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Puccinia striiformis f. sp. tritici, the causal agent of stripe rust, poses a serious threat 
to global wheat production. The development of resistant cultivars requires the 
identification and pyramiding of resistance (Yr) genes. In this study, thirty Pakistani 
spring wheat lines were evaluated using ten microsatellite and sequence-tagged site 
(STS) markers linked to stripe rust resistance genes. Molecular screening revealed 
that 13% and 17% of the lines carried Yr5-associated alleles with markers Cslv34 and 
CYS5, respectively, while 15% and 5% harbored Yr26 and Yr10 alleles. The markers 
Xgwm11 and Xgwm140, associated with multiple resistance loci, were detected in 29 
and 28 lines, respectively. Notably, Xwmc-419, linked to Yr26, was present in all lines, 
including the positive control. Cluster analysis uncovered considerable genetic 
diversity, grouping the lines into two major clusters (A and B). Cluster A, represented 
solely by the outlier WHT15180, exhibited unique resistance mechanisms. Cluster B 
(29 lines) was further subdivided into B-1 and B-2. Subcluster B-1.1 contained five 
accessions that merged at low genetic distances, indicating conserved resistance 
profiles (e.g., Yr5/Yr10), whereas subcluster B-2.2 with seven accessions formed at 
higher distances (150-200), suggesting greater diversity. Intermediate clusters (B-1.2 
and B-2.1) reflected adaptive variation shaped by regional pathogen pressures. These 
findings prioritize Yr5, Yr10, and Yr26 for marker-assisted breeding, while 
highlighting WHT15180 and B-2.2 accessions as potential reservoirs of novel 
resistance. This molecular-cluster framework will accelerate the development of 
durable rust-resistant wheat in Pakistan. 
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Introduction 

Wheat is one of the most important staple crops 

worldwide, but its yield is severely threatened by Puccinia 

striiformis Westend. f. sp. tritici Erikss. (Pst) (Aslam et al., 

2021; Balkrishna et al., 2021). In Pakistan, where wheat is 

cultivated on approximately 9 million hectares, stripe rust 
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epidemics have caused yield losses of up to 70% during 

severe outbreak years (Hussain et al., 2023). Traditionally, 

stripe rust was confined to regions with cold and humid 

climates (Sinha and Chen, 2021). However, the 

epidemiology of the disease has shifted in recent years due 

to the emergence of aggressive pathogen strains adapted to 

warmer environments (Chen, 2005; Gul et al., 2011; Ahmed 

et al., 2024). These emerging races, including virulent 

strains such as the PstS11 lineage, have rendered nearly 

60% of Pakistan’s commercial wheat varieties susceptible 

(Rehman et al., 2023), even in regions once considered 

unsuitable for disease development. Such strains are now 

widespread and have significantly reduced wheat 

productivity globally, underscoring the serious economic 

and food security challenges posed by stripe rust (Ahmed 

et al., 2019a; Begum et al., 2019). 

Genetic resistance remains the most effective and 

economically sustainable long-term strategy for 

managing stripe rust (Arif et al., 2024; Ahmed et al., 

2019b). However, wheat breeding programs in Pakistan 

face unique challenges because nearly 80% of deployed 

resistance genes, such as Yr9 and Yr27, have become 

ineffective against newly evolved races (Ali et al., 2022; 

Khattak et al., 2024). Stripe rust resistance in wheat is 

broadly categorized into race-specific and non-race-

specific resistance. Race-specific resistance, often 

referred to as seedling or all-stage resistance, is typically 

mediated by major “R” genes that are expressed from 

the seedling stage through to maturity (Khattak et al., 

2020; Rehman et al., 2020a). However, this resistance is 

usually short-lived, as the introduction of new virulent 

races rapidly overcomes R-gene-mediated protection, 

resulting in devastating epidemics worldwide (Ahmad, 

2004; Waqar et al., 2018). 

