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ABSTRACT 

Wheat (Triticum aestivum L.) productivity is severely constrained by biotic stresses, among which stem rust 

remains a major threat to global food security. In this study, we developed wheat line overexpressing the 

pathogenesis-related gene 2 (PR2) gene to build innate antifungal defenses. The PR gene coding sequence was 

cloned into the pCB-PR2-P2A-GUS expression vector and introduced into embryogenic calli of the TD-1 cultivar 

via biolistic transformation. Regenerated plantlets were subjected to rigorous molecular analysis, including PCR 

and RT qPCR, confirming stable genomic integration and ~35-fold upregulation of PR2 gene transcripts relative 

to non-transgenic controls. Histochemical β-glucuronidase (GUS) assays revealed spatial and temporal expression 

patterns across callus and developing seeds, indicating robust promoter-driven activity. Functional evaluation 

under natural pathogen exposure demonstrated marked reduced stem rust pustule formation in transgenic lines, 

validating the antifungal efficacy of β-1,3-glucanase in plants. In silico allergenicity analysis showed minimal 

similarity to known wheat allergens, supporting the biosafety of the transgene. These results established a 

comprehensive framework for PR2 gene-mediated disease resistance, integrating molecular validation with 

phenotypic assessment. Future field trials will elucidate the durability of stem rust resistance and yield stability, 

providing strategic insights for wheat breeding programs. 

Keywords: Stem resistance, PR2 gene, Transgenic wheat, Wheat transformation 

This article is an open access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0 

https://doi.org/10.36899/JAPS.2026.5.0109  Published first online June, 12, 2026 

INTRODUCTION 

 Wheat (Triticum aestivum L.) is one of the most important cereal crops and serves as a major staple food 

for a large proportion of the global population. It contributes substantially to food security, particularly in 

developing countries where wheat-based products represent a primary dietary component (Ahmed et al., 2022; 

Ammar et al., 2023). Despite its importance, wheat production is increasingly threatened by multiple biotic and 

abiotic stresses that significantly limit crop productivity. In Pakistan, variations in climatic conditions, including 

temperature fluctuations and changing rainfall patterns, influence pest population dynamics and the prevalence of 

plant diseases, ultimately affecting wheat yield (Abbas et al., 2022). Several fungal diseases, such as rusts, smuts, 

and blights, frequently occur in wheat-growing regions and can cause substantial yield losses when environmental 

conditions become favorable for pathogen development. Climate change has further intensified these challenges 

by altering disease distribution and increasing the risk of recurrent epidemics, thereby posing a serious threat to 

sustainable wheat production and global food security (Hossain et al., 2024; Singh et al., 2025). 

 Conventional breeding has historically played a significant role in improving wheat productivity and 

disease resistance; however, the complex hexaploid genome of wheat and the rapid evolution of pathogens often 

limit the effectiveness of traditional breeding strategies (Borrelli et al., 2018). The integration of modern 

biotechnology with classical breeding approaches has therefore emerged as an important strategy for crop 

improvement. Genetic transformation technologies allow the introduction of specific genes that enhance plant 

defense responses and improve tolerance against biotic stresses (Chen et al., 2022). Among the different 

transformation approaches, particle bombardment and Agrobacterium-mediated transformation have been widely 

used for the development of transgenic wheat plants (Zhuang et al., 2024). Although transformation efficiency in 

wheat remains relatively low compared with other cereals such as rice and maize, continuous advances in plant 

tissue culture and molecular tools have significantly improved the feasibility of wheat genetic engineering (Zaidi 

et al., 2019). 

 Pathogenesis-related (PR) genes play an important role in plant defense mechanisms against fungal 

pathogens. Among these, the PR2 gene encodes β-1,3-glucanase, an enzyme capable of hydrolyzing β-1,3-glucans 
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that constitute a major structural component of fungal cell walls (Han et al., 2024). These glucans act as microbe-

associated molecular patterns (MAMPs) that are recognized by plant immune systems, triggering defense 

responses and the upregulation of PR genes during pathogen attack. Overexpression of PR genes has been reported 

to enhance resistance against various fungal pathogens by strengthening the plant’s innate defense system (Lü et 

al., 2022). Therefore, the introduction and expression of PR genes in susceptible crop varieties represent a 

promising strategy for improving plant protection and reducing yield losses caused by fungal infections (Dos 

Santos et al., 2023). In this context, the present study aimed to introduce the PR2 gene from a high-yielding wheat 

cultivar into a susceptible wheat cultivar and to regenerate transgenic plants through tissue culture techniques, 

followed by molecular confirmation of gene integration and evaluation of its potential antifungal activity in vitro. 

MATERIALS AND METHODS 

Plant Material: Seeds of 92 wheat (Triticum aestivum L.) cultivars (Table S1: List of wheat cultivars) were 

obtained from the Molecular and Medical Genetics Laboratory, Government College University Faisalabad 

(GCUF), Pakistan, and grown under contained conditions. The rust-resistant cultivar Chenab-70 (Numan et al., 

2021), carrying the PR2 gene, was used as the donor genotype, whereas high-yielding but rust-susceptible cultivar 

TD-1 (Samon et al., 2022) was considered as recipient genotype for transformation experiments. Among the tested 

genotypes, TD-1 exhibited superior embryogenic potential and regeneration efficiency; therefore, this cultivar 

was selected as recipient genotype for subsequent transformation experiments. 

DNA Extraction: Genomic DNA was extracted from leaf tissue for molecular analysis according to Allen et al. 

(2006). Fourteen days old leaves were taken from plants and washed with distilled water to clean the surface and 

eliminate any dust particles. The cetyl trimethyl ammonium bromide (CTAB) method was employed for DNA 

extraction, and the resultant DNA was analyzed using a 1% agarose gel prior to quantification with the 

Nanodrop manufactured by ThermoFisher Scientific (Yu et al., 2017). 

PR2 Gene Screening: Genomic DNA from 92 locally available wheat cultivars was screened for the presence of 

the PR2 gene using gene-specific primers through conventional PCR. Gene-specific primers were designed for 

the screening of the PR2 gene using an online PrimerQuest tool (https://eu.idtdna.com/Primerquest/Home/), and 

all wheat varieties were screened for the PR2 gene by performing conventional PCR (Madenova et al., 2021). 

