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Abstract 

Background: Yellow (stripe) rust, caused by Puccinia striiformis f. sp. tritici (Pst), is an economic disease of wheat. 
Growth-promoting fungi (GPF) such as Trichoderma asperellum and Penicillium simplicissimum have been investigated 
for their potential to control yellow rust and their involvement in gene expression of four PR proteins for all-stage 
resistance.

Results: Wheat plants (cv. Sids-12) treated individually with each of the biocontrol agents, P. simplicissimum and T. 
asperellum, at 24 and 48 hpi showed a resistance response (infection type = 2) to yellow rust, compared to the non-
treated plants, which showed highly susceptible response (infection type = 9). Both biocontrol agents induced resist-
ance against yellow rust on wheat plants, exhibiting a moderate resistance (10 MR) and reduced the colony size of Pst 
(0.6  mm2). Moreover, P. simplicissimum and T. asperellum increased (P ≤ 0.05) the grain yields of wheat plants infected 
with Pst. Scanning electron microscope (SEM) of yellow rust infected wheat leaves treated with P. simplicissimum and 
T. asperellum at 24 and 48 hpi showed hyperparasitism on Pst urediniospores and inhibition of the spore germination. 
Expressions of pathogenesis-related (PR) protein genes, PR1, PR2, PR3 and PR4 were higher in wheat plants treated 
with both biocontrol agents than the non-treated checks.

Conclusion: P. simplicissimum and T. asperellum exhibited biocontrol potential against yellow rust disease caused by 
P. striiformis f. sp. tritici (Pst) on wheat plants. It was found that wheat defence mechanism against Pst was activated by 
a high expression of PR protein genes induced by both biocontrol agents.
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Background
Yellow rust disease caused by P. striiformis f. sp. trit-
ici (Pst) is one of the most devastating diseases to 
wheat worldwide (Wellings 2011). Yield losses of 
wheat due to this disease might exceed 90%, depend-
ing on the intensity of the outbreak and the degree of 

susceptibility of wheat varieties (Chen 2014). Fungicides 
and resistant cultivars may be useful to combat the dis-
ease. Cost-effective management may be achieved by 
the development of resistant cultivars. However, the 
fundamental disadvantage of this strategy is that certain 
virulent Pst races might quickly overcome cultivar resist-
ance. Besides, the usage of fungicides is very harmful to 
the environment and human beings. Thus, the utiliza-
tion of biocontrol agents to control yellow rust disease is 
now receiving the most research attention. Some fungal 
hyperparasites, such as Microdochium nivale, Lecanicil-
lium lecanii, Cladosporium cladosporioides and Typhula 
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idahoensis, were used to control Pst (Zhan et al. 2014). P. 
simplicissimum and T. asperellum were successfully uti-
lized against the phytopathogen cucumber mosaic virus 
in Arabidopsis plants (Elsharkawy et al. 2013). Addition-
ally, Trichoderma harzianum enhanced resistance against 
Plasmopara viticola (Kamble et al. 2021).

Wheat plants react to Pst infection by producing a vari-
ety of defensive proteins, which are mainly triggered by 
the pathogen itself. Plant responses could range from 
entirely resistant to completely susceptible. Wheat rust 
resistance may be grouped into durable and non-dura-
ble resistance (Chen et  al. 2013). There is a more grad-
ual increase of expression in the genes involved in adult 
plant heat resistance, compared to the rapid elevation of 
expression in the genes involved in all-stage resistance 
(Chen et al. 2013). Seedling-stage resistance may be iden-
tified during the seedling stage, but it manifests through-
out the plant’s life cycle. It is easy for virulent strains of 
the pathogen to overcome this form of resistance, hence 
it is not long-lasting against Pst infection. Plant resist-
ance in wheat plants begins to express when plants enter 
the late jointing stage and the weather warms up,  but 
often does not provide a complete protection when the 
disease begins early in the growing season, and weather 
is preferable for disease progression (Chen 2014). There 
are various defence-related genes that may be controlled 
by master genes, and both forms of resistance are con-
trolled by the master gene known as the Yr gene, which is 
responsible for yellow rust resistance (Coram et al. 2008). 
In seedling-stage resistance, several genes have been 
implicated by transcriptomics research (Coram et  al. 
2008). However, the molecular systems that underline 
the various forms of resistance are still  unknown. After 
adhering to the leaf surface under conditions of dew for-
mation and temperatures suitable for germinating and 
penetrating, Pst urediniospores infect wheat resulting 
in a variety of histological and physiological responses. 
In response to these modifications, the plant will dem-
onstrate either a resistant (incompatible) or a sensitive 
(compatible) response. The detection of the invading 
pathogen by the host plants is the first step in the initia-
tion of these responses.