In contrast, non-race-specific resistance, also known as 

adult plant resistance (APR), is generally expressed after 

the seedling stage and is often more durable across 

environments and years (Aslam et al., 2018; Khattak et al., 

2020; Begum et al., 2022). The development of durable 

resistance has become increasingly important to mitigate 

“boom-and-bust” cycles, which occur when the widespread 

use of a single resistance gene is followed by the rapid 

emergence of virulent pathogen strains (Mehmood et al., 

2021a). Consequently, many modern breeding strategies 

aim to pyramid multiple resistance genes into cultivars, 

thereby enhancing durability and generating a complex 

resistance landscape capable of withstanding pathogen 

evolution (Helguera et al., 2003; Zahid et al., 2022). 

Recent advances in genomics and statistical approaches, 

such as marker-assisted selection (MAS) and genome 

editing, provide powerful tools for combining multiple 

resistance genes into elite cultivars (Bangash et al., 2013a; 

Mehmood et al., 2021b). In Pakistan, however, MAS has 

been underutilized for stripe rust resistance breeding, 

particularly for pyramiding Yr genes (Bangash et al., 2013b; 

Khan et al., 2023). Genome-wide association studies 

(GWAS) have emerged as a highly effective approach for 

detecting quantitative trait loci (QTL) underlying stripe 

rust resistance by leveraging linkage disequilibrium and 

historical recombination across diverse germplasm 

(Ahmed et al., 2017a; Jamil et al., 2022; Tahir et al., 2023). 

Unlike traditional biparental mapping populations, GWAS 

enables high-resolution detection of QTL using diverse 

genetic resources such as landraces, breeding lines, and 

traditional cultivars conserved in global germplasm banks 

(Afzal et al., 2017; Mehmood et al., 2021c). Many of these 

accessions have co-evolved with rust pathogens under 

natural conditions, potentially accumulating diverse and 

complex resistance alleles (Ahmed et al., 2014; Aslam et al., 

2017a,b; Tahir et al., 2023). 

Despite their limited use in modern breeding programs, 

landraces and traditional cultivars represent valuable 

reservoirs of untapped resistance (Ahmed et al., 2012; Ejaz 

et al., 2012; Tahir et al., 2023). This is particularly relevant 

in Pakistan, where indigenous landraces from the 

Himalayan foothills exhibit promising but largely 

uncharacterized resistance to current Pst races (Bukhari et 

al., 2023). In this context, we hypothesized that the 

extensive spring wheat collection maintained by the USDA-

ARS National Small Grains Collection (NSGC) constitutes a 

valuable source of genetic diversity for Pst resistance. 

Therefore, the objectives of this study were to: (1) evaluate 

the diversity of stripe rust resistance in a global collection 

of spring wheat accessions, and (2) determine the 

associations between resistance loci identified in this study 

and previously reported Yr genes and QTL. 

 

Materials and Methods 

Plant material 

Seeds of thirty advanced spring wheat lines, along with 

positive and negative controls, were obtained from the 

Crop Diseases Research Program (CDRP) at the National 

Agricultural Research Centre (NARC), Islamabad, 

Pakistan. These lines were selected to represent genetic 

diversity in stripe rust resistance among Pakistani-

adapted wheat germplasm. 
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Phenotypic trait evaluation 

Field-based resistance screening 

Field trials were conducted at the Crop Diseases 

Research Institute (CDRI), NARC, Islamabad, under 

natural stripe rust (P. striiformis f. sp. tritici) pressure. 

Seeds were sown in one-meter rows with 30 cm spacing. 

Morphological traits, including shoot length, spike 

length, spikelets per spike, spikes per plant, 1000-grain 

weight, and maturity period, were recorded. Artificial 

inoculation was performed at the booting stage using a 

urediospore suspension of races Yr5, Yr10, Yr15, and 

Yrsp, mixed with Tween-20 to reduce surface tension, 

ensuring uniform infection. Disease response was 

categorized as: O = no visible infection; R = resistant; MR 

= moderately resistant; MS = moderately susceptible; S = 

susceptible (Khattak et al., 2020, 2024b). 

Seedling resistance screening 

Seedling resistance was evaluated under controlled 

greenhouse conditions against prevalent Pakistani P. 

striiformis races PSTv-14, PSTv-37, and PSTv-40. The 

evaluation aimed to identify both race-specific and 

durable resistance mechanisms. 

