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ABSTRACT 
 

Leaf rust (Puccinia triticina) is among the most destructive foliar diseases of wheat worldwide 
and particularly in Egypt. Susceptible wheat cultivar (Sids-1) was sprayed at the flag leaf stage (70 
days after sowing date) with different concentrations of Mono potassium phosphate (0, 50 and 100 µg 
ml-1 KH2PO4). Treated plants were challenge inoculated by uredia of P. triticina. Results of the 
present study showed that KH2PO4 at concentration of 50 µg ml-1 was capable to protect the 
susceptible wheat cultivar (Sids-1) against leaf rust, indicated by significant reductions in disease 
severity and average coefficient of infection by about 66.6 and 86.6 %, respectively, as compared to 
non-treated control plants. In addition, application of KH2PO4 leads to promoted resistance of wheat 
against P. triticina through activation of some defense genes and production of a variety of resistant 
compounds that afford defense mechanism against the pathogen. Results demonstrated that KH2PO4 
at concentration of 50 µg ml-1 could induce resistance responses in wheat to P. triticina, resulting in 
increased total phenolic compounds (TPC), phenylalanine ammonia-lyase (PAL) activity and total 
lignin. Moreover, mRNA- expression levels of PAL were markedly increased in wheat leaves infected 
plants treated with 50 µg ml-1 KH2PO4 compared to both infected and non-infected untreated controls. 
On the other hand, plants sprayed with KH2PO4 exhibit some marked changes in both pathogen and 
host mesophyll cells. Regarding fungal structures, many vesicles appeared in the intercellular hyphae 
which gradually fused into bigger vacuoles and the extrahaustorial membrane was wrinkled. Host 
cells produced defense structures and material related to infection as well as hypersensitive responses 
and formation of cell wall appositions. This information can be considered in management programs 
to control leaf rust disease. 

Keywords: Wheat, Leaf rust, Induced resistance, Mono Potassium Phosphate (KH2PO4), Phenylalanine 
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Introduction  
 

Wheat (Triticum astivum L.), one of the most important nutritive winter crops, has played a key 
role in human’s economic and social development word over. It is the staple food of nearly 40% of 
the world population (Braun et al., 1998). Although wheat cultivated area in Egypt is significantly 
increased, reached about 1.4 million hectares in the growing season 2014, the grain yield (9.2 million 
tons in total) is far away from self-sufficiency (FAO, 2014). This might be largely due to the 
increasing human population and the limited natural resources (i.e. water and land) available for 
cultivation. Several plant diseases and pests have negatively affected wheat production, yield potential 
and quality, among these rust diseases are the most constraints, causing major crop losses despite the 
widespread use of host resistance and fungicides.  

Leaf rust or brown rust caused by Puccinia triticina (formerly known as Puccinia recondita f. 
sp. tritici), is the most destructive and devastating disease due to its time of appearance, nature of 
attack, regular occurrence and prolonged growing season that is prevalent for its development in 
wheat growing areas (Bolton et al., 2008). Wheat cultivars that are susceptible to leaf rust suffer from 
yield reductions between 5 to 35%. However, yield losses may exceed 50%, in late-sown wheat when 
weather conditions are favorable and depending on the susceptibility of the lines and the severity of 
epidemics (Kolmer, 2005). An important approach to control rust diseases consists of the use of 
environmentally-friend and biologically active compounds that induce the plant resistance (Thakur et 
al., 2013). Induced resistance is the phenomenon by which the plant can utilize the own defense 
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mechanism to increase the level of resistance without changing plant genome (Mishina and Zeier, 
2007). Some advantages of induced resistance are, safety for man and environment, long lasting 
activity and a broad spectrum of activity against pathogens including bacterial, fungal and viral 
diseases (Lyon and Newton, 1997). Several chemical compounds can act on the endogenous plant 
defence pathways, providing a broad-spectrum disease control (Lucas, 1999). The chemical activator 
of systemic acquired resistance (SAR) should exhibit three characteristics: first, the compound or its 
significant metabolites should not exhibit antimicrobial activity, second, it should induce resistance 
against the same spectrum of pathogens as in biologically activated SAR, and third, it should induce 
the expression of the same marker genes as evident in pathogen activated SAR (Naoumkina et al., 
2010).  