RNA Isolation and cDNA Synthesis: Total RNA was extracted from the stem rust-resistant wheat cultivar 

Chenab-70, which served as the donor genotype carrying the PR2 gene according to Chomczynski et al. (1987); 

Sambrook et al. (2001). First-strand cDNA was synthesized using the RevertAid First Strand cDNA Synthesis 

Kit (Thermo Scientific, USA) and used as a template for the amplification and isolation of the full-length PR2 

gene. 

 Total RNA was also extracted from the stem rust-susceptible recipient wheat cultivar, i.e., TD-1, to 

validate RNA extraction and cDNA synthesis procedures. This genotype was used as negative control to verify 

the specificity of PR2 gene-specific PCR primers. First-strand cDNA was synthesized using RevertAid Reverse 

Transcriptase and subsequently used as a template for PCR analysis to confirm the absence of PR2 gene 

amplification. 

PCR Amplification from Chenab-70: The full-length PR2 gene was amplified from the Chenab-70 donor 

cultivar again using forward and reverse primers with XbaI (Cat. # ER0681) and BamHI (Cat. # ER0051) of 

Thermo Fisher Scientific™ restriction sites, respectively. The amplified full-length PR2 gene was purified using 

Thermo Scientific GeneJet Gel Extraction Kit (Catalog # K0691) and stored at -20°C for further downstream 

applications (Numan et al., 2021). 

Table 1. The sequence of primers used for the amplification of the full-length PR2 gene 
 

Primer name Primer sequence No. of Bases 
Restriction 

enzyme site 

PR2-F1 5’-AATCTAGAATGGCTGGAAAGGATGTTGC-3’ 28 XbaI 

PR2-R1 5’-GCGGATCCGAACTGGATGTTGTAGGCCG-3’ 28 BamHI 

Construction of Recombinant Expression Vector: The amplified PR2 gene fragment and the pCB-P2A-GUS 

vector were digested with restriction enzymes. Afterwards, the full length PR2 gene and linear pCB plasmid were 

ligated using the Thermo Fisher Scientific T4 DNA ligase kit (Catalog # EL0011) (Sambrook et al., 2001; Wang 

et al., 2023) 

Transformation of Recombinant Plasmid into Escherichia coli (E. coli): The vector pCB-PR2-P2A-GUS was 

transformed into the freshly prepared competent cells of E. coli DH5α as described by Chen et al. (2001); 

Sambrook et al. (1989) with the following specified modifications: 30 minutes pre-incubation of competent cells 

at 4°C, use of 5 µL ligation mixture with 20 µL competent cells, 90 seconds heat shock at 42°C, 2–3 minutes 
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recovery on ice, and 1hour recovery in 200 µL of S.O.C. medium at 37°C before selection. After the 30 minutes 

incubation at 4°C, 5 µL of the ligation reaction was added to 20 µL of competent E. coli DH5α strain cells. The 

cells were exposed to 42°C for 90 seconds, followed by a brief immersion on ice (approximately 2–3 minutes). 

The transformed cells were then resuspended in 200 µL of S.O.C. medium and incubated at 37°C for 1 hour. 

Subsequently, the cells were cultured overnight at 37°C on LB agar plates containing 100 µg/mL ampicillin. A 

single colony was selected and inoculated into 5 milliliters of LB broth with 100 µg/mL ampicillin, and the culture 

was incubated at 37°C overnight. 

Confirmation of Recombinant Plasmid: Plasmid DNA was extracted from positive bacterial colonies using 

Thermo Scientific GeneJET Plasmid Miniprep Kit (Cat. # K0502) and subjected to restriction digestion analysis 

using XbaI and BamHI enzymes. The digestion products were analyzed on agarose gel to confirm the successful 

insertion of the PR2 gene into the vector (Zhang et al., 2018). 

Callus Induction from Wheat Mature Embryos: For plant transformation experiments, mature embryos of 

wheat cultivar TD‑1 were excised and cultured on Murashige and Skoog (MS) medium supplemented with 2,4‑D 

for callus induction (Kumar et al., 2017). The wheat cultivar TD‑1 was selected due to its high tissue culture 

regeneration potential, which is critical for successful genetic transformation in wheat by Iqbal et al. (2016); 

Rashid et al. (2009). Embryogenic calli were maintained under controlled growth conditions for subsequent 

transformation. 

Biolistic Transformation: Transformation was performed using a gene gun (PDS-1000/He system, Bio-Rad, 

USA). Gold particles were coated with plasmid DNA containing the PR2 gene using spermidine and CaCl₂. The 

coated particles were loaded onto micro-carrier membranes and bombarded onto wheat calli under helium pressure 

of 1100–1350 psi at a target distance of 6 cm, as described earlier by Hamada et al. (2017). 

Selection of Transformed Calli: Following transformation, calli were transferred to MS medium containing 

different concentrations of kanamycin (0–100 mg/L) to determine inhibitory concentrations. Transformed calli 

were selected on medium containing 50 mg/L kanamycin and incubated under controlled growth conditions by 

Tran et al. (2015). 

Plants Regeneration 

Callus-to-Shoot Formation: The regeneration medium was prepared according to Kumar et al. (2017). For shoot 

induction, MS medium supplemented with TDZ (1 mg/L), 2,4-D (0.1 mg/L), and kanamycin (50 mg/L) was 

dispensed (10 mL) into sterile Pyrex test tubes. Embryogenic calli (~50 mg) were aseptically transferred onto the 

regeneration medium, with one callus piece placed in each test tube. Cultures were maintained at 25 ± 2°C under 

controlled conditions. Sub culturing was performed weekly for three weeks following the protocol of Ishida et al. 

(2015). 

Root Formation: Rooting medium was prepared and optimized using MS basal medium supplemented with NAA 

(0.5 mg/L) and kanamycin (50 mg/L). Regenerated shoots measuring approximately 3–5 cm in length were 

excised and transferred to the rhizogenesis medium for root induction. The cultures were maintained under the 

same growth conditions until well-developed roots were formed by follow the protocol of Tran et al. (2015). 

Acclimatization of Regenerated Plants: Rooted plantlets were carefully removed from culture medium, washed 

with distilled water, and transferred into pots containing sterilized sandy loam soil. Plants were maintained under 

greenhouse conditions for hardening and further growth according to Kumar et al. (2017) with slight 

modifications. 