Plant-pathogen interactions are characterized by the 
presence of pathogen-related (PR) proteins, which are 
represented by a broad collection of 17 protein families 
(Van Loon et al. 2006). There are several different types of 
PR proteins, including PR1 (which has an unknown func-
tion), PR2 (1,3-glucanase), endochitinases (PR3, 4, 8, and 
11), thaumatin-like proteins (PR5), proteinase inhibitors 
(PR6), proteinase (PR7), peroxidase (PR9), ribonuclease-
like proteins (PR10), defensins (PR12), thionins (PR13), 
lipid transfer proteins (PR14), oxalate oxidase (PR15), 
oxalate oxidase-like proteins (PR16) and PR17 (unknown 

function). Most of these PR proteins have been shown to 
be involved in the plant defence against a variety of dif-
ferent environmental stresses, but their involvement in 
wheat-Pst interactions still needs to be further investi-
gated (Van Loon et al. 2006).

There is a little knowledge regarding how various forms 
of yellow rust resistance affect the growth of the patho-
gen or the plant’s response to pathogen invasion in the 
presence of  the biocontrol agents. Profiling the expres-
sion of distinct genes is one way to explore disease resist-
ance mechanisms. Using the standard Affymetrix wheat 
microarray GeneChip or a custom GeneChip to compare 
the Yr5 resistance, a typical race-specific all-stage resist-
ance, to a susceptible response showed the expression of 
just a few PR protein genes in contrast to the susceptible 
reaction (Coram et al. 2008). Additionally, the efforts to 
broaden gene expression and include some additional Yr 
genes for resistance were restricted by the limited num-
ber of genes available on the custom GeneChip that was 
employed in the previous research (Chen et al. 2013). In 
addition, it is unknown if any extra PR protein genes are 
involved in the various forms of resistance, and if they 
are, whether the expression of PR protein genes differs 
across the different types of resistance induced by bio-
control agents and their exact roles in resistance induced.

This study aimed to assess the potentiality of the two 
antagonistic fungi, P. simplicissimum and T. asperellum, 
as biocontrol agents against yellow rust of wheat caused 
by P. striiformis f. sp. tritici, and to specify the mecha-
nisms of disease resistance by evaluating gene expres-
sions of four PR proteins at seedling stage.

Methods
Efficacy of P. simplicissimum and T. asperellum against P. 
striiformis f. sp. tritici
The trials were performed under greenhouse condi-
tions at the Wheat Disease Research Department, Sakha 
Agricultural Research Station, Plant Pathology Research 
Institute, Agricultural Research Centre, Egypt. Using a 
totally random design with three replications, the tests 
were carried out in plastic pots (10 cm diam) filled with 
clay soil. Wheat grains (cv. Sids-12) were sown in the 
pots at a density of 10 grains per pot. Eight days after ger-
mination, wheat seedlings were moistened and dusted 
with Pst urediniospores (6 ×  105 spores/ml) according to 
the method described by Stubbs (1988). Pots were main-
tained in a dark, humid room at 10 °C for 24 h and then 
kept in a controlled greenhouse at 13 ± 2  °C and 100% 
RH under 102.6 μmol  m−2  s−1 light intensity with a 16 h 
photoperiod.