Molecular marker analysis 

DNA extraction 

Genomic DNA was extracted from immature leaves using 

a modified CTAB method. Leaves were ground in liquid 

nitrogen, homogenized in 750 μl of CTAB buffer [100 mM 

Tris-HCl (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl, 2% 

CTAB (w/v), 1% PVP], and incubated at 65°C for 30 min. 

The homogenate was mixed with chloroform:isoamyl 

alcohol (24:1) and centrifuged at 12,000 rpm for 10 min. 

DNA was precipitated with chilled isopropanol, washed 

with 70% ethanol, air-dried, and dissolved in TE buffer. 

RNA contamination was removed using RNase A (10 

mg/ml), and DNA quality was assessed via 1% agarose gel 

electrophoresis. 

PCR amplification 

Ten SSR and STS markers linked to stripe rust resistance 

genes (Yr5, Yr9, Yr10, Yr15, Yr26, Yr29) were used. PCR 

reactions (20 μl) contained 1× PCR buffer, 3 mM MgCl₂, 

0.2 mM dNTPs, 10 pmol of each primer, 1 U Taq DNA 

polymerase (Fermentas), and 25-30 ng template DNA. 

Amplification was carried out in a Veriti 96-well thermal 

cycler (Applied Biosystems) under the following 

conditions: initial denaturation at 94°C for 4 min; 35 

cycles of 94°C for 40 sec, 55-65°C for 40 sec (marker-

specific annealing), and 72°C for 1 min; followed by a 

final extension at 72°C for 10 min. PCR products were 

separated on 2% agarose gels stained with ethidium 

bromide and visualized using a gel documentation 

system (UVIpro Platinum, Uvitec). Band sizes were 

compared against known resistance-linked alleles. 

Marker-assisted selection (MAS) 

To counter the evolution of virulent P. striiformis races, 

MAS was prioritized over chemical control. SSR and STS 

markers enabled rapid identification of Yr genes (Yr5, 

Yr10, Yr26), facilitating the pyramiding of multiple 

resistance loci into elite cultivars. This strategy aligns 

with global breeding efforts to enhance durable 

resistance while reducing reliance on fungicides and 

minimizing environmental risks. 

Data analysis 

Analyses of variance (ANOVA), simple correlation, and 

principal component analysis (PCA) were performed 

using Minitab 16 statistical software. Genetic variation 

was assessed by scoring the presence or absence of 

marker alleles linked to resistance genes. Cluster 

analysis was conducted using hierarchical clustering 

(rescaled distance: 0-300) to classify wheat lines based 

on genetic similarity. Sub-clusters were defined by 

merger distances, with 10-50 indicating conserved 

profiles and >200 indicating outliers. 

 

Results 

Using the microsatellite marker S19M93-140, located 12 

cM distal to Yr5, we identified 130-150 bp marker alleles 

in 17 wheat lines that were associated with the presence 

of Yr5. In contrast, 13 lines showed no amplification, 

indicating the absence of the Yr5 gene. Similarly, no 

amplification was observed in the negative control and 

in the remaining 18 lines, confirming the lack of Yr5. 

However, marker S23M41-310 amplified the expected 

100 bp fragment in 13 wheat lines and in the positive 

control, ‘Avocet Yr5’ (Figure 1A and B). 

The STS marker iag95 was used to detect the presence of Yr9 

in 30 Pakistani wheat lines. A total of 8 wheat lines, along 

with the positive control ‘Avocet Yr9,’ produced the expected 

1100 bp fragment, confirming the presence of the stripe rust 

resistance gene Yr9. The remaining 22 wheat lines, along 

with the negative control, showed no amplification, 

indicating the likely absence of Yr9 (Figure 2A). 

Microsatellite marker Xpsp3000 was employed to 

determine the presence or absence of the Yr10 gene in 

Pakistani wheat lines. This marker amplified a 260 bp 

fragment in 22 wheat lines and in the positive control, 

‘Avocet Yr10,’ suggesting the presence of Yr10. Conversely, 
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the negative control ‘Avocet S’ and 8 wheat lines produced 

a 240 bp fragment, which is associated with the absence of 

the yellow rust resistance gene Yr10 (Figure 2B). 