 Mono potassium phosphate (KH2PO4) is the formulation with the lowest salt index and thus the 
foliar fertilizer of choice for many crops. It is an excellent and fast source of P and K when applied as 
a foliar fertilizer. Foliar application with KH2PO4 may protect against various pathogens in several 
host pathogen interactions (Janisiewicz and Peterson, 2005; Percival et al., 2009). Dibasic potassium 
phosphate was applied as a foliar spray to evaluate their capabilities to induce resistance against rust 
disease of sugar beet caused by Uromyces betae which, reduced both disease incidence and severity 
(Ata et al., 2008). However, Disease incidence and severity of brown blotch were significantly 
reduced at higher levels of phosphorus (Owolade, 2006). The phosphate and potassium salts may have 
direct antifungal properties as microscopic observations showed a direct effect of phosphates on the 
collapsing and malformation of fungi organs or their combination increase the content of phenolic 
compounds and the activity of polyphenol oxidase in leaves (Reuveni and Reuveni, 1998). The mode 
of action of KH2PO4 in resistance induction remains unclear. The activation of the protection 
mechanism might be associated with stress induced by the salts (Mucharromah and Kuc', 1991), or 
related to improved nutrition or increased photosynthesis. Several researchers suggested that 
sequestration of calcium at the site of application of phosphate was thought to generate an endogenous 
signal for this protection (Murray and Walters, 1992).  

In disease resistance mechanism, phenylalanine ammonia lyase (PAL) plays an important role 
in the conversion of phenylalanine to coumaric acid. These provide the phenyl propane carbon 
skeleton for the synthesis of flavonoids, phenolic, phenyl propanes and lignin all of which play key 
roles in a range of plant-pathogen interactions (Ritter and Schulz, 2004; Wuyts et al., 2006). PAL 
work as a precursor of lignin-like compounds, suberin or other types of phenolic materials that are 
often deposited in the host cell walls at the point of fungal invasion (e.g. papilla formation), and 
appear to block the progression of the hyphae (Caño-Delgado et al., 2003). It has also been implicated 
in the biosynthetic pathway for salicylic acid (SA), another defense-related compound and a key 
signaling component required for the activation of PR-genes, catalases, receptor-like protein kinases 
and transcription factors (Way et al., 2002; Mould et al., 2003). 

The main objective of the present work was initially to study the potential of mono-potassium 
phosphate (KH2PO4) as a resistance inducer against leaf rust in a susceptible wheat cultivar, namely: 
sids-1. It was also aimed to identify physiological, histological and molecular mechanism(s) 
underlying the induced resistance.  
 

Material and Methods 
 
Plant and fungal materials 
 

Grains of the Egyptian wheat (Triticum aestivum) cultivar Sids-1 were kindly obtained from 
Wheat Research Section, Field Crop Institute, Agricultural Research center (ARC), Giza, Egypt. The 
uredia of Puccinia triticina (race 77) were provided by Wheat Research Section, Plant Pathology 
Institute, ARC, Giza, Egypt. The following experiments were conducted in the greenhouse and 
laboratories of the Department of Plant Pathology, Faculty of Agriculture, Ain Shams University 
during the growing season 2009/2010. The grains were sown in plastic pots (30 cm diameter), 
containing clay soil, (3 grains /pot). All the cultural practices were precisely applied. Adult wheat 
plants (70 days old) were sprayed with KH2PO4, at concentration of 50 and 100 μg/ml. Meanwhile, 
control plants were only sprayed by distilled water. Five days after treatment, plants were inoculated 
by uredia of Puccinia triticina (race 77) as described by Tervet and Cassel (1951). Freshly 
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urediospores (race 77) were collected and mixed with talcum powder (at the rate of 1:20) then dusted 
to the irrigated and water sprayed plants using a baby cyclone. After inoculation, plants were 
incubated in a moist chamber for 48 hours then transferred to the greenhouse benches. All trials were 
conducted in a complete randomized block design with five replicates. 

