total protein content. 

Table 6- Eigenvalues, explained variance, and factor loadings of 

physiological traits for the first two principal components under 

Gaeumannomyces tritici infection. 

Variable PC1 PC2 

K/Na in Root -0.221 -0.745 

K/Na in shoot -0.298 -0.531 
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POD 0.469 -0.534 

Total Protein 0.567 -0.138 

PAL 0.567 -0.138 

Eigenvalue 2.8001 1.2692 

Proportion 0.560 0.254 

Cumulative 0.560 0.814 

 

 
Figure 5- PCA biplot showing genotype distribution under Gaeumannomyces tritici infection. 
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Figure 6- PCA loading plot illustrating the contribution of physiological traits to principal components under 

Gaeumannomyces tritici infection. 

3.4.4. PCA Under Combined Salinity and disease stress 

Under combined salinity and disease stress, PCA revealed that the first two principal components explained 81.8% of 

the total variability among measured traits, with PC1 and PC2 accounting for 54.1% and 27.7% of the variation, 

respectively (Table 7). These two components provided an adequate representation of trait relationships and genotype 

distribution under combined stress conditions. 

The first component (PC1; eigenvalue = 2.70) accounted for 54.1% of the total variation and mainly reflected the 

relationship between biochemical traits and shoot ionic/oxidative parameters. Total protein and PAL activity showed 

high positive loadings on PC1 (both 0.585), whereas shoot K⁺/Na⁺ ratio (−0.393) and POD activity (−0.385) showed 
negative loadings (Figures 7 and 8). Genotypes located on the positive side of PC1 were more strongly associated 

with total protein and PAL activity, whereas those positioned on the negative side showed stronger associations with 

shoot K⁺/Na⁺ ratio and POD activity. 
PC2 (eigenvalue = 1.38) explained 27.7% of the total variation and was mainly associated with root ionic status and 

POD activity. Root K⁺/Na⁺ ratio showed the highest positive loading (0.800), followed by POD activity (0.549), while 
other traits contributed weakly to this component. Therefore, positive PC2 scores were mainly associated with higher 

root K⁺/Na⁺ ratio and POD activity, whereas negative PC2 scores represented the opposite association pattern. 
The genotype biplot (Figure 7) showed clear separation among genotypes under combined salinity and disease stress. 

Genotypes located in the negative PC1 and positive PC2 quadrant, including 1528 and 1642, were closely associated 

with higher root K⁺/Na⁺ ratio and POD activity, together with relatively higher shoot ionic status. In contrast, 

genotypes positioned on the positive side of PC1 or negative side of PC2 showed stronger associations with 

biochemical traits or weaker ionic and oxidative-related responses. 

Overall, PCA indicated that genotype differentiation under combined stress was mainly driven by ionic traits, POD 

activity, and biochemical parameters, reflecting distinct physiological response patterns among wheat genotypes under 

simultaneous salinity and pathogen stress. 

Table 7. Eigenvalues, explained variance, and trait loadings of the first two principal components 

under combined salinity and disease stress 

Variable PC1 PC2 

K/Na in Root 0.116 0.800 

K/Na in shoot -0.393 0.131 

POD -0.385 0.549 

Total Protein 0.585 0.146 

PAL 0.585 0.146 

Eigenvalue 2.7055 1.3852 

Proportion 0.541 0.277 

Cumulative 0.541 0.818 

 



 

Figure 7- PCA biplot showing genotype distribution and trait relationships under combined salinity and 

Gaeumannomyces tritici stress. 
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Figure 8- PCA loading plot illustrating the contribution of physiological and biochemical traits under 

combined salinity and Gaeumannomyces tritici stress. 

3.5. Cluster Analysis 

The results of cluster analysis performed using Ward’s method based on squared Euclidean distance separated the 30 
genotype–environment combinations into two distinct clusters with contrasting physiological response patterns 

(Figure 9). Cluster 1 comprised 19 observations, whereas Cluster 2 included 11 observations, indicating the existence 

of two major physiological strategies associated with wheat responses to salinity and pathogen stresses. This 

classification was consistent with the patterns observed in PCA analysis. 