Molecular Confirmation of Transgenic Plants 

PCR Confirmation: Transgenic plants were further tested for their successful gene transformation. For this 

purpose, DNA from fresh wheat leaves was extracted, and PCR analysis was performed for the confirmation of 

gene transfer. The sets of primers are listed in Table 2. The PCR reaction consisted of an initial denaturation at 

95°C for 5 minutes, followed by 40 cycles of denaturation at 93°C for 30 seconds and annealing at 60°C for 

1 minute, with a final extension at 72°C for 5 minutes and a hold at 4°C for infinity.  
 

Table 2. The sequence of primers used for the confirmation of the PR2 gene through PCR 
 

Primer name Primer sequence Product size (bp) 

KanR-F 5’-ACTCTCAACTCGATCGAGGCAT-3’ 
508 

KanR-R 5’-TGATGCTCTTCGTCCAGATCATC-3’ 

35S-PR2-F 5’-AATCCCACCCCTACTCCAAAA-3’ 
968 

35S-PR2-R 5’-TCATGTACGACTGCGCGAA-3’ 
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Expression Analysis: Expression levels of the PR2 gene in transgenic plants were quantified using RT qPCR. 

Relative expression levels were calculated using the ΔΔCt method, with appropriate reference genes used for 

normalization. Quantitative PCR was performed using the CFX96 Real-Time PCR system (Bio-Rad). 

 

Table 3. The sequence of primers used for the confirmation of PR2 gene through RT qPCR 

 

Primer name Primer sequence No. of Bases 

PR2-qF 5’- AACAATGTCCGGCCATACTAC-3’ 21 

PR2-qR 5’- CACCTTGATGGCGCTGA-3’ 17 

 

 Quantitative PCR was performed with a total reaction volume of 10 µL. First-strand cDNA was 

synthesized from 1 µg of total RNA using RevertAid Reverse Transcriptase at 50–55°C for 30 minutes. The PCR 

reaction consisted of an initial denaturation at 95°C for 5 minutes, followed by 40 cycles of denaturation at 93°C 

for 30 seconds and annealing at 60°C for 1 minute, with a final extension at 72°C for 5 seconds and a hold at 4°C 

for infinity. Relative gene expression levels were calculated using the ΔΔCt method. 

Histochemical GUS Activity Assay: To investigate the expression of β-glucuronidase (GUS) encoding UidA 

gene in the putative transgenic wheat calli, the calli were incubated in X-Gluc buffer overnight at 37°C according 

to Barcelo et al. (1995). The X-Gluc buffer (10 mL) was prepared containing 0.5 mM potassium ferrocyanide, 

100 mM sodium phosphate of pH 7.0, 1 mM X‑Gluc, and 0.1% (v/v) Triton X‑100. 

Allergen Sequence Determination: The Structural Database of Allergenic Proteins (SDAP) 

(https://fermi.utmb.edu/SDAP/sdap who.html) was used to investigate the allergenic potential of β-1, 3-glucanase 

protein. All the alignments were made using the FASTA 3.45 version. All matching allergens were further 

searched for the source organism of the allergen in an online database following Mishra et al. (2012). 

Antifungal Confirmation by Field Evaluation: Transgenic wheat plants expressing the PR2 gene and non-

transgenic control plants (TD-1) were grown under controlled greenhouse conditions to evaluate resistance against 

stem rust (Puccinia graminis f. sp. tritici). Plants were maintained under identical environmental conditions, and 

disease development was monitored under natural pathogen exposure. The field trials were conducted at Ayub 

Agricultural Research Institute, Faisalabad, Pakistan. Disease assessment was carried out through visual 

observation of symptom development, focusing on the presence and spatial distribution of uredinial pustules and 

overall disease progression, in accordance with standard wheat rust evaluation practices (Peterson et al., 1948; 

Roelfs et al., 1992). 

RESULTS 

 Genomic DNA was extracted from 92 locally available wheat cultivars, and integrity was confirmed by 

1% agarose gel electrophoresis (Fig. S1). DNA concentrations are summarized in Table S1. Conventional PCR 

using gene-specific primers revealed the presence of the PR2 gene in only one genotype, Chenab-70 (Fig. 1, Lane 

01). This genotype was selected as the donor for full-length PR2 gene isolation. Subsequent PCR amplification 

showed no detectable PR2 gene transcripts in the susceptible wheat cultivar (TD-1) used as negative controls, 

whereas the rust-resistant cultivar Chenab-70 served as the positive control and produced the expected 

amplification of 325 bp. This differential amplification confirmed the specificity of the designed primers and 

validated the efficiency of the cDNA synthesis procedure. These negative controls ensured that Chenab-70 was 

the appropriate source genotype for downstream cloning. 

https://fermi.utmb.edu/SDAP/sdap%20who.html
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Figure 1. Screening of the PR2 gene from local wheat varieties. Lane M=1 kb DNA ladder, Lane 01 = PR2 

gene from Chenab-70. Lane -ive = (TD-1). 

 

Isolation of Full-Length PR2 Gene: RNA was extracted from both donor (Chenab-70) and recipient (TD-1) 

following Chomczynski et al. (1987); Sambrook et al. (2001). Concentrations were determined using a NanoDrop 

spectrophotometer, and the results are presented in Table S2. PCR amplification from Chenab-70 cDNA yielded 

a single band corresponding to the full-length PR2 gene (~1005 bp) (Fig. 2). 

 
Figure 2. Full-length PR2 gene isolation. M = 1 kb DNA ladder, and Lane 1 = PR2 gene. 

 

Construction of the PR2 Gene Expression Vector: The PR2 gene was cloned into the pCB-P2A-GUS 

expression vector, which includes the CaMV 35S promoter, GUS reporter gene, NOS terminator, and selectable 

marker genes for kanamycin and ampicillin resistance (Fig. 3). The circular map of the vector illustrates the 

positions of the PR2 gene insert, GUS gene, regulatory elements, and restriction sites used for cloning. 
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Figure 3. PR2 gene cloning in pCB-P2A-GUS. Vector carrying the PR2 gene under the CaMV 35S promoter 

with the GUS reporter and selectable marker genes (Kanamycin, Ampicillin, and Neomycin). 