 
Disease severity 
 

Disease severity (DS) was recorded as interaction between the developed symptoms on wheat 
flag leaves depending on the infection types (IT) according to Stakman et al. (1962). However, the 
percentage of covering leaves with rust pustules was estimated according to the modified cob’s scale 
(Peterson et al., 1948). 

Average Coefficient of Infection (ACI) was calculated by multiplying the percentage of 
covering leaves with rust pustules by the following factors as reported by Saari and wilcoxson (1974). 

 
Assay of phenylalanine ammonialyase (PAL) activity 
 

Flag leaf samples of both wheat cultivars were used to determine the activity of Phenylalanine 
ammonialyase (PAL), 3 and 15 dpi. The activity was measured as described by Solecka and 
Kacperska (2003) with crude enzyme extract (1 ml) in sodium borate buffer (2 ml sodium borate 
buffer pH 8.8). Enzyme activity was expressed as trans-cinnamic acid released measured at 290 nm 
by using spectrophotometer (Unico-2100, United Products & Instruments, Inc. Dayton, NJ). 
 
Assay of total phenolic compounds 
 

Phenolic compounds were extracted from fresh flag leaf samples according to the method 
described by Swain and Hillis (1955). Hydrolyzing the total phenols was carried out according to the 
method described by Swain and Hillis (1955). The optical density of the color developed was 
measured at 725 nm. Total phenols were quantified using a slandered curve of catechol. Conjugated 
phenols were calculated by subtracting the free phenols of the total phenols. 

 
Lignin extraction and determination 
 

One gram of flag leaves (15 days post inoculation) was mixed with10 g of trichloroacetic acid 
(TCA) then incubated at 90 ˚C. After 240 minutes of reaction time, delignification was stopped by 
cooling the reaction mixture. The reaction vessel was immersed in cold water and 5 ml of cold 
acetone were added. Suspension was filtered through Whatman No.1 filter paper and liquor was 
evaporated, highly homogeneity solution without smell of acetone was obtained. Lignin was 
precipitated by pouring the solution in 200 ml cold water. Lignin was filtered off and washed with 
warm water several times. After that, lignin was air-dried overnight at 40 oC in an incubator then 
weighed (Likon, and Perdih, 1999). Results were tabulated as mg/g dry weight. 

 
RNA expression of phenylalanine ammonia-lyase (PAL) 
 

Total RNA was extracted from flag leaves, 15 dpi using Total RNA purification kit (Jena 
Bioscience, Germany). RT-PCR was carried out to determine the effect of treatments with KH2PO4 on 
the expression of PAL. In order to obtain cDNA, mRNA was reverse transcribed using a one step RT-
PCR kit (QIAGEN, Hilden, Germany). The sequence of the forward Wheat PAL primer is PAL-F, 5-
AAGCTGATGTTCGCGCAGTTCT-3 and the reverse primer is PAL-R, 5- AAACCATAGTCCA 
AGCTCGGGT-3). The expression of the gene of interest was normalized, relative to that of the 
housekeeping wheat actin genes (actin-F, 5-CTCATACGGTCAGCAATAC-3; actin-R, 5-ATGTGG 
ATATCAGGAAGGA-3. PCR reactions were subjected in a thermal Eppendorf master cycler 
(T100TM thermal cycler, BIO-RAD) under the following conditions: reverse transcription at 50 ºC for 
30 min, followed by denaturation at 94 ºC for 15 min, 30 cycles of 94 °C for 30 s, 60 °C for 30 s and 
72 °C for 30 s, and a final extension of 72 °C for 1 min. The amplification products were visualized 
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on 1.5% agarose gels stained with ethidium bromide and photographed using gel documentation 
system (Bio- Doc Analyze, Biometra, Germany).  