Based on the standardized trait means presented in Table 8, Cluster 1 exhibited positive values for root K⁺/Na⁺ ratio 
(+0.657), shoot K⁺/Na⁺ ratio (+0.894), and POD activity (+0.395), while showing negative values for total protein 
(−0.558) and PAL activity (−0.558). In contrast, Cluster 2 displayed an opposite pattern, characterized by lower ionic 
indices and POD activity but higher total protein and PAL values. Therefore, Cluster 1 can be described as representing 

an ionic–antioxidant regulation pattern, whereas Cluster 2 represents a protein–phenylpropanoid defense-associated 

pattern. 

The distribution of genotype–environment combinations within clusters further demonstrated this physiological 

differentiation. Cluster 1 mainly consisted of combinations exposed to salinity alone or combined salinity–pathogen 

stress, including 1528 (salinity + G. tritici), 9033 (salinity + G. tritici), 1642 (salinity + G. tritici), and Sardari (salinity). 

The predominance of saline treatments in this cluster suggests that under salt exposure, several wheat genotypes-

maintained stress adaptations primarily through improved ionic balance and antioxidant capacity, as reflected by 

higher K⁺/Na⁺ ratios and POD activity. 
Conversely, Cluster 2 contained a greater proportion of pathogen-inoculated combinations, including Kavir (G. tritici), 

Sardari (G. tritici), 2071 (G. tritici), and 862 (G. tritici). These combinations were characterized by higher PAL activity 

and total protein content, indicating stronger activation of phenylpropanoid-associated and protein-based defense 

responses following pathogen challenge. The presence of some salinity and combined stress treatments within this 

cluster, such as Kavir under salinity and 2071 under combined stress, indicates that different genotypes may employ 

distinct physiological strategies depending on stress type and genetic background (Table 8). 

Overall, cluster analysis supports the PCA findings and demonstrates that wheat genotypes differ in their physiological 

strategies under single and combined stresses. Some genotypes primarily maintain ionic homeostasis and antioxidant 

activity, whereas others rely more strongly on metabolic defense-related responses. 
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Figure 9- Dendrogram of 30 genotype–environment combinations generated by Ward’s clustering method 
based on standardized physiological traits 

Table 8- Cluster characteristics, standardized trait means, and genotype–environment combinations identified by 

Ward’s clustering method based on physiological and biochemical traits. 
Cluster2 Cluster1 Traits  

-0.380562 0.657334 
K/Na in Root 

-0.517577 0.893997 K/Na in shoot 

-0.228489 0.394662 POD 

0.323124 -0.558124 Total Protein 

0.323127 -0.558129 PAL 

11 19 Number of observations 

19.7431 90.3449 Within cluster sum of 

squares 
1.28335 1.89413 Average distance from 

centroid 
1.82489 6.14901 Maximum distance from 

centroid 

9033 (G.tritici), 9033 (Salinity + 

G.tritici), Sardari (Salinity), 9056 

(Salinity + G.tritici), 1642 (Salinity + 

G.tritici), 1528 (Salinity + G.tritici), 

Roshan (Salinity, 164 (Salinity), 862 

(Salinity), 1642 (Salinity), 9056 

(Salinity) 

Kavir (G.tritici), Sardari (G.tritici) 164 (G. tritici), 

Sardari (Salinity + G. tritici), Roshan (G. tritici), 

2071 (G. tritici),  862 (G.tritici), 164 (G. tritici), 

9056 (G.tritici), Kavir (Salinity), 862 (Salinity + G. 

tritici), Roshan (Salinity + G.tritici), 2071 (Salinity 

+ G.tritici), 1528 (Salinity), 2071  (Salinity), 9033 

(Salinity), 164 (Salinity + G.tritici), Kavir (Salinity 

+ G.tritici), 1528 (G.tritici) 

Genotype-Environment 

The analysis of variance between clusters (Table 9) further supported the physiological separation identified by cluster 

analysis. The cluster effect was significant at the 1% probability level (p < 0.01) for all evaluated traits except POD 

activity, which did not show significant differences between clusters. These results confirm that the two clusters were 

significantly differentiated by root and shoot K⁺/Na⁺ ratios, total protein content, and PAL activity. Cluster 1 exhibited 
greater within-cluster variability than Cluster 2, as indicated by its higher average and maximum distances from the 

centroid. This greater dispersion may be associated with the broader range of genotype–environment combinations 

represented within this cluster, including salinity and combined stress conditions (Table 9). 