Confirmation of Vector by Restriction Digestion: Insertion of the PR2 gene into the pCB-P2A-GUS vector was 

confirmed by restriction digestion. Digested plasmids with BamH1 and Xba1 produced fragments of expected 

sizes (~7 kb linearized vector and ~1 kb PR2 gene insert) (Fig. 4). 
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Figure 4. Restriction digestion of pCB-PR2-P2A-GUS. Lane M = 1 kb DNA ladder, and lane 01= clone 

plasmid DNA after digestion with BamH1 and Xba1. 

Callus Induction from Mature Wheat Embryos: Among six wheat varieties evaluated, TD-1 exhibited the 

highest callus induction (88%), while others showed poor embryogenic response. 

Screening of Callus on Different Doses of Kanamycin:  Different concentrations of kanamycin were tested to 

determine the optimal selection pressure for transformed calli. Calli grown on medium without kanamycin (0 

mg/L) showed normal growth and regeneration. Moderate inhibition of callus growth was observed at 30 mg/L 

kanamycin after 30 days of incubation. At 50 mg/L, approximately 50% inhibition of callus growth was observed. 

Concentrations above 70 mg/L resulted in strong inhibition, with calli drying and dying within 10–12 days (Fig. 

5). 

Effect of kanamycin on callus induction
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Figure 5. Effect of different doses of kanamycin on callus induction. 

 

Biolistic Transformation of Wheat Calli: For transformation, embryogenic calli were pretreated on an osmotic 

medium containing half-strength MS supplemented with 256 g/L sucrose. This treatment resulted in partial 

dehydration of the calli and a color change to light brown (Fig. 6A). Following particle bombardment using the 

pCB-PR2-P2A-GUS plasmid, calli were transferred to recovery medium for 12 hours to allow tissue recovery 

(Fig. 6B). The treated calli remained viable and continued growth on the culture medium. 
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Figure 6. Wheat callus before and after pCB-PR2-P2A-GUS transformation (A & B, respectively). 

 

Regeneration and Acclimatization of Putative Transgenic Plants: Transformed calli were transferred to 

regeneration medium, where they developed shoots and roots after successive subcultures. Shoots measuring 

approximately 3–5 cm were transferred to the rooting medium for further development. The number of bombarded  

calli were 75, whereas 19 calli out of 75 bombarded calli were transformed as confirmed through PCR. The 

transformation efficiency was 25.33%. Furthermore, the total number of 10 calli were regenerated from 

transformed calli with an efficiency of 52.63 %. 

 

Table 4. Transformation and regeneration data of wheat callus 

 

Callus 

Initiation 

Date of 

Bombardment 

Wheat 

cultivar 

No. of 

Bombarded calli 

No. of 

Transformed calli 

No. of 

Regenerated 

calli 

August 9, 2021 September 11, 

2021 

TD-1 75 19 10 

 

 Regenerated plantlets were removed from culture medium, washed to remove residual media, and 

transferred to soil-filled pots for acclimatization. Plants were initially covered with polythene bags and maintained 

under controlled conditions for 15–20 days to facilitate hardening (Fig. 7A). After acclimatization, the plants were 

transferred to larger pots where they grew to the tillering stage (Fig. 7B). 

 

 
Figure 7. Regeneration and acclimatization of putative transgenic wheat plants. A) Hardening of 

regenerated plantlets in soil-filled pots; B) Growth of acclimatized plants to the tillering stage 

under greenhouse conditions. 
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Molecular Confirmation of Transgenic Plants: Transgenic plants were further tested for gene transformation; 

conventional PCR was performed on genomic DNA. Primer set KanR-F and KanR-R amplified the 508 bp long 

fragment, and primer set 35S-PR2-F and 35S-PR2-R amplified the 968 bp long DNA fragment (Figure 8). 

 
Figure 8. Confirmation of transgenic wheat plants through conventional PCR. Lane M=1kb Ladder, Lanes 

1 and 2 (Amplification of kanamycin resistant gene, in duplication for authenticity) in TD-1; Lanes 

4 and 5 (Amplification of 35S promoter , in duplication for authenticity), in TD-1, which confirmed 

the transformation of the gene of interest in the putatively developed plants. Lane 3 (non-

transgenic, negative control), no amplification. 

 

Expression Analysis of PR2 Gene: The results of RT qPCR revealed the relative expression of the PR2 gene in 

putative transgenic and non-transgenic wheat Plant. Putative transgenic wheat plants exhibited approximately 35-

fold higher PR2 gene expression compared with non-transgenic controls (Figure 9). 

 

 
Figure 9. Relative PR2 gene expression through RT qPCR. Bar 1 is showing the expression of the PR2 gene 

in putative transgenic plants, and Bar 2 is showing relatively lower or no gene expression in non-

transgenic plants of the same wheat cultivar, i.e., TD-1. 

 

GUS Activity Assay: Histochemical β-glucuronidase (GUS) staining was performed to assess the expression of 

the pCB-PR2-GUS construct in transgenic wheat tissues. Blue coloration indicating GUS activity was detected in 

both transgenic calli at 15, 18, 21, 25, and 28 days post-transformation. GUS expression in 15 and 18 days old 

tissues was relatively weak and localized to specific regions of the callus and endosperm. However, tissues 

harvested at 21, 25, and 28 days post transformation showed progressively stronger staining, indicating increased 

transgene expression at later developmental stages. The highest GUS activity was observed at 28 days post 

transformation.  
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Figure 10: Histochemical staining for GUS activity in putative transgenic wheat calli. Transverse section 

of transgenic wheat calli harvested at 15, 18, 21, 25, and 28 days post-transformation. 

 

Allergenicity Assessment: Allergenicity of the β-1,3-glucanase (PR2) gene was evaluated in silico in accordance 

with the FAO/WHO Codex Alimentarius guidelines for genetically modified crops (Codex Alimentarius 

Commission, 2003) and as detailed in Mishra et al. (2012). The amino acid sequence was subjected to similarity 

searches against established allergen databases, including FASTA-based full-length alignment, 80-amino-acid 

sliding window analysis, and exact match screening for contiguous amino acid stretches. 