 
Light and transmission electron microscopical investigations 
 

Samples of both infected and non-infected flag leaves were taken 15 days after inoculation 
(dai). Samples were fixed with 3% (v/v) glutaraldehyde in 0.1 m/l phosphate buffer (pH 7.4) 
overnight at 4°C, rinsed thoroughly with the same buffer, and post-fixed with 1% (v/v) osmium 
tetroxide for 3 h at room temperature. Samples were infiltrated overnight in 1% Spurr’s resin (Spurr, 
1969). Semi thin sections were cut with a diamond knife. Sections were mounted on glass slides and 
stained with toluidine blue, then microscopically investigated and photographed by light microscope 
(Leica DM 2500). However, ultra-thin sections were placed on 200-mesh copper grids, stained with 2 
% uranyl acetate for 15 min, washed in double-distilled water and post-stained in lead citrate for 5 
min (Cohen et al., 1989) then, washed again in double-distilled water. Sections were subsequently 
viewed and photographed with a JEM-100CX II transmission electron microscope. 

 
Statistical analysis 
 

Data sets were statistically analyzed by analysis of variance (ANOVA), using SAS software. 
Differences between means (P ≤ 0.05) were determined by Duncan’s multiple range test (differences 
between more than two KH2PO4 levels) and by Student’s t test (differences between non-infected and 
infected treatments). 
 

Result  

Effect of mono-potassium phosphate on disease parameters 
 

The effects of spraying different concentrations of mono potassium phosphate (KH2PO4) on rust 
disease severity (DS) and average coefficient of infection (ACI) are shown in Figure 1. Treating 
wheat plants with KH2PO4 at concentration of 50 and 100 μg/ml significantly (P ≤ 0.05) reduced leaf 
rust severity (DS) by about 66.6 and 55.5%, respectively, as compared to non-treated control plants 
(Fig. 1A). Similarly, ACI was considerably decreased by roughly 86.6 and 82.8% in plants sprayed 
with 50 and 100 µg ml-1, respectively, compared to the respective controls (Fig. 1B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Disease severity (DS) (A) and average coefficient of infection (ACI) (B) of wheat plants 
sprayed with different concentrations of KH2PO4, 15 dpi. Values represent the mean ± SD of three 
replicates per treatment. Columns with the same letter are not significantly different at P ≤ 0.05, 
Duncan test.   
 
 

(A) (B) 
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Effect of mono-potassium phosphate on some resistance marker  
 
Total phenolic compounds  
 

As shown in Figure 2, wheat plants inoculated with P. triticina exhibited 40% higher TPC 
compared with those healthy controls. Mono potassium phosphate treatment significantly (P ≤ 0.05) 
increased TPC concentration in the leaves of both healthy and P. triticina infected wheat plants. 
Spraying KH2PO4 at concentration of 50 µg ml-1 resulted in the highest accumulation of TPC. This 
concentration led to increase the TPC of the leaves by approx. 83.3% and 166.6% in non-inoculated 
and infected plants, respectively, relative to un-treated healthy controls (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Effect of spraying different concentrations of KH2PO4 on the total phenolic compounds of 
non-infected and P. triticina-infected wheat flag leaves, 15 dpi. Values represent the mean ± SD of 
three replicates per treatment. Different letters indicate significant differences (P ≤ 0.05) between 
KH2PO4 concentrations while an asterisk indicates significant difference between non-infected and 
infected plants (within one KH2PO4 level). 
 