Table 9- Analysis of variance for the studied traits between clusters derived from cluster analysis. 
MS   

PAL Total Protein POD K/Na in shoot K/Na in root df S.O.V 
**0.000079 **2439.3 ns0.9750 **0.1868 **0.0213 1 Group 

0.000012 379.9 0.3385 0.0072 0.0021 28 Error 
     29 Total 

3.5.1. Mean comparisons of clusters obtained from cluster analysis 

Comparison of mean shoot K⁺/Na⁺ ratios between clusters (Figure 10) showed that Cluster 1 exhibited a significantly 
higher ratio than Cluster 2. This difference indicates that genotype–environment combinations grouped in Cluster 1 

maintained a more favorable shoot ionic balance under stress conditions compared with those in Cluster 2. The higher 

shoot K⁺/Na⁺ ratio observed in Cluster 1 suggests improved maintenance of potassium–sodium homeostasis, which is 

considered an important component of salt stress adaptation. 



 
Figure 10- Mean shoot K⁺/Na⁺ ratios of the two clusters identified by Ward’s method. Different letters 

indicate significant differences at p < 0.05 according to Tukey's HSD test. 

A similar pattern was observed for root K⁺/Na⁺ ratios (Figure 11), where Cluster 1 showed a significantly higher mean 
value than Cluster 2. This indicates that the ionic response pattern distinguishing Cluster 1 was evident at both root 

and shoot levels. Higher root K⁺/Na⁺ ratios may reflect a greater ability to maintain ionic homeostasis under stressful 
conditions, whereas the lower values observed in Cluster 2 indicate a weaker ionic regulation capacity. Together, these 

results suggest that root and shoot ionic traits contributed substantially to the separation of the two physiological 

strategies identified by cluster analysis. 

 

 
Figure 11- Mean root K⁺/Na⁺ ratios of the two clusters identified by Ward’s method. Different letters indicate 

significant differences at p < 0.05 according to Tukey's HSD test. 

In contrast to ionic traits, total protein content showed an opposite pattern (Figure 12). Cluster 2 exhibited a 

significantly higher mean protein content than Cluster 1. The increased protein accumulation in Cluster 2, which 

included a high proportion of pathogen-inoculated combinations, suggests enhanced activation of protein-related 

stress responses following fungal challenge. Conversely, the lower protein content observed in Cluster 1, which was 

mainly associated with saline treatments, may indicate a different stress adaptation pattern in which resources are 
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preferentially allocated toward maintaining ionic balance and osmotic adjustment rather than increasing soluble 

protein accumulation. 

 

Figure 12- Mean total protein content of the two clusters identified by Ward’s method. Different letters 
indicate significant differences at p < 0.05 according to Tukey's HSD test. 

A comparable trend was observed for PAL activity (Figure 13), with Cluster 2 showing significantly higher PAL 

activity than Cluster 1. Since PAL represents a key enzyme involved in the phenylpropanoid pathway, its higher 

activity in Cluster 2 indicates stronger activation of phenylpropanoid-associated responses, particularly among 

genotype–environment combinations exposed to pathogen infection without salinity. In contrast, the lower PAL 

activity in Cluster 1, which was dominated by saline treatments, suggests that these combinations relied less on 

phenylpropanoid activation and were primarily characterized by stronger ionic regulation patterns. 

 

.  

Figure 13- Mean PAL activity of the two clusters identified by Ward’s method. Different letters indicate 
significant differences at p < 0.05 according to Tukey's HSD test. 

4. Discussion  
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The analysis of variance revealed significant differences among the studied genotypes for all evaluated traits, including 

total protein content, POD and PAL activities, and K⁺/Na⁺ ratios in both roots and shoots. This finding is consistent 
with previous studies reporting substantial genetic diversity among wheat genotypes in their physiological responses 

to salt stress[40-43]. Furthermore, the significant genotype × treatment interaction indicates that genotypic responses 

were highly dependent on stress type, with each genotype exhibiting distinct physiological and biochemical 

adjustment patterns. This highlights the importance of evaluating genotype performance under combined stress 

conditions rather than relying solely on responses observed under individual stresses. 