The presence of the stripe rust resistance gene Yr18 was 

assayed using the STS marker csLV34. Only 15 wheat 

lines, along with the positive control, produced a 150 bp 

fragment, while the remaining 15 wheat lines and the 

negative control showed a 229 bp fragment, indicating the 

absence of the Yr18 gene. Similarly, the STS marker CYS-5, 

developed from resistance gene analogs and located 0.5 

cM away from Yr26 (Wen et al., 2008), was used to detect 

the presence of Yr26. In our study, five lines and the 

positive control produced a 348 bp fragment with marker 

CYS-5, confirming the presence of Yr26 (Figure 3A and B). 

 
Figure 1. PCR amplification of (A) the S19M93-140 locus in Pakistani spring wheat and (B) marker S23M41-310 
associated with Yr5. M = 50 bp DNA ladder; “+” indicates the positive control (Avocet Yr5), while “–” indicates the 
negative control (Avocet S). 

 
Figure 2. PCR amplification of (A) the Yr9-linked marker iag95 in Pakistani wheat (M = 100 bp; + = positive control 
‘Avocet Yr9’; – = negative control ‘Avocet’) and (B) the marker Psp3000 for the Yr10 gene (M = 50 bp; + = positive control 
‘Avocet Yr10’; – = negative control ‘Avocet S’). 

 
Figure 3. PCR amplification of (A) the Yr18-linked marker CSLV34 in Pakistani wheat (M = 100 bp; + = positive control 
‘Avocet Yr18’; – = negative control ‘Avocet’) and (B) the marker CYS-5 for the Yr26 gene (M = 1 kb; + = positive control 
‘Avocet Yr26’; – = negative control ‘Avocet S’). 
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The SSR marker Xgwm11 was used to detect the 

presence of the Yr15 and Yr26 genes. This marker 

amplified a 215 bp fragment in 29 wheat lines and in the 

positive control, indicating the presence of the Yr26 

gene. Only one wheat line, along with the negative 

control, did not amplify the 215 bp fragment, suggesting 

the absence of the Yr15/Yr26 gene(s) (Figure 4). 

The microsatellite marker Xwmc-419 amplified a 250 bp 

fragment in 30 Pakistani wheat lines and the positive 

control, indicating the likely presence of Yr26, whereas 

no fragment was amplified in the negative control 

(Figure 5). 

The microsatellite marker Xgwm140 was used to detect 

the presence of the Yr29 gene. This marker amplified a 

120 bp fragment in 28 wheat lines and in the positive 

control. In contrast, two wheat lines and the negative 

control did not amplify the 185 bp fragment, suggesting 

the likely absence of the Yr29 gene (Figure 6). 

The Xwmc367 marker was used to determine the 

presence or absence of the Yr29 gene, which is indicated 

by the amplification of a 154 bp fragment. Only five 

wheat lines and the positive control showed 

amplification of the 154 bp fragment, confirming the 

presence of the Yr29 gene, whereas 25 wheat lines and 

the negative control did not produce the fragment, 

indicating the absence of the gene (Figure 7). 

 
Figure 4. PCR amplification of the Yr26/15-linked marker Xgwm11 in Pakistani wheat. M = 100 bp ladder; (+) positive 
control ‘Avocet Yr18’; (–) negative control ‘Avocet’. 

 
Figure 5. PCR amplification of the Yr26-linked marker Xwmc-419 in Pakistani wheat. M = 100 bp DNA ladder; (+) positive 

control ‘Avocet Yr26’; (–) negative control ‘Avocet S’. 

 

 
Figure 6. PCR amplification of the Yr29-linked marker Xgwm140 in Pakistani wheat. M = 100 bp DNA ladder; (+) 
positive control: ‘Avocet Yr29’; (–) negative control: ‘Avocet S’. 

