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Abstract 

Puccinia triticina causing leaf rust is a significant pathogen of wheat because it negatively affects the canopy functioning, 

grain filling, and final yield. This research investigated the impact of seed priming on leaf rust severity, growth and yield of 

three bread wheat varieties Arooj-22, Dilkash-20 and MH-21. For this experiment, a completely randomized factorial design 

was used with three replications, including hormonal (jasmonic acid, salicylic acid, gibberellic acid), nutritional (KNO₃), 

botanical (moringa leaf extract), and biological (Trichoderma sp.) priming treatments. Disease severity and agronomic traits 

were significantly influenced by seed priming, with treatment and varietal differences in response. Arooj-22 was lowest in 

severity with GA 25 ppm and Dilkash-20 with Trichoderma 50 %, but the highest severity was in diseased control, especially 

in MH-21. Arooj-22 had the greatest yield of plants in Trichoderma 50 % and KNO3 0.5 % had the best yield response 

uniformly in all three varieties. Correlation analysis demonstrated that 1000 grains weight, leaf area and plant yield had a 

negative relationship with disease severity, but multivariate analysis differentiated between favorable lower dose treatments 

and weaker higher dose treatments. In general, the results indicate that seed priming has the potential to lessen the severity of 

leaf rust and significantly enhance the productivity of wheat, although its effectiveness requires attention to the choice of the 

primer, dose, and host genotype in the field pot condition. 
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Introduction 

Wheat is one of the most important crop in the world, as it is 

the main source of calories and protein in human food (1). In 

2024,25 season the amount of wheat produced globally was 

estimated to be approximately 799.9 million metric tons. 

Pakistan was 8th among the producers of 3.44 million metric 

tons and 38 % of the total land under cultivation in Pakistan 

was covered by wheat (2, 3). Wheat is major crop in Pakistan 

which is cultivated on approximately 40 % of agricultural 

land in Pakistan (4). It is a staple food, as it provides almost 

60 % of daily food consumption, 10 % of the agricultural 

value and approximately 3 % of the national GDP. Therefore, 

an increase of wheat production is necessary to address the 

needs of the population and improve the economy (5). 

Wheat contributes to about a fifth of the total dietary protein 

and calories of the world (6). It is composed of about 78 % 

carbohydrates, 14 % proteins, 2 % fats and 2.5 % minerals, 

trace levels of thiamine, vitamin B, zinc, iron, selenium and 

magnesium (7). These are the nutrients that render wheat as 

a good source of energy and amino acids important for 

human growth and development (8). In addition, magnesium 

especially helps to control blood pressure and aid in 

antioxidant activity by producing glutathione (9). 

Among the fungal attacks in the world wheat production, rust 

diseases such as leaf, stripe, and stem rust caused by 

Puccinia spp. are significant, as they cause severe losses of 

the wheat yield and limit its production on a sustainable basis 

(1). Rust infections also lower the quality of grain by 

lowering the protein levels, gluten strength and making the 

Original Article 



Journal of Genetics and Applied Biotechnology (JGAB) 

2 
J Genet Appl Biotechnol, 2026: e2026035 

grain more likely to sprout and mycotoxin contamination. 

The impacts of these effects are a great loss of the economy 

in terms of yield, cost of managing the disease, and market 

value (10). 

Puccinia triticina, a fungus that causes leaf rust, is 

represented by the appearance of orange pustules on the 

upper surface of leaves which increase and merge to reduce 

photosynthetic activity and undermine the health of plants. 

The existence of moderate temperatures (5-30°C), and high 

humidity (65-90) during the growing season provide 

favorable conditions that promote the rapid growth and 

spread of leaf rust (11, 12). 

Salicylic acid (SA) is an important signaling molecule 

involved in the plant immunity complex and mediates local 

defense and prompts systemic acquired resistance (SAR) 

against biotrophic and hemi-biotrophic pathogens (12). 

Moringa oleifera leaf extract (MLE) is a nutrient-rich seed 

primer with zeatin, ascorbates and minerals which are 

growth regulator that could enhance plant growth by 20-35 % 

(13). 

Gibberellic acid (GA3) is employed to enhance seed 

germination, early growth and crop yield. GA3 priming of 

seeds aids in overcoming dormancy by making the 

endosperm soft and embryo growth active. In sunflower and 

wheat, this form of treatment has increased the yield of the 

seed by 123.5 and 7 % respectively (14). The soil fungi 

commonly belong to genus Trichoderma, are some of the 

most isolated pathogenic fungi that live as symbiotic 

organisms in root systems where they protect the plants 

against destructive pathogenic fungi. Due to these protective 

properties, they have been a major subject of study and 

marketed commercially as biopesticides and soil improvers 

(15). 