Under control conditions, genotypes 1642 and 1528 displayed the highest root K⁺/Na⁺ ratios, reflecting a superior 
basal capacity for maintaining ionic homeostasis, whereas genotypes 164 and 2071 exhibited lower ratios. Such 

differences under non-stress conditions may represent inherent genetic variation in ion regulation mechanisms. 

Following infection with G. tritici, the root K⁺/Na⁺ ratio declined markedly in most genotypes, suggesting that 
pathogen infection negatively affected root ion uptake and transport processes. This reduction was particularly evident 

in genotypes previously classified as susceptible, such as Roshan and 9033. G. tritici colonization of root and crown 

tissues can impair root functionality and interfere with water and nutrient acquisition  [44], which may contribute to 

the disruption of K⁺/Na⁺ balance observed under pathogen stress. 
Under salinity alone, genotypes 1528 and 164 maintained higher root K⁺/Na⁺ ratios, suggesting a greater capacity for 
maintaining ionic homeostasis under salt stress. This finding is consistent with Cuin et al. (2008), who demonstrated 

that maintenance of a high K⁺/Na⁺ ratio is an important physiological component of salt tolerance [9]. The ability to 

sustain a favorable K⁺/Na⁺ balance under salinity is associated with coordinated regulation of membrane transport 
systems, including HKT transporters, which contribute to restricting Na⁺ accumulation and maintaining cellular ion 
homeostasis  [45]. Under combined salinity and disease stress, although most genotypes showed a relative decline, 

genotypes 1528 and Kavir maintained comparatively stable K⁺/Na⁺ ratios, indicating better preservation of ionic 
homeostasis under concurrent stress. This suggests that these genotypes possess physiological traits associated with 

improved adaptation to concurrent stresses and may represent valuable genetic resources for breeding programs. 

Under such combined stress, ionic regulation appears to represent a major component of plant adjustment, as indicated 

by the strong contribution of K⁺/Na⁺ ratios to genotype discrimination in the present study. This finding agrees with 
the concept that plants integrate multiple stress-responsive mechanisms when exposed to simultaneous abiotic and 

biotic challenges [22]. 

A similar pattern was observed for shoot K⁺/Na⁺ ratios. Under control conditions, genotypes Sardari and 164 exhibited 
the highest shoot ratios, indicating a greater capacity for maintaining K⁺/Na⁺ balance in aerial tissues under non-stress 

conditions. Under salinity stress, genotypes 862 and 1528 maintained relatively high shoot K⁺/Na⁺ ratios, consistent 
with Shahzad et al. (2022), who identified salt-tolerant rice genotypes based on their ability to maintain higher shoot 

K⁺/Na⁺ ratios under saline conditions [46]. Under combined salinity and disease stress, genotypes 1528 and 164 

remained superior in maintaining shoot ionic homeostasis. This consistent advantage highlights shoot K⁺/Na⁺ ratio as 
an important physiological trait for evaluating wheat performance and identifying superior genotypes under saline and 

combined-stress environments. 

POD activity varied significantly among genotypes and treatments. Under control conditions, genotype 9033 exhibited 

the highest activity, whereas 2071 showed the lowest value, indicating substantial genetic variation in basal 

antioxidant capacity. Following pathogen inoculation, POD activity increased markedly in genotypes 1528 and 

Sardari, suggesting the involvement of this enzyme in oxidative defense responses triggered by G. tritici infection. 

Under salinity stress, genotypes 9056 and Roshan displayed higher POD activities, whereas Kavir showed a 

pronounced reduction. Enhanced antioxidant enzyme activity under salt stress has previously been reported as an 

important component of stress tolerance mechanisms in plants [47]. Under combined salinity and disease stress, 

genotypes 1528 and 1642 maintained relatively high POD activities, suggesting a stronger capacity for activating 

antioxidant responses under simultaneous stress conditions. However, the cluster analysis revealed that the group 

effect for POD activity was not significant, indicating that although POD contributes to stress responses, its variability 

among genotype–environment combinations limits its reliability as a single discriminating trait compared with ionic 

parameters such as K⁺/Na⁺ ratio. 
Under control conditions, genotype 1528 exhibited the highest PAL activity, suggesting a greater basal capacity for 

activation of the phenylpropanoid pathway. Pathogen infection resulted in a marked increase in PAL activity, 

particularly in genotypes 2071 and Roshan, indicating activation of secondary metabolic defense responses following 