 The full-length FASTA alignment identified three potential allergen matches, namely Hev b 2 from 

Hevea brasiliensis and Ole e 9 from Olea europaea, indicating moderate sequence homology. The 80-amino-acid 

sliding window analysis yielded a total of 255 hits, including 21 matches corresponding to Hev b 2, with identity 

values ranging from 48.75–61.25%, suggesting localized regions of similarity within conserved domains of β-1, 

3-glucanase proteins. 

 Furthermore, exact match analysis for six contiguous amino acids resulted in 30 hits, including allergens 

such as Hev b 2 (Hevea brasiliensis), Ole e 9 (Olea europaea), Chi t 6 (Chironomus thummi thummi), Peni c 13 

(Penicillium citrinum), and Aed a 8 (Aedes aegypti). These matches are consistent with conserved short peptide 

motifs commonly observed among functionally related proteins and do not necessarily indicate allergenic 

potential. 

Field Evaluation of Rust Resistance: Transgenic plants expressing the PR2 gene exhibited reduced disease 

symptoms under natural pathogen exposure compared to non-transgenic controls, confirming functional resistance 

conferred by the transgene. 

 

 
Figure 11. Field evaluation of stem rust resistance in wheat plants at Ayub Agricultural Research Institute, 

Faisalabad, Pakistan. (A) Non-transgenic control plants showing severe stem rust infection. (B) PR2 

transgenic plants showing reduced disease symptoms. 

 

 Under natural field conditions, non-transgenic plants exhibited clear rust symptoms with numerous 

orange pustules on the stems, whereas PR2 gene transgenic plants showed markedly fewer symptoms. The 

reduced stem rust severity in transgenic lines indicated that PR2 gene expression introduced resistance under 

natural pathogen exposure. 

DISCUSSION 

 Wheat (Triticum aestivum L.) productivity is severely affected by stem rust disease caused by Puccinia 

graminis f. sp. tritici, posing a major threat to sustainable wheat production. In the present study, the stem rust-

resistant wheat cultivar Chenab-70 carrying the PR2 gene (Numan et al., 2021) was selected as the donor 

genotype, whereas the high-yielding but susceptible cultivar TD-1 (Samon et al., 2022) was used as the recipient 
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genotype due to its superior regeneration potential. The objective of this study was to develop transgenic wheat 

plants through biolistic-mediated transformation of the PR2 gene and to evaluate its expression and potential role 

in enhancing stem rust resistance. 

 Screening of locally available wheat cultivars revealed the presence of the PR2 gene in only one 

genotype, Chenab-70. This observation suggested substantial genetic variation among wheat cultivars with respect 

to defence-related genes. Similar variability in PR2 gene distribution and expression among wheat germplasm has 

been reported in earlier studies, indicating that genetic diversity influences the level of resistance against fungal 

diseases (Singh et al., 2023). The identification of Chenab-70 as the source genotype for PR2 gene isolation, 

therefore, highlights the importance of exploiting natural genetic resources for crop improvement. Amplification 

of the full-length PR2 gene (~1005 bp) and confirmation through sequencing verified that the isolated gene 

corresponds to a functional β-1, 3-glucanase gene. Comparable gene lengths and sequences have been reported 

for PR2 gene in wheat and other cereals, further supporting the identity of the isolated gene ( Mohammadizadeh-

Heydari et al., 2024; Raji et al., 2022). 

 Construction of the PR2 gene expression cassette using the pCB-PR2-P2A-GUS vector was confirmed 

through restriction digestion. The use of the CaMV 35S promoter ensured constitutive expression of the transgene. 

Constitutive promoters have been widely used in plant genetic engineering to achieve stable and strong expression 

of defence-related genes. Expression of the PR2 gene under strong promoters significantly enhances resistance 

against fungal pathogens in several crops, including tobacco, rice, and wheat (Pathania et al., 2022). The vector 

system used in the present study, therefore, provided an effective platform for evaluating the functional role of 

the PR2 gene in wheat. 

 Efficient plant regeneration is a critical factor in cereal transformation systems. Among the wheat 

cultivars evaluated in this study, TD-1 exhibited the highest callus induction, transformation efficiency (25.33 %) 

and regeneration efficiency (52.63 %). Previous studies have reported transformation efficiency of 25 % (Hayta 

et al., 2019) and regeneration efficiencies ranging from 68–90% under optimized wheat tissue culture conditions 

(Rashid et al., 2009; Iqbal et al., 2016). The variation observed among genotypes is consistent with earlier reports 

that wheat transformation efficiency is highly genotype-dependent (Park et al., 2022; Ye et al., 2023). Certain 

cultivars possessed higher embryogenic potential and responded better to tissue culture conditions, which 

significantly influenced transformation success. The relatively higher regeneration efficiency of TD-1 observed 

compared with other cultivar possessed favourable physiological characteristics for in vitro regeneration and 

genetic transformation. 

 Molecular confirmation of transformed plants through PCR amplification of the kanamycin resistance 

gene and PR2 gene fragment verified the successful integration of the transgene into the wheat genome. 

Furthermore, real time quantitative PCR analysis revealed approximately 35-fold higher expression of the PR2 

gene in transgenic plants compared with non-transgenic controls. This elevated expression level indicates effective 

transcriptional activity driven by the CaMV 35S promoter. Comparable increases in PR2 gene expression have 

been reported in previous studies, in which transgenic plants expressing β-1,3-glucanase genes showed improved 

resistance against fungal pathogens (Balasubramanian et al., 2012; Sharma et al., 2021). The increased 

transcription observed in this study, therefore, confirmed the functional activity of the introduced gene. 

 Progressive introduction of GUS staining during later stages indicates stable transgene expression across 

post transformation stage. Reporter genes such as β-glucuronidase have been extensively used in plant 

biotechnology to monitor promoter activity and transgene expression patterns. GUS expression patterns in 

transgenic cereals, where reporter gene activity increased during later stages of plant development (Jefferson et 

al., 1987). The strong staining observed in the present study confirmed stable integration and expression of the 

PR2-GUS construct in wheat tissues. 