Pure isolates of P. simplicissimum and T. asperellum 
were obtained from Prof. Mitsuro Hyakumachi, Gifu 
University, Japan. Each fungal antagonist inoculum was 
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prepared according to the method reported by Biles and 
Hill (1988). After 14–18  days of culturing each isolate 
on PDA plates at 25 °C, the conidia were gently scraped 
with glass rods containing sterilized distilled water, and 
the spore suspension was filtered with a cheesecloth. 
Conidia were then counted with the aid of a hemocy-
tometer. Wheat seedlings were inoculated with the 
fungal antagonists (1 ×  106 spores/ml/seedling), 24  h 
before to pathogen inoculation. Non-treated plants 
were used as a control. Rust pustules were observed on 
plants for as long as possible. After 8–16 days of inoc-
ulation, the infection types (ITs) of yellow rust were 
scored on a 0–9 scale adopted by McNeal et al. (1971) 
where; ITs 0–6 refer to resistant response, while 7–9 
refer to a susceptible response. Two parameters, i.e. 
the incubation period (IP) and latent period (LP), were 
evaluated according to Parlevliet (1975).

Biocontrol applications at the adult plant stage of wheat
P. simplicissimum and T. asperellum  were used for 
treating wheat plants (cv. Sids-12) at the booting stage 
to control the yellow rust disease and its influences on 
the yield components were investigated. The experi-
ment was performed over two growing seasons at the 
Wheat Disease Research Department’s Experimental 
Farm, Sakha Agricultural Research Station, Agric. Res. 
Center, Egypt. Wheat seeds were sown in three rows 
of 1.5 m long and 30 cm apart for each treatment. The 
experiment was performed in a randomized complete 
block design (RCBD). A one-meter-wide spreader area 
was planted with the highly sensitive Morocco wheat 
variety and encircled each plot as a spreader of yellow 
rust. All commercial agricultural procedures, such as 
fertilization, irrigation, and other management,  were 
used. The spreader was artificially inoculated using 
urediniospores (6 ×  105 spores/ml). Conidial suspen-
sions (1 ×  106 spores/mL) of fungal antagonists mixed 
with Tween 20 (2 drops/100 ml) were sprayed on plants 
till runoff using a handheld sprayer after the appear-
ance of rust pustules. Treatments were applied twice, 
15-days apart. Yellow rust ratings were evaluated at the 
early dough stage when rust symptoms were severe on 
untreated control plants. The symptoms were used to 
assess disease severity, according to Roelfs et al. (1992). 
Rust severity was determined according to the pro-
portion of leaves covered with rust pustules following 
Cobb’s scale (Peterson et  al. 1948). A calibrated eye-
piece micrometre was used to determine rust pustule 
colony sizes  (mm2) (Saleem et al. 2019). The number of 
kernels per 10 spikes, weight of kernels/10 spikes and 
the weight of 1000 kernels were determined to compute 
yield components at the harvest stage.

Scanning electron microscope (SEM)
Using sterilized scissors, five specimens of wheat seed-
lings untreated or treated with P. simplicissimum and T. 
asperellum were harvested at 24-and 48-h post-inocula-
tion (hpi) for scanning electron microscopy investigation. 
Sample preparation for SEM examination was carried out 
as described by Harley and Fergusen (1990). The central 
laboratory of the Faculty of Agriculture, Mansoura Uni-
versity, Egypt, used a Jeol scanning electron microscope 
(T.330 A) for inspection and photography. Ultra-struc-
tural changes on the pathogen were investigated in both 
treatments and control by scanning electron microscopy.