G. tritici challenge. PAL is a key entry-point enzyme in the phenylpropanoid pathway, regulating the synthesis of 



phenolic compounds, phytoalexins, and lignin, and its induction during pathogen attack has been widely documented 

[48]. In contrast, salinity stress generally reduced PAL activity, although genotypes 9033 and 1642 maintained 

comparatively higher levels. This suppression was also observed under combined salinity and disease stress, 

suggesting that under saline conditions plants may prioritize energy allocation toward ion homeostasis and osmotic 

adjustment rather than costly secondary metabolic defense pathways. 

The suppression of PAL activity under salinity stress can be attributed to several interconnected physiological and 

molecular mechanisms. First, as proposed by Wu et al. (2025), PAL functions as a central “metabolic valve” that 
regulates carbon flux allocation between primary metabolism and the phenylpropanoid pathway. Under salinity stress, 

this metabolic regulation may shift carbon flux toward essential primary metabolic processes, including the synthesis 

of compatible osmolytes such as proline and soluble sugars, as well as mechanisms associated with ionic regulation, 

while reducing resource allocation to energetically costly secondary metabolic defense pathways [19]. 

Second, Singh et al. (2025) demonstrated that the expression of TaPAL genes in wheat is significantly regulated under 

salt stress, with multiple stress-responsive cis-regulatory elements present in their promoter regions. This finding 

suggests that PAL suppression under salinity is not merely a passive consequence of stress-induced metabolic 

disruption but may represent a genetically regulated adaptive response [43]. 

Third, Dunn et al. (1998) reported a negative correlation between PAL activity and salinity intensity in citrus, showing 

that increased salt stress reduced PAL activity while promoting arginine accumulation. These findings suggest that 

under saline conditions, nitrogen metabolism may be preferentially redirected toward amino acid synthesis and 

osmotic adjustment rather than secondary metabolite production [21]. 

Fourth, salinity stress induces ABA accumulation, which can interact antagonistically with SA-mediated defense 

signaling and potentially suppress the expression of phenylpropanoid pathway genes, including PAL [30, 31]. 

Fifth, because activation of the phenylpropanoid pathway requires considerable metabolic investment, reduced PAL 

activity under salinity may represent an adaptive strategy that conserves cellular resources and redirects energy toward 

ion homeostasis and osmotic adjustment, which are critical for plant survival under salt stress [19, 20]. 

Nevertheless, under combined stress, genotypes 1528 and Kavir displayed the highest PAL activities, suggesting their 

greater activation of phenylpropanoid-related defense responses under concurrent stress conditions and their potential 

ability to balance defense activation with ionic regulation. 

Significant genotypic differences were observed for total protein content. Under control conditions, the highest protein 

level was recorded in genotype 1528. Pathogen challenge with G. tritici resulted in a notable increase in protein 

content, particularly in genotypes 1528 and Roshan, suggesting the induction of defense-related metabolic responses. 

This increase may be associated with enhanced synthesis of pathogenesis-related (PR) proteins and defense-associated 

enzymes during pathogen challenge [49]. Under salinity stress, genotypes 9033 and 2071 maintained relatively 

elevated protein levels, possibly due to increased accumulation of heat shock proteins (HSPs) and other protective 

proteins involved in osmotic stress adaptation [50]. 

The increase in total protein content under salinity stress in certain genotypes can be explained by several 

interconnected mechanisms. First, salinity induces the expression of genes encoding HSPs and other molecular 

chaperones that contribute to protein stabilization and prevention of stress-induced denaturation [50]. 
Second, salt stress enhances the production of antioxidant enzymes, including SOD, CAT, APX, and POD; because 

these enzymes are proteins, their accumulation can contribute to increased total soluble protein content [42, 47]. Third, 

salinity can stimulate the expression of ion transporter proteins, including HKT and SOS1, which play essential roles 

in maintaining cellular ion homeostasis [9, 45].  Fourth, Bhutta (2011) demonstrated that increased protein 

accumulation under stress may reflect active de novo protein synthesis rather than simply the accumulation of free 

amino acids [41]. Therefore, the elevated protein levels observed in genotypes 9033 and 2071 under salinity suggest 

enhanced activation of protein-based protective mechanisms, although these genotypes were less efficient in 

maintaining ionic balance compared with genotypes 1528 and 1642. 