 
Total lignin 
 

The total lignin was significantly (P ≤ 0.05) increased upon P. triticina infection, being 1.3 
folds higher in infected un-treated plants (Fig. 3). KH2PO4 treatment drastically enhanced the total 
lignin contents of both non-infected and infected plants. In the absence of pathogen, spraying the 
plants with 50 and 100 µg ml-1 KH2PO4 increased the total lignin contents by 4.8 and 3.3 folds, 
respectively, compared to un-treated controls (Fig. 3). However, P. triticina infected plants exhibited 
about 8 and 7 folds higher total lignin contents when exposed to 50 and 100 µg ml-1 KH2PO4, 
respectively, compared to the respective controls (Fig. 3).  
 
RNA expression of phenylalanine ammonia-lyase (PAL) 
 

As shown in Figure (4; the upper panels), PAL genes were efficiently transcribed into an 
mRNA as detected by the presence of specific amplicons of expected molecular weight (104 bp) in all 
treatments. However, the expression pattern of PAL gen was varied in the semi-quantitative RT-PCR 
analysis. PAL expression was distinctly upregulated in the leaves of infected plants treated with 50 µg 
ml-1 KH2PO4 compared to both infected and non-infected untreated controls (Fig. 4). Specific actin 
transcript amplicons were detected in all plants as an internal control for cDNA synthesis (Fig. 4; 
lower panels). 
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Fig. 3: Effect of different KH2PO4 concentrations on the total lignin contents of non-infected and P. 
triticina-infected wheat plants, 15 dpi. Values represent mean ± SD of three replicates per treatment. 
Different letters indicate significant differences (P ≤ 0.05) between KH2PO4 concentrations while an 
asterisk indicates significant difference between non-infected and infected plants (within one KH2PO4 

level). 

 
 
Fig. 4: RNA expression of PAL gene  compared to actin gene expression (Housekeeping gene). M 
(marker), 100 bp DNA Ladder (Bio science); 1, KH2PO4 treatment + infection with P. triticina; 2, 
infected with P. triticina; 3, treated with KH2PO4 and 4, non-infected and non-treated with KH2PO4. 
 
Phenylalanine ammonia-lyase (PAL) activity  
 

The activity of PAL was significantly (P ≤ 0.05) enhanced by more than 50.0% upon P. 
triticina infection in non-treated controls (Fig. 5). Spraying KH2PO4 at both concentrations (50 and 
100 µg ml-1) increased PAL activity in both non-inoculated and P. triticina-infected plants, the effect 
which was more pronounced using 50 µg ml-1 KH2PO4 (Fig. 5). This concentration (50 µg ml-1) 
resulted in 1.5 and 3 folds increases in PAL activity in non-infected and infected plants, respectively, 
compared to non-treated controls (Fig. 5). 
 
Light microscopy (LM) and transmission electron microscopy (TEM) 
 

The structural and ultrastructural alterations in the leaf of non-infected and P. triticina infected 
leaves in response to KH2PO4 treatment were investigated. Several changes were observed in both 
mesophyll cells and vascular bundle due to infection. Light microscopical inspection of the infected 
untreated leaves revealed an intensive intercellular fungal hyphae causing severe damage in the 
mesophyll cells with large pustules (Fig. 6). Additionally, the bundle sheath cells were collapsed due 
to the mycellial invasion (Fig. 7B). A disorganized phloem tissue with less active phloem elements 
was also observed in the infected leaves (Fig. 7B). By contrast, infected leaves sprayed with KH2PO4 
(50 µg ml-1) exhibited relatively normal vascular bundles with less destructed phloem tissue and 
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mesophyll cells (Fig. 7A). Ultra-thin sections of P. triticina infected leaves shed more lights on the 
intracellular response and the effect of the inducer KH2PO4 on the host – fungus interaction. As for 
fungal structures, a higher rate of vesiculation was observed in the intercellular hyphae. Vesicles were 
then gradually fused into bigger vacuoles (Fig. 8A). The haustorial cytoplasm degraded gradually and 
developed a vacuole in the center. The extra haustorial membrane was wrinkled (Fig. 8B). The 
intercellular spaces contained a dense material of extra-cellular substances (Fig.  8C). Several 
cytopathic changes were observed in the host mesophyll cells due to the fungal mycelium invasion. 
The invaded mesophyll cells performed defense structures appeared as cell wall apposition (Fig. 9A). 
A higher rate of both vacuolation and vesiculation were clearly observed in the cytoplasm of the 
mesophyll cells (Fig. 9B). The plasma lemma appeared to be separated from the cell wall (Fig. 9B). 
Several deformed and swollen chloroplasts, containing many electron-dense granular deposits, were 
observed in infected leaves (Fig. 9C). Their thylakoid membranes showed dilations, the spaces 
between the membranes looked swollen, and undulated thylakoid areas developed (Fig. 9C).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Influence of various KH2PO4 concentrations on PAL activity of non-infected and P. triticina-
infected wheat plants, 15 dpi. Values represent mean ± SD of three replicates per treatment. Different 
letters indicate significant differences (P ≤ 0.05) between KH2PO4 concentrations while an asterisk 
indicates significant difference between non-infected and infected plants (within one KH2PO4 level). 
 