 Field observations provided preliminary evidence that PR2 gene expressing transgenic plants exhibited 

reduced rust symptoms compared with non-transgenic controls. Non-transgenic plants showed typical orange 

uredinial pustules characteristic of infection by the wheat stem rust pathogen Puccinia graminis f. sp. tritici, 

whereas PR2 gene expressing plants displayed markedly fewer symptoms under the same environmental 

conditions. Β-1, 3-glucanases encoded by PR2 gene were known to degrade β-glucans present in fungal cell walls, 

thereby inhibiting fungal growth and strengthening plant defence responses. Previous studies have reported that 

overexpression of PR genes can significantly enhance resistance against fungal pathogens in several crop species 

(Grover et al., 2003; Lü et al., 2022). The reduced rust severity observed in the present work, therefore, supports 

the proposed antifungal role of PR2 gene in wheat defence. 

 In addition to evaluating disease resistance, allergenicity assessment was performed to determine the 

biosafety of the expressed PR2 gene product. Bioinformatic analyses indicated limited sequence similarity 

between the β-1,3-glucanase protein and known allergens from non-wheat sources, particularly Hev b 2 and Ole 

e 9, which belong to the same conserved protein family. Importantly, no wheat-derived allergenic sequences 

exhibited significant identity (>35%) with the PR2 protein, suggesting minimal risk of cross-reactivity with 

endogenous wheat allergens. Although sequence homology is often considered indicative of potential allergenic 

cross-reactivity, it does not necessarily translate into clinically relevant allergenicity, as proteins sharing 45–55% 
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identity have been reported to lack immunological reactivity under experimental conditions (Beyer et al., 2001). 

Therefore, the observed similarities are more likely attributable to conserved structural domains of pathogenesis-

related proteins rather than true allergenic potential. These findings are consistent with previous reports indicating 

that PR gene generally exhibit low allergenicity despite their central role in plant defence mechanisms (Goodman, 

2008; Mishra et al., 2012). Consequently, while the in-silico assessment suggests a low allergenic risk, further 

experimental validation through immunological assays is required to confirm these predictions. Collectively, the 

integration of PR2 gene mediated resistance with a favourable safety profile highlights its potential for the 

development of disease-resistant wheat cultivars. Given the substantial yield losses associated with rust diseases 

globally, the deployment of PR2 gene based genetic strategies represents a promising and sustainable approach 

for improving wheat productivity. 

Conclusion: In this study, we developed transgenic wheat line expressing the PR2 gene, which conferred 

resistance against stem rust. Functional antifungal activity was confirmed through field evaluation, demonstrating 

reduced disease symptoms compared with non-transgenic controls. These findings provide a promising foundation 

for further field studies in controlled conditions and detailed analysis to validate the effectiveness and stability of 

PR2 gene mediated resistance under diverse environmental conditions. 

Author Contributions: Kamran Ali.; writing, review, and editing, Shazia Anwer Bukhari; conceptualization, 

methodology, supervision, project administration; Bushra Sadia; formal analysis; Mahmood-ur-Rahman, 

investigation. All authors have read and agreed to the published version of the manuscript. 

Acknowledgments: The authors of this manuscript express gratitude to the scientists and researchers of Centre 

of Agricultural Biochemistry and Biotechnology, University of Agriculture, Faisalabad, for their academic 

assistance in this research endeavor. 

Conflict of Interest: The author declares no conflict of interest 

Funding: The funding for this study came from the Higher Education Commission (HEC), Islamabad, 

Government of Pakistan (Project No. TDF02-150). 

REFERENCES 

Abbas, S., S. Kousar, and M. S. Khan (2022). The role of climate change in food security: Empirical evidence 

over the Punjab region, Pakistan. Environ Sci Pollut Res 29(36):53718–53736. 

https://doi.org/10.1007/s11356-022-19315-7  

Ahmed, M., M. Asim, S. Ahmad and M. Aslam (2022). Climate change, agricultural productivity and food 

security. In: Global Agricultural Production: Resilience to Climate Change. Springer, Cham, 

Switzerland, pp:31–72.https://doi.org/10.1007/978-3-031-14973-3_2 

Allen, G. C., M. A. Flores-Vergara, S. Krasynanski, S. Kumar and W. F. Thompson (2006). A modified protocol 

for rapid DNA isolation from plant tissues using cetyltrimethylammonium bromide. Nat Protoc 

1(5):2320–2325. https://doi.org/10.1038/nprot.2006.384  

Ammar, M. K., R. S. Hanafi, M. A. Choucri and H. Handoussa (2023). Structural, functional, and nutritional 

composition of Triticum aestivum L. Appl. Biol. Chem. 66:48. https://doi.org/10.1186/s13765-023-00806-9  

Balasubramanian, V., D. Vashisht, J. Cletus and N. Sakthivel (2012). Plant β-1,3-glucanases: Biological functions 

and transgenic expression against phytopathogenic fungi. Biotechnol Lett 34:1983–1990. 

https://doi.org/10.1007/s10529-012-1012-6  

Barcelo, P. and P. A. Lazzeri (1995). Transformation of cereals by microprojectile bombardment of immature 

inflorescence and scutellum tissues. In: Plant Gene Transfer and Expression Protocols. Humana Press, 

Totowa, NJ, USA, pp:113–123. https://doi.org/10.1385/0-89603-321-X:113  

Beyer, K., E. Morrow, X. M.  Li, L. Bardina, G. A. Bannon, A. W. Burks and H. A. Sampson (2001). Effects of 

cooking methods on peanut allergenicity. J Allergy Clin Immunol 107:1077–1081. 

https://doi.org/10.1067/mai.2001.115480  

Borrelli, V. M. G, V. Brambilla, P. Rogowsky, A. Marocco and A. Lanubile (2018). The enhancement of plant 

disease resistance using CRISPR/Cas9 technology. Front Plant Sci 9:1245. 

https://doi.org/10.3389/fpls.2018.01245  

Chen,. X., P. Guo, Z. Xie and P. Shen (2001). A convenient and rapid method for genetic transformation of 

Escherichia coli with plasmids. Antonie Van Leeuwenhoek 80:297–300. 