Analysis of gene expression of PR proteins for all‑stage 
resistance
The transcription levels of defence genes were assessed 
to understand the mechanisms of disease resistance in 
wheat plants treated with the antagonistic fungi (P. sim-
plicissimum and T. asperellum). Sterilized scissors were 
used to pick the leaves at 24- and 48-hpi. These time peri-
ods were chosen based on the most important stages of 
the infection process. Liquid nitrogen was used to freeze 
the leaves in an aluminium foil that had been washed 
with 95% ethanol. Using a sterile mortar and pestle, 
200  mg of leaf tissue from each sample was crushed in 
liquid nitrogen to a fine powder. Each sample received a 
total of 1 ml of Trizol (Invitrogen, Carlsbad, CA, USA). 
The suspension was homogenized and incubated at 
20–22 °C, followed by the addition of 0.2 ml chloroform. 
The samples were shaken for 15  s and incubated for an 
additional 2–3  min at 20–22  °C. Samples were centri-
fuged for 15 min at 13.000 rpm/min at 4 °C. To prepare 
the phenol: chloroform: isoamyl alcohol (25:24:1) mix-
ture, a portion of the aqueous phase (550 µl) was trans-
ferred to an Eppendorf tube, and an equal amount of the 
mixture was added by vortexing and then centrifuged for 
10 min at 13.000 rpm/min at 4 °C. An equivalent amount 
of chloroform was added to the aqueous phase in a fresh 
Eppendorf tube before centrifugation, then combined by 
inverting, held at 20–22 °C for 2–3 min, and centrifuged 
for 10  min at 13.000  rpm/min at 4  °C. The pellet was 
cleaned with 1 ml filter sterilized with 70% ethanol, and 
dried in a chemical hood after removing the supernatant. 
Sterilized water was added to dissolve the RNA pellet, 
and then the solution was maintained in the freezer until 
needed. A NanoDrop 1000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) was used to 
determine the RNA concentration in each sample. Four 
wheat PR protein genes were identified for their possible 
involvement in plant early defence in wheat. The primer 
sequences for PR1, PR2 and PR3 and PR4 are shown in 
Table 1 (Desmond et al. 2006). Polymerase chain reaction 
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(PCR) procedures were carried out using the Life Science 
Research iTaq™ Universal One-Step RT-qPCR Kit (Cali-
fornia, USA) (Desmond et  al. 2006). Wheat leaf tissues 
from Pst-inoculated plants and treated with antagonistic 
fungi were analysed for the transcript levels of all four 
PR protein genes relative to their mean expression lev-
els in mock-inoculated (control) plants at each time. To 
calibrate the expression levels of PR protein genes in each 
sample, the expression value of the β-tubulin gene, which 
is not influenced by pathogen infection, was used. Each 
time point was analysed using three separate samples. 
The comparative  2–ΔΔCT method was used to determine 
relative fold changes (Livak and Schmittgen 2001).

Statistical analysis
Data were subjected to the analysis of variance (ANOVA), 
and means were separated using Tukey’s studentized 
range test at P ≤ 0.05 (SPSS 17.0 for Windows (SPSS Inc., 
Chicago, IL, USA).

Results
Antagonistic effect of biocontrol agents against Pst
P. simplicissimum and T. asperellum significantly reduced 
yellow rust (YR) in terms of infection type, incubation 
period and latent period (Fig.  1). Treatment with each 
antagonistic isolate resulted in infection type 2, which 
refers to resistance response to yellow rust, compared 
to the susceptible response expressed on untreated con-
trol (IT 9). Both isolates exhibited the longest incubation 
period (IP) and latent period (LP), recording 12 d each 
for IP and 14 and 15 d for LP, respectively (Fig. 1).

Effect of P. simplicissimum and T. asperellum 
on the infection of wheat plants
Data in Table 2 showed that the application of P. simpli-
cissimum and T. asperellum on wheat plants reduced the 
symptoms of yellow rust on wheat plants cv. Sids-12 at 
adult stage, relative to the non-treated control, which 

reached 90% susceptibility (90 S). P. simplicissimum and 
T. asperellum treatments reduced the size of Pst pustules 
(0.6  mm2), relative to the non-treated control (8.0  mm2).

Data illustrated in Table  3 showed that P. simplicissi-
mum and T. asperellum treatments increased grain yield 
components in terms of the number of kernels/10 spikes, 
the weight of kernels/10 spikes and 1000-kernel weight in 
both seasons. P. simplicissimum recorded 522.3 and 41.6, 
while T. asperellum recorded 497.7 and 40.8 for the num-
ber of kernels/10 spikes and 1000-kernel weight, respec-
tively, in the first season.

Table 1 The nucleotide sequences of primers utilized in this 
investigation (Desmond et al. 2006)

Primer Name Forward primer (5′..... 3′) Reverse primer (5′..... 3′)

PR1 (basic) CTG GAG CAC GAA GCT 
GCA G

CGA GTG CTG GAG CTT GCA 
GT

PR2 CTC GAC ATC GGT AAC GAC 
CAG 

GCG GCG ATG TAC TTG ATG 
TTC 

PR3 AGA GAT AAG CAA GGC CAC 
GTC 

GGT TGC TCA CCA GGT CCT TC

PR4 CGA GGA TCG TGG ACC AGT G GTC GAC GAA CTG GTA GTT 
GACG 

β-tubulin GCC ATG TTC AGG AGG 
AAG G

CTC GGT GAA CTC CAT CTC GT

Fig. 1 Effect of biocontrol agents, P. simplicissimum and T. asperellum 
on the development of yellow rust disease of wheat. IP = infection 
period, LP = latent periods and IT = infection type, compared to the 
non-treated control