   

Fig. 6: Transverse sections (LM micrograph) of the leaves at 15 dpi from (A), healthy non-infected; 
(B), non-treated and P. triticina infected leaves and C, KH2PO4 sprayed leaves. Note the mature 
pustules and very corrosive mycellial invasion in mesophyll cells (arrow) in non-treated infected 
leaves (B) and the reduced damage in mesophyll cells with less intercellular hyphal disperse (arrows) 
compared to non-treated control plants in (C). 
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Fig. 7: Cross sections in the vascular bundles of healthy non-infected leaves (A); non-treated and P. 
triticina infected leaves (B) and KH2PO4 treated and infected leaves (C). Note the beginning of 
collapse (arrows) of bundle sheath cell in (B) and less damaged vascular bundle with thicker lignified 
cell walls (arrows) as a result of KH2PO4 treatments (C). 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Fig. 8: Transmission electron micrographs of KH2PO4 pretreated and rust infected flag leaves. (A), 
malformed and vacuolated intercellular hypha (arrow). (B), Haustoria and its extrahaustorial 
membrane appeared wrinkled (arrow). (C), the extracellular substances occupy the intercellular 
spaces. FM, fungal mycelium; H, haustorium; ESC, extracellular substance; EM, extrahaustorial 
membrane.  
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Fig. 9: Transmission electron micrographs of rust infected flag leaves showing the effect of P. 
triticina infection on the host cell structure. Note the formation of cell wall apposit ions in (A) 
(arrow), the separation between the plasmalemma and the cell wall in (B) (arrow) and the swollen and 
deformed chloroplasts that containing de-stacked grana and several electron-dense granules in (C) 
(arrow). Ch, chloroplast; CW, cell wall; PL, plasmalemma; FM, fungal mycelium.   