https://doi.org/10.1023/A:1012208700765  

Chen, Z., J. M. Debernardi, J. Dubcovsky,and A Gallavotti (2022). Recent advances in crop transformation 

technologies. Nat Plants 8:1343–1351. https://doi.org/10.1038/s41477-022-01295-8  

Codex Alimentarius Commission (2003). Guideline for the conduct of food safety assessment of foods derived 

from recombinant-DNA plants. FAO/WHO, Rome, Italy 

https://doi.org/10.1007/s11356-022-19315-7
https://doi.org/10.1007/978-3-031-14973-3_2
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1186/s13765-023-00806-9
https://doi.org/10.1007/s10529-012-1012-6
https://doi.org/10.1385/0-89603-321-X:113
https://doi.org/10.1067/mai.2001.115480
https://doi.org/10.3389/fpls.2018.01245
https://doi.org/10.1023/A:1012208700765
https://doi.org/10.1038/s41477-022-01295-8


Ali et al.,   J. Anim. Plant Sci., 36 (5) 2026 

Chomczynski, P. and N. Sacchi (1987). Single-step method of RNA isolation by acid guanidinium thiocyanate–

phenol–chloroform extraction. Anal Biochem 162:156–159. https://doi.org/10.1006/abio.1987.9999  

Dos Santos, C., and O. L. Franco (2023). Pathogenesis-related proteins with enzyme activity activate plant defense 

responses. Plants 12:2226. https://doi.org/10.3390/plants12122226  

Goodman, R. E. (2008). Performing IgE serum testing due to bioinformatics matches in allergenicity assessment 

of GM crops. Food Chem Toxicol 46: S24–S34. https://doi.org/10.1016/j.fct.2008.07.023  

Grover, A., and R. Gowthaman (2003). Strategies for the development of fungus-resistant transgenic plants. Curr 

Sci 84:330–340. https://www.jstor.org/stable/24107716  

Hamada, H., Q. Linghu, Y. Nagira, R. Miki and N. Taoka, R Imai (2017). An in planta biolistic method for stable 

wheat transformation. Sci Rep 7:11443. https://doi.org/10.1038/s41598-017-11936-0  

Han, Z., and R. Schneiter (2024). Dual functionality of pathogenesis-related proteins: Defensive role in plants 

versus immunosuppressive role in pathogens. Front Plant Sci 15:1368467. 

https://doi.org/10.3389/fpls.2024.1368467  

Hossain, M. M., F. Sultana, M. Mostafa, H. Ferdus, M. Rahman and J. A. Rana (2024). Plant disease dynamics in 

a changing climate: Impacts and molecular mechanisms. Discover Agric 2:132. 

https://doi.org/10.1007/s44279-024-00077-0 

Hayta , S., M. A. Smedley, S. U. Demir, R.  Blundell, A. Hinchliffe, N. Atkinson and  W. A. Harwood (2019). 

An efficient and reproducible Agrobacterium-mediated transformation method for hexaploid wheat 

(Triticum aestivum L.). Plant Methods 15(1):121. https://doi.org/10.1186/s13007-019-0503-z  

Iqbal. M., N. I. Raja, S. Asif, N. Ilyas, M. Hussain, F. Yasmeen and H. Javed (2016). In vitro callogenesis and 

regeneration potential of elite wheat cultivars. Am J Plant Sci 7:2515–2524. 

https://doi.org/10.4236/ajps.2016.717215  

Ishida, Y., M. Tsunashima, Y. Hiei and T. Komari (2015). Wheat (Triticum aestivum L.) transformation using 

immature embryos. Methods Mol Biol 1223:189–198. https://doi.org/10.1007/978-1-4939-1695-5_15  

Jefferson, R. A., T. A. Kavanagh and M. W. Bevan (1987). GUS fusions: Beta-glucuronidase as a sensitive and 

versatile gene fusion marker in higher plants. EMBO J 6:3901–3907. https://doi.org/10.1002/j.1460-

2075.1987.tb02730.x  

Kumar, R., H. M. Mamrutha, A. Kaur, K. Venkatesh, A. Grewal and R. Kumar (2017). Development of an 

efficient regeneration system in wheat (Triticum aestivum L.). Plant Biotechnol Rep 11:375–383. 

https://doi.org/10.1007/s11816-017-0462-3  

Lü, P., Y. Liu, X. Yu, C. L. Shi and X. Liu (2022). Microbe-associated molecular patterns for effective recognition 

by plants. Front Microbiol 13:1019069. https://doi.org/10.3389/fmicb.2022.1019069  

Madenova, A., Z. Sapakhova, S. Bakirov, K. Galymbek, G. Yernazarova, A. Kokhmetova and Z. Keishilov 

(2021). Screening of wheat genotypes for the presence of common bunt resistance genes. Saudi J Biol 

Sci 28:2816–2823. https://doi.org/10.1016/j.sjbs.2021.02.019  

Mishra, A., S. N. Gaur, B. P. Singh and N. Arora (2012). In silico assessment of the potential allergenicity of 

transgenes used for the development of GM food crops. Food Chem Toxicol 50:1334–1339. 

https://doi.org/10.1016/j.fct.2012.02.005  

Mohammadizadeh-Heydari, N., M. Tohidfar, B. Maleki Zanjani, M. Mohsenpour, R. Ghanbari Moheb Seraj and 

K. Esmaeilzadeh-Salestani (2024). Co-overexpression of chitinase and β-1,3-glucanase enhances 

resistance of wheat cultivars to Fusa.rium. BMC Biotechnol 24:35. https://doi.org/10.1186/s12896-024-

00861-4  

Numan, M., S. A. Bukhari, M. U. Rehman, G. Mustafa and B. Sadia (2021). Phylogenetic analyses, protein 

modeling and active site prediction of two pathogenesis related (PR2 and PR3) genes from bread wheat. 