Under combined salinity and disease stress, genotype Kavir exhibited the highest total protein content, indicating 

strong activation of protein-associated responses under concurrent stress conditions. However, compared with 

pathogen infection alone, total protein appeared to have a weaker discriminatory role under combined stress, 

suggesting that when salinity is superimposed on pathogen pressure, ionic regulation becomes a more dominant 

physiological determinant than protein-based defense responses. 

PCA across the four environments revealed a consistent pattern of stress-dependent trait associations. Under control 

conditions, PC1 represented a metabolic-defense axis mainly associated with total protein and PAL, whereas PC2 



primarily reflected variation in root ionic status and POD activity. Genotypes Kavir, Roshan, 9056, and particularly 

9033, clustered in the positive quadrant of both components, indicating higher values for these metabolic and 

oxidative-related traits under non-stress conditions. 

Under salinity stress, PC1 represented a contrast between metabolic-defense capacity and ionic regulation, with 

genotypes positioned on the positive side showing higher total protein and PAL values but lower K⁺/Na⁺ ratios. PC2 
reflected the relationship between shoot ionic status and oxidative responses. These results indicate that under saline 

conditions, wheat genotypes employ different strategies, balancing investment in protein-based defense mechanisms 

against the maintenance of ionic homeostasis. 

Under pathogen infection, PC1 contrasted metabolic-defense traits with ionic characteristics. Genotypes located in the 

negative quadrant of both components, including 1528, 862, 2071, and to some extent Roshan, exhibited higher root 

and shoot K⁺/Na⁺ ratios together with enhanced POD activity, suggesting a favorable physiological response pattern 

under G. tritici challenge. Conversely, genotypes such as 9033 and 9056, positioned on the positive side of PC1, 

showed stronger association with PAL and total protein accumulation, indicating greater activation of metabolic 

defense pathways. 

Under combined salinity and disease stress, an even clearer physiological separation was observed. PC1 represented 

a contrast between metabolic-protein defense and shoot ionic/oxidative traits, whereas PC2 was mainly associated 

with root ionic status and POD activity. Genotypes positioned in the negative PC1 and positive PC2 quadrant, 

including 1528 and 1642 and possibly 2071 and 862, combined higher shoot K⁺/Na⁺ ratios, favorable root ionic 
balance, and enhanced POD activity. This combination suggests that these genotypes possess a favorable physiological 

strategy for coping with simultaneous salinity and pathogen stresses. 

Cluster analysis further corroborated these findings. At a Euclidean distance of 10.5272, the 30 genotype–environment 

combinations were divided into two distinct clusters. Cluster 1 (19 observations) mainly comprised salinity and 

combined stress treatments and adopted an "ionic–antioxidant regulation" strategy (positive standardized means for 

root/shoot K⁺/Na⁺ and POD; negative for total protein and PAL). Cluster 2 (11 observations) mainly included disease 
treatments without salinity and followed a "secondary metabolic defense" strategy (positive for total protein and PAL; 

negative for ionic indices). This dual separation clearly demonstrates the existence of two opposing and switchable 

strategies in response to environmental stresses. 

Based on these findings, we propose a conceptual model for wheat responses to salinity and disease stresses: 

In the absence of salinity (control or disease alone), the plant adopts a secondary metabolic defense strategy. The PAL 

pathway is activated, phenolic compounds and phytoalexins are synthesized, and defense proteins accumulate. This 

strategy is effective against pathogens but carries a high energy cost [19, 20]. 

In the presence of salinity (salinity alone or combined stress), the plant switches to an ionic–antioxidant regulation 

strategy. It prioritizes maintaining the K⁺/Na⁺ balance in roots and shoots and strengthens the antioxidant system 
(POD), while suppressing or marginalizing costly pathways such as PAL. Salinity acts as the dominant stressor [21, 

51]. 