A B C 

A B C  
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Discussion 
 

Leaf rust of wheat caused by P. triticina is a widespread disease in Egypt attacking wheat plant 
causing a great loss in the yield (EI-Daoudi et al., 1994). Utilization of rust resistant genotypes is one 
of the most effective and economic approach to control rust diseases. On the other hand, the dynamic 
nature of leaf rust pathogen enables it to produce new and more virulent races, which have the ability 
to breakdown and overcome host-plant resistance in the new released cultivars. Alternatively, 
enhancing the systemic acquired resistance using different inducers is reported to be effective to 
reduce the disease incidence in many phytopathosystems measured as change the infection type from 
susceptible to resistant (Jones and Dangl, 2006). Results of this study showed that both KH2PO4 
concentrations (50 and 100 µg ml-1) led to a reduction in both disease severity (DS) and average 
coefficient of infection (ACI) as compared to the non-treated controls (Fig. 1). These findings are in 
agreement with those of Thabet et al. (2008) and are in complete harmony with the results reported 
previously by Reuveni et al. (1994). According to these authors, spraying maize leaves with 
phosphate compounds at least 2-4 h before inoculation led to induce systemic resistance to Puccinia 
sorghi. Additionally, the overall plant growth was improved when phosphate compounds were 
applied to leaves 6 days before inoculation. Foliar treatments with mono-potassium phosphate might 
protect against various pathogens in several host pathogen interactions. However, the mode of action 
of KH2PO4 in inducing resistance remains unclear. KH2PO4 –mediated induced resistance could be 
attributed to the activation of protection mechanism associated with stress induced by the salts 
(Mucharromah and Kuc', 1991), or due to an improved plant nutritional status and hence enhanced 
photosynthetic capacity (Murray and Walters, 1992). It has been also suggested that sequestration of 
calcium at the sites of phosphate application might generate an endogenous signal for this protection. 
Ca ions are key components in the induced production of salicylic acid, which acts as a signaling 
molecule that mediates SAR (Mitchell and Walters, 2004). 

The phenylpropanoid pathway is considered to be important due to its role in the synthesis of a 
large range of natural products in plants, including lignin, and flavonoids (Murphy and Noack, 1994). 
Recent biochemical studies have shown increased levels of a number of key enzymes of the 
phenylpropanoid pathway in wheat leaves during the expression of resistance to rust fungi (Kruger et 
al., 2002; Bhuiyan et al., 2008). Phenylalanine ammonia-lyase (PAL) acting as a precursor of lignin 
like compounds, suberin or other types of phenolic materials that are often deposited in the host cell 
walls at the point of fungal invasion, which block the progression of the hyphae (Caño-Delgado et al., 
2003). Results of the present study showed that infecting sprayed wheat plants with KH2PO4 clearly 
increased PAL activity at 3 and 15 dpi, with much more obvious effect at 15 dpi (Fig. 5). These 
results are also supported by previous studies showed that treatment of the first leaves of barley with 
potassium phosphate significantly suppressed Blumeria graminis f. sp. hordei infection, a response 
that was associated with increasing in the activities of phenylalanine ammonia lyase (PAL), 
peroxidase and lipoxygenase (Mitchell and Walters, 2004).  