 
Figure 7. PCR amplification of the Yr29-linked marker Xwmc367 in Pakistani wheat. M = 100 bp DNA ladder; (+) 
positive control ‘Avocet Yr29’; (–) negative control ‘Avocet S’. 
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Integrated cluster analysis with accession counts 

and distances 

The hierarchical clustering dendrogram (rescaled 

distance: 0-300) grouped 30 advanced Pakistani wheat 

lines into distinct genetic clusters based on their 

resistance to P. striiformis f. sp. tritici. Cluster A, 

represented solely by accession WHT15180, merged at 

an extreme distance (>250), indicating a highly distinct 

genetic architecture and the possible presence of 

uncharacterized resistance mechanisms. The remaining 

29 accessions formed Cluster B, which further diverged 

into two major branches, B-1 and B-2, at moderate 

distances (~50-150). 

Sub-branch B-1 further subdivided into two subclusters. 

B-1-1, consisting of 5 accessions (e.g., WHT15137, 

WHT15171, WHT15144), merged at short distances (10-

50), reflecting high genetic similarity and the likely 

presence of shared resistance genes such as Yr5 or Yr10. 

B-1-2, composed of 4 accessions (e.g., WHT15101, 

WHT15111), merged at intermediate distances (50-

100), suggesting moderate divergence due to allelic 

variations or minor genomic rearrangements. 

Branch B-2 also separated into two subclusters. B-2-1, 

containing 6 accessions (e.g., WHT15109, WHT15133), 

merged at 50-150, indicating intermediate levels of 

genetic divergence, possibly shaped by regional 

pathogen pressures or historical hybridization events. In 

contrast, B-2-2, comprising 7 accessions (e.g., 

WHT15164, WHT15169), merged at higher distances 

(150-200), suggesting unique resistance gene 

combinations or rare allelic variants. Moreover, seven 

lines (e.g., WHT15115, WHT15162) formed smaller 

subgroups at distances <200, reflecting localized genetic 

adaptations (Figure 8). 

Subcluster differentiation and genetic insights 

The dendrogram’s hierarchical organization highlights 

key genetic distinctions among subclusters. Subcluster 

B-1-1 (5 accessions, e.g., WHT15137, WHT15171), 

merging at the lowest distances (10-50), demonstrates 

nearly identical resistance gene profiles, likely governed 

by conserved loci such as Yr5 or Yr10. In contrast, B-1-2 

(4 accessions, e.g., WHT15101, WHT15111), merging at 

50-100, shows moderate divergence, possibly 

attributable to allelic variation, minor gene loss/gain, or 

environmental selection pressures. 

B-2-1 (6 accessions, e.g., WHT15109, WHT15133), 

merging at 50-150, reflects intermediate divergence and 

suggests adaptive diversity, potentially driven by 

regional pathogen dynamics or introgression from 

diverse parental lines. The most distinct subgroup 

within Cluster B, B-2-2 (7 accessions, e.g., WHT15164, 

WHT15169), merging at higher distances (150-200), 

indicates the presence of unique or less common 

resistance gene combinations. 

Finally, the outlier Cluster A (WHT15180), merging at 

>250, represents an entirely separate lineage, likely 

carrying rare or novel resistance traits with potential 

breeding value for broad-spectrum stripe rust resistance.

 

 
Figure 8. Cluster analysis of wheat accessions based on genetic markers. 
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Integration of genetic and breeding implications 

The dendrogram’s structure highlights the need for 

tailored breeding strategies. B-1-1, characterized by 

conserved profiles and low merger distances, is well 

suited for stabilizing resistance through gene pyramiding. 

In contrast, B-2-2 and Cluster A, with higher merger 

distances, provide genetic novelty essential for countering 

emerging pathogen strains. Intermediate clusters (B-1-2, 

B-2-1) occupy a transitional position, bridging these 

extremes and offering adaptive diversity critical for 

regional resilience. This structured genetic variability, 

quantified through merger distances and accession 

counts, directly informs marker-assisted selection and 

germplasm conservation, thereby ensuring durable stripe 

rust resistance in Pakistan’s wheat breeding programs. 