Although seed priming has been widely recognized as an 

encouraging approach for improving plant vigor and 

inducing stress tolerance, its effectiveness against wheat leaf 

rust may vary with primer type, concentration, and host 

genotype. However, the differential effects of hormonal, 

nutritional, botanical, and biological priming treatments on 

disease suppression and agronomic performance in bread 

wheat remain inadequately explored. Therefore, this study 

investigated the effects of different seed-priming treatments 

on leaf rust severity and examined their impact on growth 

and yield-related traits in three bread wheat varieties under 

leaf rust stress. 

 

Materials and Methods 

Plant material 

This study included three bread wheat (Triticum aestivum L.) 

varieties, Arooj-22, Dilkash-20, and MH-21. Seeds were 

obtained from the Ayub Agricultural Research Institute, 

Faisalabad, Pakistan. The varieties differ in agronomic 

performance and were selected to assess genotype-specific 

responses to seed priming under leaf rust stress. The highly 

susceptible Morocco cultivar was used as a spreader to 

ensure uniform disease development. 

Priming treatments and preparation of solutions 

Seed-priming treatments were chosen to indicate hormonal, 

nutritional, botanical and biological processes. Preparations 

of jasmonic acid (JA), salicylic acid (SA), and gibberellic 

acid (GA) were done at 25 ppm and 50 ppm. Potassium 

nitrate (KNO3) was made in 0.5 % and 1 %. Moringa leaf 

extract (MLE) was made at 2.5 and 5 %. Trichoderma spp. 

suspensions were made at 50 % and 100 % strength in case 

of biological priming. The control treatments were treated 

with distilled water (16). 

To prepare MLE, fresh moringa leaves were picked, rinsed 

under distilled water and dried a bit in air to remove surface 

moisture. The extract was made by mixing 30 g fresh leaves 

in 300 mL of distilled water. A homogenate was filtered using 

Whatman No. 1 filter paper to get the stock extract and the 

necessary concentrations were diluted with distilled water on 

the basis of volume to volume. 

Seed priming procedure 

Seeds were washed twice with distilled water followed by 

priming to clean the seeds off dust and other dirt in the 

surface. Seeds were primed with a 1:5 seed-solution ratio 

(w/v). The respective priming solutions were used to soak 

the seeds at room temperature (5 h) and the hydration 

ensured without any radicle emergence. The seeds were 

soaked and then dried under controlled laboratory conditions 

to restore their moisture content to approximately its natural 

level. The re-dried seeds were then used for sowing. 

Crop establishment and experimental design 

The field experiment was carried out in pots in the Plant 

Pathology Research Area, University of Agriculture, 

Faisalabad, Pakistan. The research was organized under 

factorial completely randomized design (CRD) with three 

replications. The experiment contained three wheat varieties 

and fourteen treatment levels, twelve seed priming 

treatments and two controls. On 19 November 2022, three 

treated seeds were sown in each pot. The pots were 

maintained under uniform agronomic and environmental 

conditions throughout the experiment to minimize external 

variation. 

Development of leaf rust and disease evaluation 

Naturally disease was developed in experimental area by 

sowing Morocco as spreader, exempting healthy control. 

Disease symptoms were observed in plants, and pathogen 

was identified using microscope. The final disease severity 

was determined by modified Cobb scale and represented as 

percent severity. 

Growth and yield characteristics measured 

Plant height and flag leaf area were measured to evaluate 

vegetative growth since the two measures indicate plant 

health and canopy activity. The reproductive performance 

was assessed using spike length and spike weight. Yield 

related traits included spikelets per spike, 1000 grains weight 

and plant-1 yield. The flag leaves area was measured in cm2 

and the grain yield was measured in g plant-1 The standard 

agronomic procedures were used to make all the 

observations at the relevant stages of crop development. 