PLoS ONE 16: e0257392. https://doi.org/10.1371/journal.pone.0257392 

Park, E. J., J. R. Sim, Y. J. Yang, S. B. Lee, B. G. Kim, S. Kim, and J. Y. Lee (2022). Agrobacterium-mediated 

transformation of wheat. Korean J Breed Sci 54:358–368. https://doi.org/10.9787/KJBS.2022.54.4.358  

Pathania, S., J. S. Lore, A. Kalia, A. Kaur, M. Sharma, G. S. Mangat and J. S. Sandhu (2022). Expression of 

antifungal β-1,3-glucanase gene for disease resistance in rice. Transgenic Res 31:537–551. 

https://doi.org/10.1007/s11248-022-00320-w  

Peterson, R, F., A. B. Campbell and A. E. Hannah (1948). A diagrammatic scale for estimating rust intensity on 

leaves and stems of cereals. Can J Res 26:496–500. https://doi.org/10.1139/cjr48c-033  

Raji, M. R., M. Lotfi, M. Tohidfar, H. Ramshini, N. Sahebani, M. Aalifar and F. Carimi (2022). Multiple fungal 

disease resistance induction through co-transformation of PR protein genes. Sci Hortic 297:110924. 

https://doi.org/10.1016/j.scienta.2022.110924  

Rashid, U., S. Ali, G.M. Ali, N. Ayub and M. S. Masood (2009). Establishment of efficient callus induction and 

plant regeneration system in Pakistani wheat cultivars. Electron J Biotechnol 12:1–8. 

https://doi.org/10.2225/vol12-issue4-fulltext-10  

Sambrook, J., E. F. Fritsch and  T. Maniatis (1989). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor 

Laboratory Press, New York, USA 

https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.3390/plants12122226
https://doi.org/10.1016/j.fct.2008.07.023
https://www.jstor.org/stable/24107716
https://doi.org/10.1038/s41598-017-11936-0
https://doi.org/10.3389/fpls.2024.1368467
https://doi.org/10.1007/s44279-024-00077-0
https://doi.org/10.1186/s13007-019-0503-z
https://doi.org/10.4236/ajps.2016.717215
https://doi.org/10.1007/978-1-4939-1695-5_15
https://doi.org/10.1002/j.1460-2075.1987.tb02730.x
https://doi.org/10.1002/j.1460-2075.1987.tb02730.x
https://doi.org/10.1007/s11816-017-0462-3
https://doi.org/10.3389/fmicb.2022.1019069
https://doi.org/10.1016/j.sjbs.2021.02.019
https://doi.org/10.1016/j.fct.2012.02.005
https://doi.org/10.1186/s12896-024-00861-4
https://doi.org/10.1186/s12896-024-00861-4
https://doi.org/10.1371/journal.pone.0257392
https://doi.org/10.9787/KJBS.2022.54.4.358
https://doi.org/10.1007/s11248-022-00320-w
https://doi.org/10.1139/cjr48c-033
https://doi.org/10.1016/j.scienta.2022.110924
https://doi.org/10.2225/vol12-issue4-fulltext-10


Ali et al.,   J. Anim. Plant Sci., 36 (5) 2026 

Sambrook, J. and D. W. Russell (2001). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor 

Laboratory Press, New York, USA 

Samon, M. S., K. Korejo, A. Rasheed and S. Soomro (2022). Screening of Pakistani wheat landraces to stem rust 

(Puccinia graminis f. sp. tritici) resistance under field conditions. Sindh Univ Res J Sci Ser 54(4):11–15. 

https://doi.org/10.26692/surj-ss.v54i04.4260  

Sharma, A., A. Sharma, R. Kumar, I. Sharma and A. K. Vats (2021). PR proteins: Key genes for engineering 

disease resistance in plants. In: Crop Improvement. CRC Press, Boca Raton, FL, USA, pp:81–98 

Singh, A. P., S. Singh, K. Singh, A. Singh and A. Singh (2023). Integrated management of leaf rust in wheat. J 

Agric Biol Appl Stat 3:21–27. https://doi.org/10.52228/JABAS.3.1.21.27  

Singh, R. P., D. P. Hodson, P. K. Singh, C. Lan, X. He, E. S. Lagudah and  D. G. Saunders (2025). Challenges to 

wheat disease resistance and global strategies. Annu Rev Phytopathol 63:115–140. 

https://doi.org/10.1146/annurev-phyto-020124-045408  

Tran, T. N. and  N. Sanan-Mishra (2015). Effect of antibiotics on callus regeneration during transformation of 

rice. Biotechnol Res 7:143–149. https://doi.org/10.5897/JABR2014.0395  

Wang, X., C. Teng, H. Wei, S. Liu, H. Xuan, W. Peng and S. Lyu (2023). Development of binary expression 

vectors for plant gene function analysis. Front Plant Sci 13:1104905. 

https://doi.org/10.3389/fpls.2022.1104905 

Ye, X., A. Shrawat, L. Moeller, A. Rode, A. Rivlin, D. Kelm and D. R. Duncan (2023). Agrobacterium-mediated 

direct transformation of wheat mature embryos. Front Plant Sci 14:1202235. 

https://doi.org/10.3389/fpls.2023.1202235  

Yu, G., A. Hatta, S. Periyannan, E. Lagudah and B. B. H. Wulff (2017). Isolation of wheat genomic DNA for 

gene mapping and cloning. In: Wheat Rust Diseases: Methods and Protocols. Springer, New York, USA, 

pp:207–213. https://doi.org/10.1007/978-1-4939-7249-4_18  

Zaidi, S. S. E. A., H. Vanderschuren, M. Qaim, M. M. Mahfouz, A. Kohli, S. Mansoor and M. Tester (2019). New 

plant breeding technologies for food security. Science 363:1390–1391. 

https://doi.org/10.1126/science.aav6316  

Zhang, H., Y. Qiu, C. Yuan, X. Chen and L. Huang (2018). Fine-tuning of PR genes in wheat responding to 

different Puccinia rust species. J Plant Physiol Pathol 6:2. https://doi.org/10.4172/2329-955X.1000187  

Zhuang, L., H. Liu, J. Hou, C. Jian, Y. Liu, H. Li and S. Liu (2024). Genetic improvement of agronomic traits in 

Chinese wheat breeding over the past 70 years. BMC Plant Biol 24:1151. https://doi.org/10.1186/s12870-

024-05877-0 

https://doi.org/10.26692/surj-ss.v54i04.4260
https://doi.org/10.52228/JABAS.3.1.21.27
https://doi.org/10.1146/annurev-phyto-020124-045408
https://doi.org/10.5897/JABR2014.0395
https://doi.org/10.3389/fpls.2022.1104905
https://doi.org/10.3389/fpls.2023.1202235
https://doi.org/10.1007/978-1-4939-7249-4_18
https://doi.org/10.1126/science.aav6316
https://doi.org/10.4172/2329-955X.1000187
https://doi.org/10.1186/s12870-024-05877-0
https://doi.org/10.1186/s12870-024-05877-0