Table 2 Adult plant reactions of wheat (cv. Sids-12) and 
colony size of P. striiformis f. sp. tritici treated with Penicillium 
Simplicissimum and Trichoderma asperellum 

*10 MR = 10% moderately resistant, 90 S = 90% susceptible

Data are average of three replicates

Means followed by the same letter(s) in a column are not significantly different 
at P ≤ 0.05

Treatment Adult plant reaction Colony 
size 
 (mm2)

Penicillium simplicissimum 10 MR* 0.6 b

Trichoderma asperellum 10 MR 0.6 b

Control (non-treated) 90 S 8.0 a
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Effect of P. simplicissimum and T. asperellum treatments 
on spore germination
Scanning electron microscope (SEM) examinations of 
wheat leaves infected with Pst, the causal agent of yel-
low rust disease, and treated with P. simplicissimum and 
T. asperellum revealed fungal hyperparasitism on the 
surface of Pst urediniospores and the germination of 
urediniospores was reduced (Figs. 2 and 3). Hyphae of 
P. simplicissimum were seen growing from or between 
Pst urediniospores and the shrivelled urediniospores 
at 24 hpi (Fig.  2). At 48 hpi, ruptured or malformed 
urediniospores were seen invaded by the hyphae of P. 
simplicissimum, suggesting that they lost their ability to 

germinate. Abundance of P. simplicissimum hyperpara-
site inhibited the germination of urediospores (Fig. 2). 
Hyphae of T. asperellum were also seen growing exten-
sively on the surface of Pst urediniospores (Fig.  3). At 
24 hpi, the hyphae grew over and strangling uredinio-
spore and shape of non-germinated urediniospores 
changed from round to oval. At 48 hpi, swelling and 
shrivelled urediniospore were observed. Abundance 
of T. asperellum hyperparasite inhibited the germina-
tion of Pst urediniospores. Normal shape and germina-
tion of urediniospores were observed on control leaves 
(Fig. 3).

Table 3 Grain yield components of wheat cv. (Sids 12) treated with the antagonistic fungi; Penicillium simplicissimum and Trichoderma 
asperellum in two growing seasons 2021 and 2022

Data are average of three replicates

Means followed by the same letter(s) in a column are not significantly different at P ≤ 0.05