Statistical analysis 

All statistical analyses were carried out in RStudio. Data 

were grouped according to wheat varieties, treatments and 

replications. In the key response variables, the variety × 

treatment means was computed and presented to graphically 

depict interaction effects. Under the factorial CRD, analysis 
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of variance (ANOVA) was performed to determine the 

significance of varieties, seed-priming treatment and their 

interaction. The least significant difference (LSD) test at 

P=0.05 was used to determine the mean separation among 

variety × treatment combinations. The interaction pattern of 

disease severity was presented in the same way of mean-

grouping. Pearson correlation coefficients determined the 

relationships between measured traits. After standardizing 

the traits values, a heatmap was created based on the 

treatment-wise means to compare the performance patterns 

across measured traits on different scales. The standardized 

trait matrix was subjected to principal component analysis 

(PCA) to summarize the multivariate data structure. 

Moreover, the correlation of leaf area with the yield of the 

plant was analyzed by scatter-plotting with a linear 

regression line fitted in each variety. The within-variety 

treatment distributions in detail and full interaction means 

groupings are given in the supplementary file with the main 

text presenting the major interaction, correlation, clustering, 

and multivariate analyses. 

 

Results 

Influence of Seed Priming Treatments on Leaf Rust 

Severity Across Varieties 

The leaf rust severity varied significantly among seed-

priming levels, with the extent of this reaction being highly 

dependent on varietal background (Figure 1). The diseased 

control always occupied the most vulnerable end of the 

response range with severity of 70 % in MH-21, 60 % in 

Arooj-22 and 55 % in Dilkash-20 which confirms the fact 

that the disease pressure was adequate to classify between 

favorable and unfavorable responses to treatments.  

On the other hand, disease levels were confined to a 

significantly smaller set of treatments, meaning that 

protection was selective, but not general. Arooj-22 was 

found to be most suppressed under GA 25 ppm and Dilkash-

20 under Trichoderma 50 % where disease severity was 

reduced to 5 %. Other lower intensity responses were 

recorded at JA 25 ppm and Moringa 2.5 % in Arooj-22, 

KNO3 0.5 % in Dilkash-20 and GA 25 ppm, GA 50 ppm and 

Trichoderma 50 % in MH-21.  

An activity that was consistent throughout the dataset, the 

lower concentrations often performed better than the higher 

concentrations of the same priming agent, in particular 

Trichoderma and KNO3. Therefore, there was no 

straightforward dose-response pattern of the disease 

response. Somewhat, the data suggests that the combination 

of the type of primer, concentration, and host genotype was 

necessary to successful rust suppression. Response and full 

treatment mean and groupings variety-wise are given in 

Supplementary Figure S1. 

 
Figure 1. Interaction of variety x treatment on the level of the severity of 

leaf rust in three bread wheat varieties receiving the seed-priming treatments. 
Points indicate the mean disease severity (%) of Arooj-22, Dilkash-20 and 

MH-21 in the priming treatments. The LSD test suggests that there are 

noteworthy differences among the combinations of variety and treatment at 
P = 0.05 as indicated by the different lowercase letters. 

 

Plant yield was also treatment and variety-specific in 

response to priming 

Plant yield reflected the pattern of treatment observed 

regarding the severity of the disease, but agronomic response 

was selective compared to the pathological response (Figure 

2). Arooj-22 with Trichoderma 50 % (29.37 g plant-1) 

showed the highest yield in the experiment, which put this 

combination first in the interaction matrix. A second, more 

consistent high-yield response was observed with 0.5 % 

KNO₃ treatment, which produced the same average yield 

(26.17 g plant⁻¹) in Arooj-22, Dilkash-20, and MH-21, 

indicating a remarkably uniform response across these 

genotypes. 

Yield response, however, was still obviously genotype 

dependent. The range of responses was also greatest in 

Arooj-22 with a range of 29.37 g plant-1 under Trichoderma 

50 % as the lowest to 17.41 g plant-1 under Trichoderma 100 % 

as the highest. The highest response was recorded with 

KNO3 0.5% (26.17 g plant-1) and Moringa 2.5 % (25.07 g 

plant-1), and the lowest yield with KNO3 1.0 % (16.69 g 

plant-1). In MH-21, the upper part of the response range was 

occupied by KNO3 0.5 % (26.17 g plant⁻¹), healthy control 

(25.77 g plant⁻¹), Moringa 2.5 % (25.67 g plant⁻¹), and SA 

25 ppm (25.17 g plant⁻¹), while the diseased control gave the 

lowest yield (17.31 g plant⁻¹). Like the disease data, lower 

concentrations tended to work better than higher 

concentrations especially with Trichoderma, KNO3 and 

Moringa. Combined, the yield interaction reveals that the 

agronomic value of seed priming was defined by the 

interaction of treatment identity, concentration and the 

varietal background. The within-variety response pattern is 

provided in Supplementary Figure S2, and more general 

treatment distributions are provided in Supplementary 

Figure S3. 