Several factors explain why plants suppress PAL and prioritize ionic regulation under salinity. First, the 

phenylpropanoid pathway is energetically expensive, while ionic regulation—mediated by transporters such as HKT 

and SOS1—provides a more rapid and energy-efficient response to salinity stress [19, 20]; [9, 45]. Second, the primary 

threat under salinity is Na⁺ toxicity and K⁺ deficiency [5]; therefore, plant survival depends more on ion homeostasis 

than on secondary metabolite production. Third, ABA accumulation under salinity suppresses SA signaling and 

reduces the expression of phenylpropanoid pathway genes, including PAL [30, 31]. Fourth, Na⁺ accumulation may 
directly inhibit PAL enzyme activity or suppress PAL gene expression through ABA-dependent signaling pathways 

[21]. 

Superior genotypes such as 1528 and 1642 exhibited a broader adaptive capacity by maintaining ionic stability and 

antioxidant protection under saline and combined stresses, while preserving the ability to activate defense-related 

metabolic responses under pathogen pressure. 
These findings carry important implications for wheat breeding programs in saline and disease-prone regions. 

Breeders should consider a combination of ionic and defense-related traits rather than relying on a single indicator. 

However, in saline environments, the shoot K⁺/Na⁺ ratio emerges as the most reliable and practical selection criterion. 
Genotypes such as 1528 and 1642, which occupy the ideal quadrants in the biplots, can be introduced as superior 

parents for breeding crosses aimed at combined stress tolerance. 



Another notable finding of this study was the significance of the genotype × treatment interaction for all measured 

traits. This clearly demonstrates that the responses of different wheat genotypes to environmental stresses are not 

uniform, and each genotype exhibits a unique physiological and biochemical response pattern, such that the 

performance of a genotype under one specific stress condition (e.g., salinity) cannot reliably predict its performance 

under another stress (e.g., disease) or combined stress. This observation is fully consistent with extensive evidence 

from other crop species. 

In a study on cucumber, Chojak-Koźniewska et al. (2017) clearly showed that plant responses to combined salinity 
and pathogen stress are specific and distinct from the sum of responses to each stress individually. They found that 

salinity stress, acting as a dominant stressor, weakened plant defense mechanisms against the pathogen, making salt-

treated plants more susceptible to bacterial (Pseudomonas syringae) infection. This pattern, where salinity acts as a 

dominant stress and suppresses secondary metabolic defense pathways, is precisely consistent with our observations 

in wheat, where under combined stress, salinity shifted the plant's priority from costly defense pathways (such as the 

PAL pathway) toward ionic regulation [30]. 

Similarly, Bai et al. (2018), in a comprehensive study on tomato under combined salinity and powdery mildew stress, 

concluded that the nature of plant responses to combined stress strongly depends on salinity intensity and the type of 

resistance genes involved. They demonstrated that salinity stress can attenuate disease resistance in some genotypes 

while disease resistance remains completely stable in others [31]. This concept, that "the stability of disease resistance 

under salinity stress depends on the genetic resistance mechanism," well explains the diversity of genotypic responses 

in our study. For instance, genotype 1528, which primarily relied on an ionic–antioxidant regulation strategy, 

performed better under salinity and combined stress, whereas genotype 9033, which exhibited excellent defense 

performance under disease-alone conditions by activating the PAL pathway, showed relatively weaker performance 

under salinity and combined stress (due to PAL pathway suppression in the presence of salinity). 

Furthermore, both research groups [30, 31] emphasized the central role of hormonal cross-talk (particularly the 

antagonism between abscisic acid and salicylic acid) in determining the fate of plant responses to combined stresses. 

They showed that salinity stress, through increasing ABA, can inhibit SA signaling and reduce the expression of 

defense-related genes such as PR1. These findings well explain the complex changes we observed in PAL and POD 

activities and total protein content across the four environments. 

Collectively, this evidence indicates that the effects of combined stresses are often non-additive and cannot be 

predicted solely from data obtained from individual stresses. Therefore, as explicitly recommended by Bai et al. 