Treatment 2021 2022

Number of 
kernels/10 spikes

Weight of 
kernels/10 spikes

1000 kernel 
weight

Number of 
kernels/10 spikes

Weight of 
kernels/10 spikes

1000 
kernel 
weight

T. asperellum 497.7 a 14.1 a 40.8 a 503.3 a 14.1 a 42.7 a

P. simplicissimum 522.3 a 13.2 a 41.6 a 497.3 a 13.3 a 42.0 a

Control 479.7 b 11.3 b 37.5 b 422.0 b 10.5 b 37.4 b

Fig. 2 Hyperparasitism of Penicillium simplicissimum on urediniospores of Puccinia striiformis f. sp. tritici (Pst). At 24 hpi: A normal shape and 
germination of urediniospores of Pst, B hyphae of P. simplicissimum growing from or between Pst urediniospores and C numerous hyphae 
of P. simplicissimum growing on Pst urediniospores. Note the shrivelled urediniospores. At 48 hpi: D hypha of P. simplicissimum invading a Pst 
urediniospore, E ruptured or malformed Pst urediniospore invaded by P. simplicissimum hyphae and F abundance of P. simplicissimum hyperparasite 
inhibiting the germination of urediospores
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Gene expression of PR proteins for all‑stage resistance
The mean relative expression values of the PR protein 
genes at 24 and 48 hpi in Pst-inoculated wheat leaves 
treated with P. simplicissimum and T. asperellum are 
presented in figs.  4 and 5. PR protein genes, PR1 and 
PR2, were enhanced in wheat plants treated with both 
P. simplicissimum and T. asperellum at 24 hpi, com-
pared to the non-treated control  (Fig.  4). However, 
gene expression values of PR1 and PR2 at 48 hpi were 
higher than those at 24 hpi. P. simplicissimum substan-
tially raised the transcription of PR protein genes PR3 
and PR4 at both 24 and 48 hpi, whereas T. asperellum 
did not significantly stimulate PR3 and PR4 expres-
sions than the non-treated control  (Figs.  4 and 5). At 
48 hpi, the expression levels of PR genes were increased 
(Fig.  5). The expression levels of PR2 induced by both 
biological treatments, P. simplicissimum and T. asperel-
lum were almost equal. Expression values of PR1 
recorded 7.3 and 2.4 folds, while expression values of 
PR2 recorded 6.1 and 6.2 folds for P. simplicissimum 
and T. asperellum, respectively. However, the expres-
sions of PR3 (6.9) and PR4 (5.1) induced by P. simplicis-
simum were significantly higher than their expression 
(1.4 and 1.2) induced by T. asperellum, which was non-
significantly changed over control.

Discussion
In-plant defence against pathogens, pathogenesis-related 
protein genes play a critical role and also elicit resistance. 
In many plant pathosystems, the increase of PR protein 
gene transcripts is a well-characterized plant defensive 
response. However, PR proteins induced by fungal antag-
onists against Pst had not been characterized enough. 
Results of this study revealed the involvement of P. sim-
plicissimum and T. asperellum in gene expression of four 
PR protein genes for all-stage resistance to yellow rust 
disease of wheat. Both biocontrol agents showed promis-
ing results in controlling yellow rust on wheat plants. At 
the adult plant stage, both antagonists induced resistance 
against yellow rust, exhibiting moderate resistance. They 
also reduced the colony size of Pst pustules. These results 
suggest that ruptured urediniospores, germinating spores 
with germ tubes smaller than the spore radius and non-
germinating spores were all affected by the presence of 
P. simplicissimum and T. asperellum resulting in reduced 
disease rating. Pst urediniospores and the fungal hyphae 
competed for the site of the entrance. Released metabo-
lites by biological agents slowed the growth of the germ 
tubes. Zheng et  al. (2017) reported that A. alternata 
could parasitize Pst, which could be useful in the biologi-
cal control of wheat yellow rust. Bacillus megaterium 6A 

Fig. 3 Hyperparasitism of Trichoderma asperellum on urediniospores of Puccinia striiformis f. sp. tritici (Pst). At 24 hpi: A normal shape of Pst 
urediniospores, B hyphae of T. asperellum growing over and strangle Pst urediniospores and C change in shape of non-germinated Pst urediospores 
from round to oval. At 48 hpi: D swelling of Pst urediniospore, E shrivelled Pst urediniospore and F abundance of T. asperellum hyperparasite 
inhibiting the germination of Pst urediospores
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Fig. 4 Quantitative real-time PCR (qRT-PCR) analysis of PR gene expression in wheat leaves treated with Penicillium simplicissimum and Trichoderma 
asperellum, compared to the non-treated infected control at 24 hpi. Data were normalized to the β-tubulin gene expression level

Fig. 5 Quantitative real-time PCR (qRT-PCR) analysis of PR gene expression in wheat leaves treated with Penicillium simplicissimum and Trichoderma 
asperellum, compared to the non-treated infected control at 48 hpi. Data were normalized to the β-tubulin gene expression level
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and Paenibacillus xylanexedens 7A were also shown to 
greatly suppress the disease severity of wheat yellow rust 
(Kiani et al. 2021). Both antagonistic fungi, tested in this 
study, improved grain yield components in terms of the 
number of kernels/spike and 1000-kernel weight. Simi-
larly, P. simplicissimum and T. asperellum improved the 
growth of Arabidopsis and cucumber plants (Elsharkawy 
et al. 2013).