Grain filling, canopy maintenance and final yield were 

shown to have a negative relationship with disease 

severity 

The correlation structure revealed that the burden of disease 

was associated with the widespread reduction of crop 

performance as opposed to the single traits (Figure 3). 

Throughout the dataset, all the measured agronomic 
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variables were negatively correlated with disease severity. 

This negative relationship was strongest for 1000-grain 

weight (r = -0.54), followed by plant yield (r = -0.47), leaf 

area (r = -0.46), and spike weight (r = -0.45). The correlation 

with length of spikes was relatively weak (r = -0.18), which 

shows that the increase of disease pressure was more related 

to grain filling and the loss of functional yield rather than all 

structural traits to an equivalent extent. 

Meanwhile, the agronomic characteristics were highly and 

positively correlated with each other. Plant yield was most 

significantly associated with 1000-grain weight (r = 0.80) 

then plant height (r = 0.72), spike weight (r = 0.69), spikelets 

per spike (r = 0.64) and spike length (r = 0.62). Similarly, the 

spike length and spike weight were highly correlated (r = 

0.81), as well as the spike weight and the 1000-grain weight 

(r = 0.78). These associations suggest that positive treatment 

responses were manifested in the form of integrated 

enhancement in various elements of crop performance. In 

general, the correlation matrix outlines the definite 

performance gradient where the less severe a disease was, 

the more consistent was the canopy maintenance, the 

stronger was the reproductive development, the higher was 

the weight of grains, and the better was the final yield. 

 

 
Figure 2. Interaction between variety and treatment in the 

yield of plant in three varieties of bread wheat receiving 

seed-priming treatments. The points indicate mean plant 

yield (g plant-1), and the error bars indicate standard error 

over three replicas. The variety × treatment combinations 

differ significantly when different lowercase letters are used 

and the LSD test is used at P 0.05 or less. 

 

Favorable and unfavorable priming profiles were 

segregated into treatment level integration 

When the means of the treatments were compared in the 

complete set of traits, the answers had been sorted into two 

large performance categories instead of a random gradient 

(Figure 4). 

The group of favorable performance was dominated by GA 

25 ppm, JA 25 ppm, Trichoderma 50 %, Moringa 2.5, KNO3 

0.5 %, and SA 25 ppm. These treatments were found to be 

always in line with positive standardized values of yield-

related traits and have retained the association with lower 

level of disease severity. In comparison, the less-

performance group consisted of disease control and some 

higher dose treatments, especially Moringa 5 %, KNO3 1%, 

GA 50 ppm, JA 50 ppm, SA 50 ppm and Trichoderma 100 %. 

This cluster effect thus supports a key finding already 

apparent in the interaction figures: The lower-dose 

treatments were more frequently linked to the favorable 

response space, but higher-dose treatments moved more 

often to the weaker response space. 

 

 
Figure 3. Correlation coefficients between severity of the 

disease, growth, and yield characteristics of seed-primed 

wheat under stress of leaf rust. Cell values are Pearson 

correlation coefficients. The blue color represents positive 

correlations whereas the red color represents negative 

correlations. 

 

Multivariate variation was predominated by resistance 

between disease severity and positive agronomic 

performance 

Principal Component Analysis (PCA) revealed that the 

overall structure of the dataset was largely governed by a few 

major biological gradients associated with disease severity 

and crop performance (Figure 5). The first two principal 

components accounted for 75.4 % of the total variation, with 

PC1 and PC2 explaining 63.9 % and 11.5 % of the variation, 

respectively. This indicates that most of the treatment-

induced variability was effectively captured within a two-

dimensional space, providing a reliable representation of the 

relationships among the measured traits. 

Severity of the disease was loaded out of the plant yield, 

1000-grain weight, leaf area, spike weight, plant height and 

spike length, but the other agronomic properties were 

generally oriented in the same direction. There was varietal 

dispersion in the PCA space, albeit without being absolute. 

Though the three varieties had slightly different localizations 

in the ordination, the ellipses were largely overlapping, 

meaning that they had a common multivariate response 

framework. Therefore, the differences between the varietal 

manifestations were more of magnitude of the response and 
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ranking of treatment rather than an absolute division into 

separate trait syndromes. 

 

 
 

Figure 4. Heat map of scaled mean treatment performance of 

wheat seed primed with disease, growth, and yield traits. 