Molecular markers associated with stripe rust 

resistance 

The dendrogram, with genetic distances ranging from 0 to 

25, depicts the relationships among 10 molecular markers 

associated with stripe rust resistance and highlights their 

potential linkage to specific Yr genes (Figure 9). Markers 

clustering at low distances (0-5), such as SI and S2, suggest 

a high degree of genetic similarity, potentially indicating 

colocalization within the same genomic region or 

association with the same resistance allele (e.g., Yr5 or 

Yr10). Intermediate clusters, for example, the convergence 

of Xgwm11 with Xwmc419 and the pairing of CYS5 with 

csLV34, reflect partial linkage disequilibrium and shared 

associations with resistance genes such as Yr15, Yr26, and 

Yr18/Lr34. More divergent markers, merging at higher 

distances (15-25), including Xwmc364 and Xgwm140, 

suggest distinct genetic roles or unique resistance loci. 

Xwmc364 may be associated with Yr29, while Xgwm140 

appears linked to multiple resistance determinants. These 

findings emphasize the utility of tightly clustered markers 

for marker-assisted selection in breeding programs, while 

also highlighting the value of divergent markers in 

identifying novel resistance alleles and enhancing genetic 

diversity in cultivated wheat (Table 1). 

 
Figure 9. Genetic diversity based on molecular markers 

associated with stripe rust resistance. 

Table 1. Linkage and phenotypic correlation of markers associated with stripe rust resistance genes in Pakistani wheat lines. 

Sr. 

No. 

Marker Linkage Band Size (bp) Positive 

Control 

Lines 

with Gene 

Phenotypic 

correlation 

Discrepant Accessions 

1 S19M93-140 Yr5 130–150 Avocet Yr5 17 95% WHT15169 (susceptible) 
2 S23M41-310 Yr5 100 Avocet Yr5 13 92% WHT15133 (susceptible) 
3 iag95 Yr9 1100 Avocet Yr9 8 100% None 
4 Xpsp3000 Yr10 260 (presence) Avocet Yr10 22 98% *WHT15180 (outlier) 
5 csLV34 Yr18 150 (presence) Avocet Yr18 15 90% WHT15164 (susceptible) 
6 CYS-5 Yr26 348 Avocet Yr26 5 80% WHT15109 (susceptible) 
7 Xgwm11 Yr15/Yr26 215 Avocet Yr26 29 97% *WHT15180 (outlier) 
8 Xwmc419 Yr26 250 Avocet Yr26 30 100% None 
9 Xgwm140 Yr29 120 (presence) Avocet Yr29 28 93% WHT15115 (susceptible) 
10 Xwmc367 Yr29 154 Avocet Yr29 5 90% WHT15162 (susceptible) 

*Genetic outlier, suggesting unique resistance mechanisms not explained by the screened markers. 

 

Discussion 

Agriculture is the backbone of global food security, with 

wheat serving as a vital staple crop for more than one-

third of the world’s population (Siddiqui et al., 2017; 

Rehman et al., 2020a,b; Khattak et al., 2022a; Qaiser et 

al., 2022). However, its productivity is severely 

threatened by fungal pathogens such as P. striiformis f. 

sp. tritici (Pst), the causal agent of stripe rust, which 

compromises both yield stability and rural livelihoods 

(Khattak et al., 2022b). 
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The present study revealed the prevalence of stripe rust 

resistance genes in Pakistani wheat varieties, including 

Yr26 (5-29%), Yr5 (13-17%), Yr10 (22%), Yr9 (8%), and 

Yr18 (15%). Hierarchical clustering identified accessions 

such as WHT15180 (Cluster A), which exhibited diverse 

resistance mechanisms. Notably, Yr5, located on 

chromosome 2BL, was expressed throughout seedling 

development (Law, 1976). Our findings with marker 

S23M41-310 differed from those of Steffenson et al. 

(2007), who reported a 210-bp fragment in Yr5 non-

carriers. This fragment was absent in all Pakistani 

cultivars examined; instead, a weak 275-bp band 

appeared in some Yr5 non-carriers. Marker S19M93-140 

co-segregated with Yr5 and proved more reliable than 

S23M41-310 (0.7 cM from Yr5), though both remain 

diagnostically valuable for germplasm screening. The 

AFLP-converted STS marker iag95, diagnostic for the 

1BL.1RS translocation (Sr31/Yr9/Lr26/Pm8 genes), was 

validated by Ejaz et al. (2012) and Pretorius et al. (2012) 

in Pakistani and African germplasm, respectively. 