(2018), achieving cultivars resistant to combined stresses requires conducting genetic and physiological studies 

precisely under combined stress conditions. Selecting superior genotypes solely based on their performance under 

control conditions or a single stress may lead to the selection of genotypes that do not perform well under real field 

conditions, where combinations of stresses are common [31]. Accordingly, the findings of the present study emphasize 

the necessity of screening genotypes under combined stress conditions and using composite indices (such as shoot 

K⁺/Na⁺ ratio, POD and PAL activities) rather than a single indicator for selecting superior genotypes. Based on the 

physiological, biochemical, and multivariate analyses, a conceptual model is proposed to summarize the adaptive 

strategies of bread wheat under salinity stress, Gaeumannomyces tritici infection, and their combined effects (Figure 

14). The model indicates that wheat plants preferentially activate the phenylpropanoid-based defense pathway under 

pathogen infection alone, whereas salinity shifts the response toward ionic homeostasis and antioxidant regulation. 

Under combined stress, salinity appears to become the dominant physiological constraint, resulting in prioritization 

of ionic regulation over secondary metabolic defense. Overall, the present study demonstrates that tolerance to 

simultaneous salinity and Gaeumannomyces tritici infection is governed by coordinated regulation of ionic 

homeostasis, antioxidant protection, and stress-induced metabolic adjustment rather than by a single resistance 

mechanism. Integration of physiological traits with multivariate approaches provides a robust framework for 

identifying wheat genotypes with stable performance under complex field environments. Among the evaluated 

genotypes, 1528 and 1642 showed the most balanced adaptive responses and represent promising genetic resources 

for improving combined stress tolerance in wheat breeding programs. 



 

 
Figure 14- Conceptual model illustrating the strategic shift between secondary metabolic defense and ionic–

antioxidant regulation in wheat under salinity stress, Gaeumannomyces tritici infection, and combined 

stresses. Green arrows indicate activated pathways; red dashed arrows indicate suppressed pathways. 

Genotypes 1528 and 1642 are highlighted as superior performers across all stress environments 

5. Conclusion 

The present study demonstrated that wheat responses to salinity and Gaeumannomyces tritici infection are highly 

genotype- and stress-dependent, with distinct physiological strategies emerging under different stress scenarios. 

Multivariate analyses revealed two major adaptive patterns: an ionic–antioxidant regulation strategy, characterized by 

improved K⁺/Na⁺ homeostasis and enhanced POD activity, and a secondary metabolic defense strategy, associated 
with increased PAL activity and total protein accumulation. 

Under salinity and combined salinity–disease stress, genotypes tended to prioritize ionic regulation, suggesting that 

maintenance of K⁺/Na⁺ balance represents a critical component of tolerance under saline environments. In contrast, 
pathogen infection alone primarily stimulated metabolic defense responses involving PAL activity and protein 

accumulation. Under combined stress, the physiological response pattern indicated that salinity imposed a strong 

constraint, shifting plant priorities toward ionic homeostasis rather than activation of energetically costly secondary 

metabolic pathways. 

Among the evaluated genotypes, 1528 and 1642 exhibited the most favorable combination of traits under combined 

stress, maintaining higher shoot and root K⁺/Na⁺ ratios together with effective POD activity. These genotypes also 
retained the capacity to activate defense-related responses under pathogen pressure, indicating a broader adaptive 

potential. Therefore, they represent promising genetic resources for breeding programs targeting wheat production in 

saline and take-all-prone environments. 

From a breeding perspective, the shoot K⁺/Na⁺ ratio emerged as a reliable physiological indicator for selecting 
genotypes with improved performance under saline and combined stresses. However, selection based on a single trait 

may be insufficient; integrating ionic traits (K⁺/Na⁺ balance) with biochemical indicators such as POD and PAL 
activities provides a more comprehensive approach for identifying stable genotypes. 

A limitation of this study is that the evaluation was conducted under controlled conditions using a limited number of 

physiological and biochemical parameters. Although PCA and cluster analysis provided strong evidence for distinct 

adaptive strategies, the underlying molecular mechanisms, including regulation of ion transporter genes, 

phenylpropanoid pathway genes, and stress-related signaling networks, require further investigation. Future studies 



under field conditions with a larger diversity of genotypes and multi-environment validation are necessary to confirm 

the stability and practical value of the identified tolerance indicators. 

Overall, this study provides new insights into the physiological strategies employed by wheat under simultaneous 

salinity and disease stress and highlights the importance of considering combined stress responses rather than 

individual stress tolerance when developing resilient wheat cultivars. 
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