Standardization and clustering of trait values were 

implemented to compare responses to treatment across 

variables that had different measurement scales. Colors that 

are warmer depict a relatively higher standardized value, and 

the cooler colors depict a relatively lower standardized value. 

 

 

 
Figure 5. Principal component analysis (PCA) biplot that 

depicts the multivariate relations between wheat varieties 

and the measured traits in seed-priming treatments. Points 

denote single observations, ellipses denote varietal 

dispersion and arrows denote trait loadings. PC1 and PC2 

explained 63.9 % and 11.5 % of the total variation, 

respectively. 

Canopy maintenance was also found to aid in preserving 

yields, although the strength of this relationship varied 

among varieties 

There was a positive correlation between leaf area and plant 

yield in the experimental population, which implied that the 

treatments that maintained a greater photosynthetic surface 

tended to contribute to high productivity in the presence of 

leaf rust stress (Figure 6). This relationship offers a 

physiological correlation of the disease and yield responses, 

since the treatments which had worked agronomically also 

worked more well to retain canopy functioning. 

The association, however, was not so strong in the three 

varieties. In Dilkash-20 and MH-21 the positive trend was 

more pronounced, as the increase in the leaf area was 

observed with a more evident increase in plant yield. In 

Arooj-22, the association was positive but not as strong, 

implying that yield performance in this variety depended on 

other factors other than maintenance of the leaf-area.  

 
Figure 6. Correlation between plant yield and leaf area in 

three seed-primed wheat varieties at the conditions of leaf 

rust. The points denote single observations, fitted lines depict 

variety-wise linear trends and shaded areas denote 95 % 

confidence intervals. 

 

Discussion 

The current research demonstrates that seed priming did not 

have a homogenous effect on the leaf rust in experimental 

system. Relatively the reduction of the disease, yield 

retention was focused on the selected combination of 

treatment, and GA 25 ppm and Trichoderma 50 % have 

shown the best overall response and have lower 

concentrations outperforming high concentrations. This 

trend is correlated with recent direct evidence that biological 

and signal-based priming can suppress wheat leaf rust as well 

as enhance host physiology and productivity. However, the 

extent of such benefit is highly genotype dependent (17, 18, 

19). It is also biologically consistent with available wheat 

leaf-rust genetics that have demonstrated that resistance is 

constructed on a variety of host architecture, such as Lr9, 

Yr87/Lr21-associated recognition and Lr30/Lr.ace-4A 

which implies that priming treatments are predicted to 

interact in different ways with different varietal defense 

backgrounds (20, 21, 22, 23). 
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One of the most notable findings in the current study was the 

consistent higher efficacy of lower dose treatment compared 

to higher dose treatment. This indicates that priming efficacy 

was dependent upon an optimal response window instead of 

a linear dose effect. Lack of Zn in wheat may support a 

hormetic response, but an excess of Zn will be harmful at the 

ultrastructural and physiological level (24). Similarly, the 

concentration of the methyl jasmonate responses in wheat is 

sensitive, and only in a narrow range, there are positive 

effects (25). In a more general sense, more recent studies of 

wheat susceptibility regulators indicate that salicylic-acid-

linked defense systems can be repressed to enhance 

compatibility with biotrophic fungi, which supports the 

notion that defense signaling should be tuned, but not 

maximized in a blind manner (26, 27, 28). The advantage of 

lower dose in that case is probably the result of a condition 

where priming increased defensive preparedness without 

causing an unduly growth or signal cost. 

We also find that the decrease in disease was only converted 

to agronomic value when reproductive performance was 

maintained. The severity of the diseases in this experiment 

had the strongest and most negative relationship with 1000-

grain weight and then with the plant yield and leaf area which 

showed that the main agronomic cost of rust was through 

grain filling and source functioning rather than a consistent 

reduction of all structural characteristics. This parallels a 

current literature indicating that leaf rust may have a potent 

influence on such traits as grain, in particular, grain weight 

and yield formation (29). It is also consistent with larger-

scale wheat physiology studies that stable yield is maintained 

through the coordination of source-sink interactions in the 

process of grain filling and that growth-defense trade-offs are 

maintained by common pathways, but not independent 

systems (30, 31). Therefore, the high performance of 

Trichoderma 50 % and the stable nature of KNO3 0.5 % in 

our experiment is perhaps indicative of the fact that the two 

treatments were not only suppressive to the pathogen but also 

spared the crop the ability to continue with it assimilate 

supply and grain deposition during the stress. 