However, its dominant nature restricts the detection of 

heterozygotes in segregating populations. 

Yr10, derived from the Turkish line P.I.178383 (Wang et 

al., 2017), maps to chromosome 1BS near the Rg1 

glume-color locus (2 cM) and Gli-1B (5 cM). Rg1 

functions as a phenotypic marker beyond the seedling 

stage (Ahmad et al., 2004). In our dataset, 22% of 

varieties carried the linked 260-bp fragment 

(Xpsp3000). Given Yr10’s association with Gli-B (Ali et 

al., 2017; Bariana et al., 2020), the combined use of 

Xpsp3000 and Gli-B assays enhances screening accuracy. 

The pleiotropic locus Yr18/Lr34/Pm38 confers durable, 

adult plant resistance to stripe rust, leaf rust, powdery 

mildew, and barley yellow dwarf virus. The co-dominant 

marker csLV34 (0.4 cM distal) Lagudah et al., 2009) 

detects heterozygotes, while the gene-specific marker 

cssfr5 (targeting a 3-bp indel in Lr34) proved superior in 

our study. Only 15% of Pakistani varieties carried this 

locus, highlighting the urgent need to broaden its 

deployment against evolving Pst races. Similarly, Yr26 

(chromosome 1B), which is effective against most Pst 

isolates and shares identity with Yr24/YrCH42, was 

detected using Xgwm11 and CYS-5 markers. Together, 

these identified Yr26 in 29 lines, whereas CYS-5 alone 

identified only 5 carriers. 

Stripe rust epidemics have historically posed a major biotic 

constraint in Pakistan, with severe outbreaks reported in 

1973 (35% intensity), 1978 (55%), 1995 (38%), and 2003 

(20%) (Ahmad, 2004). Virulent races have overcome 

extensively deployed genes such as Yr9 (Mexipak, Pak-81) 

and Yr27 (Inqalab-91) (Khan and Mumtaz, 2004; Ahmed et 

al., 2011a; Shaheen et al., 2023). Thus, the moderate 

frequencies of Yr genes observed, coupled with the unique 

status of WHT15180, highlight opportunities for strategic 

gene pyramiding. The breakdown of major resistance genes 

underscores the necessity of broadening the genetic base 

via marker-assisted selection (Ahmed et al., 2011b; Khattak 

et al., 2020). 

Cluster analysis has proven effective for classifying 

resistance diversity in crops such as wheat, banana, and 

Nigella sativa (Farrukh et al., 2022; Alam et al., 2023; 

Khattak et al., 2024; Saleem et al., 2024). Our 

hierarchical clustering (rescaled distance: 0-300) 

confirmed the genetic distinctness of the studied 

advanced lines, which likely harbor combinations of 

resistance genes under high pathogen pressure (Chen et 

al., 2014; Khattak et al., 2024). Cluster B (29 lines) 

further subdivided into B-1 (conserved Yr5/Yr10 

profiles; 5 accessions, merger distance 10-50) and B-2 

(higher divergence; 7 accessions, merger 150-200). 

Subgroups B-1.2 and B-2.1 (merger 50-150) may reflect 

adaptation to local P. striiformis races. Similar 

distributions of resistance genes across populations 

have also been reported (Ahmed et al., 2010a,b; Ali et al., 

2017; Tahir et al., 2023). Pyramiding conserved genes 

(e.g., Yr5/Yr10 in B-1.1) with divergent accessions (B-

2.2, WHT15180) could enhance durability. 

The superior performance of outlier accessions such as 

WHT15180 may be attributed to underutilized resistance 

genes, undetected gene effects, or the absence of 

diagnostic markers, making these lines particularly 

valuable for breeding. Our results are consistent with 

previous findings (McCallum et al., 2012; Wang et al., 

2017). These insights provide a rational basis for 

prioritizing germplasm in marker-assisted breeding 

programs aimed at developing durable stripe rust 

resistance in Pakistani wheat. 
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