Treatments with biological agents demonstrated a 
form of response alteration related to the development 
of systemic resistance. A correlation exists between this 
effect and the success of colonization. SEM examina-
tion revealed the infection of Pst urediniospores with P. 
simplicissimum and T. asperellum. Although treatments 
with these two fungal antagonists resulted in different 
reaction types, the mechanism of resistance response 
in inoculated plants may be generated by the activation 
of PR protein genes. Pst-infected wheat leaves treated 
with P. simplicissimum and T. asperellum at 24 and 48 
hpi showed the greatest expression of PR protein genes 
PR1-PR4, which was substantially different from the non-
treated control, except for PR3 and PR4 treated with T. 
asperellum. Pathogen-induced systemic acquired resist-
ance in plants has been utilized as a marker for PR1 pro-
tein gene, which has been shown to boost defence against 
pathogens (Elsharkawy et al. 2013). This gene is employed 
as a marker for the salicylic acid (SA) pathway because of 
its responsiveness to SA (Elsharkawy et al. 2013). Resist-
ance to Puccinia triticina leaf rust in adult wheat plants 
is mediated by Lr35, which was associated with the PR1 
protein gene (Li et  al. 2016). Wheat lines resistant to 
Mycosphaerella graminicola and Fusarium graminearum 
accumulate a lot of PR1 transcripts (Ray et  al. 2003). P. 
simplicissimum and T. asperellum induced the greatest 
PR1 expression in wheat leaves at 24 hpi in the present 
research, indicating that PR1 is important in the modula-
tion of all-stage resistance in wheat controlled by differ-
ent Yr genes.

PR2 is a β-1, 3-glucanase, a group of enzymes that 
play a crucial role in plant defence and general stress 
responses by regulating the deposition of callose in the 
plant (Levy et  al. 2007). Additionally, β-1, 3-glucanases 
are able to hydrolyze β-1, 3-glucans present in the fun-
gal cell wall. Active host defence is elicited as a result of 
the deposition of cell wall fragments (Yoshikawa et  al. 
1993). Gene transcripts coding for β-1, 3-glucanases 
were observed on tobacco leaves within 24 to 48  h and 
enhanced up to 21 times by Pseudomonas syringae, an 
antibiotic-resistant bacterium (Alonso et al. 1995). Wheat 
adult-plant resistance to P. triticina was shown to have a 
high level of PR2 expression (Casassola et al. 2015) and in 
resistant wheat plants infected with F. graminearum (Li 
et al. 2001). Wheat leaves treated with P. simplicissimum 

and T. asperellum had the greatest expression of PR2 for 
all-stage resistance at 24 and 48 hpi in this study. Gene 
expression of β-1,3-glucanase genes was greatest at 24 
and 48 hpi in all-stage resistance mediated by Yr5, which 
was consistent with other studies (Coram et  al. 2008) 
and other genes (Chen et  al. 2013). The results of this 
research clearly demonstrate that the PR2 protein corre-
lates with race-specific all-stage resistance to yellow rust 
generated by the biocontrol agents; P. simplicissimum and 
T. asperellum. In fungi, the cell wall is composed mainly 
of chitin, and the genes PR3 and PR4 are endochitinases 
that break bonds between the C1 and C4 of the two suc-
cessive N-acetylglucosamines of chitin (Collinge et  al. 
1993). It has been revealed that in vitro test incorporat-
ing wheat PR4 protein suppresses the formation of both 
spores and hyphae (Caruso et al. 2001). Wheat resistance 
to yellow rust may also be mediated by chitinase (Chen 
et  al. 2013). The maximum expression of PR3 and PR4 
was seen in all-stage resistance generated by biocontrol 
agents at 24 and 48 hpi in the present study, which was 
significant in P. simplicissimum but not in T. asperellum. 
In the same sample at various periods, the plant stage, in 
combination with the infection process by yellow rust of 
wheat, provided even larger activation of PR genes and 
improved induction of defensive activities (Esmail et  al. 
2020).

Conclusion
The fungal hyperparasitism of P. simplicissimum and T. 
asperellum against yellow rust disease of wheat showed 
the potential of inhibiting Pst urediniospores germina-
tion, which is involved in gene expression of PR1-PR4 
proteins for all stage resistance. The reduction in yellow 
rust disease rating could be attributed to the expres-
sion of pathogenesis-related protein genes (PR1-PR4). 
The two fungal hyperparasites P. simplicissimum and T. 
asperellum used in this study showed the most promis-
ing results with great potential and can be used to induce 
resistance against the disease in susceptible cultivars.
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