PCA and the heatmap show that the effects of priming were 

manifested as a unity of biological response and not as the 

changes in particular traits. The more favorable treatments 

shared an ordinary performance arena with less seriousness 

of the disease coupled with improved growth, grain weight, 

and yield, and the weaker treatments concentrated to the 

opposite side of the response profile. This type of system-

level organization coincides with more recent evidence that 

useful microbial interventions and other priming strategies 

can affect several levels of plant functionality simultaneously, 

such as phytohormone regulation, rhizosphere architecture, 

stress signaling and productivity (32, 33, 34). It also supports 

more recent wheat research which has indicated that, in stress 

conditions, moringa-based or biofortification-based priming 

can enhance antioxidant status, grain quality, and 

productivity; and that better treatments are better operating 

on a performance network, not on a single endpoint (35, 36). 

The multivariate form in our data thus supports the 

conclusion that the most effective treatments moved the crop 

towards a more expanded condition of functional durability 

other than just reducing noticeable disease severity. 

The fact that there is a positive correlation between leaf area 

and plant yield provides this interpretation with an important 

physiological aspect. It suggests that priming safeguarded 

productivity amid leaf rust stress by one way, canopy 

maintenance. This opinion is highly supported by recent 

studies on wheat. The characteristics of flag-leaf are highly 

associated with the potential of yield, the form of the canopy, 

and the grain structure, and the decrease in photosynthesis, 

transpiration, stomatal conductance, and the leaf-area index 

due to rust have been found to be translated into worse crop 

performance at the canopy scale (37, 38). Our data build 

upon that framework by revealing that the relationship 

between canopy and yield was genotype specific: the 

relationship was steeper in Dilkash-20 and MH-21 than in 

Arooj-22 suggesting that the equivalent increase in the leaf 

area did not yield an equivalent agronomic payoff in all three 

varieties. This is consistent with recent wheat work which 

demonstrates that source sink relations in grain filling are 

context sensitive in themselves and that the role of upper-

canopy photosynthesis in ultimate grain development is 

genotype dependent (30, 39). 

When combined, the discussion points towards a single 

consistent result: the stress of priming of the seed under the 

influence of the stress of leaf rust was viable only in case of 

the physiological balance and the similarity of the genotype. 

The most effective treatments in this experiment were not the 

most robust-input treatments; rather, they were those that 

enhanced resistance without causing the crop to change to 

nonproductive growth status. This explains why the chosen 

lower-dose treatments dominated the desirable response 

space across the severity of the disease, grain weight, canopy 

maintenance and final yield. To apply, this implies that the 

priming strategies are not to be evaluated based on visual 

disease suppression alone and should not be optimized based 

on the concentration escalation alone. The most promising 

therapies are those that match the primer class, the dose and 

the host genotype in such a way that rust restraint, the canopy 

functioning, the grain filling and the yield are in a state of 

coordination (40, 41, 42, 43). 

 

Conclusion 

This research shows that seed priming could minimize the 

severity of leaf rust and safeguard wheat production, yet 

the impact of the method is highly contingent on the 

combination of the priming method, concentration, and 

variety. Improved responses were always linked to the 

chosen lower dose treatments, especially GA 25 ppm, 

Trichoderma 50 % and KNO3 0.5 %, with other higher-

dose treatments remaining relatively ineffective. The 

findings also revealed that successful priming was 

correlated not only to reduced disease severity but also 

maintained leaf area, grain weight and final yield, which 

means that the merit of priming is in the maintenance of a 

desirable ratio between resistance and crop performance. 

Collectively, these results indicate that seed priming ought 

to be established as a dose-optimal and genotype-specific 

disease management approach in wheat leaf rust, with a 
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focus being placed on those treatments capable of reducing 

disease and maintaining yield formation against stress. 
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Supplementary Data 

 

Supplementary Figure S1. Variety-wise distribution of leaf rust severity across seed-priming treatments 

in Arooj-22, Dilkash-20, and MH-21. Bars represent mean disease severity (%) for each treatment within 

each variety 

 

Supplementary Figure S2. Variety-wise distribution of plant yield across seed-priming treatments in 

Arooj-22, Dilkash-20, and MH-21. Violin plots summarize the distribution of plant yield within each 

treatment, with overlaid boxplots and points showing variation among replications. 
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Supplementary Figure S3. Distribution of plant yield across seed-priming treatments in the three wheat 

varieties. Violin plots summarize treatment-level dispersion, while overlaid points represent replicate 

observations. 

 