How exactly PAL expression contributes to enhance resistance has been the focus of much 
research. PAL is involved in the synthesis of phytoalexins, which have high antimicrobial activities 
and involved in the structural reinforcement of the cell via lignification and the production of salicylic 
acid (Dixon et al., 2002). Salicylic acid (SA) is a well-described regulator of plant defense 
mechanisms, vital to coordinating the oxidative burst and the generation of systemic acquired 
resistance. Its biosynthesis is under indirect control of PAL transcription factor networks (Metraux, 
2002), which also target phenylpropanoid-biosynthetic genes. RT-PCR data clearly demonstrated that 
expression of PAL gene was markedly up-regulated in infected plant treated KH2PO4. These results 
are in line with those obtained from PAL enzyme activity, showing a strong induction at both RNA 
and protein levels in response to fungal infection, suggesting its involvement in the host defense 
response. An increase in PAL activity, together with mRNA transcription, was also previously 
reported in barley epidermis upon powdery mildew infection (Zierold et al., 2005). Similarly, Li et al. 
(2004) provided molecular evidences for the induction of PAL in Puccinia graminis f. sp. tritici 
infection and elicitation in wheat. They suggested that activation of PAL genes might play a critical 
role in inducing early response to the stem rust fungus. Transgenic wheat plants engineered to express 
the antimicrobial gene from onion exhibited increased PAL expression and elevated levels of SA 
upon challenge with a fungal pathogen (Subhankar et al., 2006). PAL was also up-regulated in wheat 
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cultivars resistant to Fusarium graminearum (Golkari et al., 2009). Phenols are well-known to play 
crucial roles in plants as antifungal, antibacterial and antiviral compounds (Gogoi et al., 2001; 
Hammerschmidt, 2005). In line with the findings of Southerton and Deveral (1990), the content of 
total phenolic compounds of wheat plants were increased upon KH2PO4 spraying, with much more 
pronounced effects at KH2PO4 concentration of 50 µg ml-1 (Fig. 2). KH2PO4-induced improvement in 
TPC might contribute to increase the phenol synthesizing pathways involved in the mechanical 
strength of host cell walls, leading, in turn, to block the spread of pathogens (Ngadze et al., 2012; 
Singh et al., 2013). In the presence of H2O2 and peroxidases, phenolic compounds can bind to certain 
polysaccharides and glycoproteins to form gels which may be accumulated in the cell wall, acting as 
an efficient physical barrier that correlated to the higher rate of lignification due to treatment with 
different chemical inducers (Gregerson et al., 1997). Enhanced lignification has been found to be 
associated with resistance of wheat to a wide range of pathogens (Southerton and Deverall, 1990). It 
is induced by fungal penetration and is often limited to a few cells at the infection site. Since an 
enhanced lignification has often been observed in resistant wheat, its important role in the resistance 
has been assumed (Sander and Heitefuss, 1998). In the present study, the total lignin content was 
significantly increased upon spraying wheat plants with KH2PO4, particularly at the lower 
concentration (50 µg ml-1). Similar results were also obtained by Barbara et al. (2007) and Thabet et 
al. (2008). This was further supported by the microscopical investigations of the leaf cross sections, 
which revealed a higher lignification rate in the vascular bundles upon KH2PO4 treatment. Lignin is 
known to increase the mechanical resistance of the tissue, providing additional wall strengthening as 
well as rendering the walls hydrophobic and water impermeable (Monties, 1989; Whetten and 
Sederoff, 1995). Light microscopical investigations indicated that the fungal hyphae occur the 
intercellular spaces of mesophyll cells adjacent to the vascular bundles where the sheath cells began to 
collapse in advance of the invaded fungal hyphae (Fig. 6). Deposition of electron-dense materials on 
the inner surface of host cell walls and formation of cell wall appositions were also visible in P. 
triticina infectedleaves (Fig. 6). Many small vacuoles appeared in the cytoplasm and swollen 
chloroplasts. Electron-dense granular deposits were formed in the both cytoplasm and chloroplasts of 
infected tissues. Similar observations were recorded by El-Deeb and Sallam (1998), Ma and Shang 
(2004, 2009) and Jiang and Zhen (2010). As can be seen in Figure (6), treatment with KH2PO4 
reduced the intercellular mycelia invasion and pustule formation as well. Furthermore, KH2PO4 
treatment could reduce the damage caused to the vascular tissues (bundle sheath cells and phloem 
tissues) and mesophyll cells. Similar results have been previously found by El-Deeb (1999), Amzalak 
and Cohen (2007) and Thabet et al. (2010). Several marked KH2PO4 –induced alterations were 
detected in both pathogen and host mesophyll cells by transmission electron microscope (TEM). The 
fungal hyphae contained many vesicles which gradually fused into bigger vacuoles. A number of fat 
drops and electron-dense granules accumulated, the plasmalemma of the intercellular hyphae became 
dark. In the haustoria, the cytoplasm degraded gradually and developed a vacuole in the center, the 
extrahaustorial membrane was wrinkled.  

Together, these results indicate that spraying KH2PO4, particularly 50 µg ml-1 substantially 
suppressed the leaf rust disease in the sensitive wheat cultivar Sids-1, as indicated by reduced disease 
severity (DS) and average coefficient of infection (ACI). This mediated response was linked with a 
higher concentration of total phenolics and total lignin as well as higher mRNA transcription and 
activity of PAL. In addition, KH2PO4 negatively impacted the cellular structure of the fungal hyphae, 
leading to inhibit the fungal growth and development within the host leaf tissues.  
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