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Introduction: Stripe rust, caused by Puccinia striiformis f. sp. tritici, poses a

significant threat to wheat quality and production worldwide. The rapid evolution

of Pst races caused several resistance genes to be ineffective.

Methods: This study evaluated stripe rust resistance genes in 349 Pakistan and

Southwest China genotypes. We utilized previously published functional and

linkedmolecular markers to detect 13major stripe rust resistance genes: Yr5, Yr9,

Yr10, Yr15, Yr17, Yr18, Yr26, Yr29, Yr30, Yr36, Yr48, Yr65, and YrSp. Field

evaluations assessed IT and resistance levels, while the impact of gene

combinations on resistance was also analyzed.

Results: Field evaluations showed that over 60% of Chuanyu wheat, 50% of

recent Pakistani cultivars, and 20% of historic Pakistani lines were resistant to

current stripe rust races. In Chuanyu wheat, the dominant genes were Yr17, YrSp,

and Yr48; however, Yr17, Yr26, and YrSp were overused, while Yr36 was absent,

and Yr18 was rare. In historic lines, Yr5, Yr17, Yr18, and Yr26 were prevalent, with

Yr15, Yr26, and YrSp demonstrating effective resistance against current stripe rust

races. Furthermore, the study identified specific combinations of Yr genes (Yr26

+Yr48, Yr29+Yr5, Yr26+Yr30, and Yr30+Yr17) that enhanced resistance to Pst.

Discussion: This research highlights effective resistance genes and gene

combinations for stripe rust in wheat and emphasizes the deployment of

durable resistance. The findings guide the strategic use of these genes in

breeding programs aimed at developing durable resistance in wheat genotypes

in Pakistan and Southwest China.
KEYWORDS

stripe rust, gene pyramiding, marker-assisted selection, Yr genes, molecular markers
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Introduction

Wheat (Triticum aestivum. L.) is one of the world’s most

important staple crops, serving as a primary food source for a

large percentage of the global population (Kiani et al., 2021) and

providing nearly 18% of the calories and 19% of the protein for

human consumption (Erenstein et al., 2022). There will be a

substantial increase in the demand for wheat as the world’s

population grows. Despite such demand, wheat production is

challenged by several potential constraints, among which biotic

stresses are exceptionally severe (Figueroa et al., 2017). Among

others, stripe rust, induced by Puccinia striiformis f. sp. Tritici (Pst),

is believed to be the most devastating and has been frequently

reported to affect the production of wheat dramatically. This disease

can cause yield reduction ranging from 10% to 70% on susceptible

cultivars, with possible losses reaching 100%, particularly during

intense epidemic time (Chen, 2020; Kokhmetova et al., 2021).

Owing to the genetic diversity and rapid adaptation of virulent

Pst races, the disease annually affects regions where climatic

conditions and cropping practices are favorable for stripe rust

(Chen, 2005). Ground data suggested that it become widespread

in 41 primary wheat-producing regions worldwide, including China

and Pakistan (Ma et al., 2023).

The surveillance for stripe rust in China has shown that the

southwest and northwest regions are more vulnerable to the

pathogen throughout the summer (Zhao and Kang, 2023). Both

regions serve as significant origins and hubs for the Pst pathogen,

contributing to its spread (Xu et al., 2019; Zhao and Kang, 2023). In

China, there has been a substantial yield reduction caused by stripe

rust outbreaks in various years, resulting in losses of 3.2 million

metric tons (Mmt) in 1964, 1.8 Mmt in 1990, 1.3 Mmt in 2002, and

1.5 Mmt in 2017 (Wan et al., 2007; Chen et al., 2023). In Pakistan,

areas like the northern and central-western regions are more prone

to stripe rust (Bahri et al., 2011; Habib et al., 2020; Mehmood et al.,

2020). Previous reports suggested that approximately 5.8 million

hectares, comprising 70% of the wheat-growing area, is susceptible

to stripe rust (Kiani et al., 2021), which accounts for around 70%–

75% of Pakistan’s wheat cultivation area (Sobia et al., 2010; Habib

et al., 2020). To address the ongoing rapid development of stripe

rust, especially in areas where outbreaks are common, such as China

and Pakistan, the most economical and sustainable method is to

develop resistant cultivars (Kalogiannidis et al., 2022; Rebouh

et al., 2023).

To control stripe rust genetically, there are currently more

than 83 known Yr resistance genes that are spread throughout 21

chromosomes (Maccaferri et al., 2015; Mcintosh et al., 2016). Only

eight Yr genes—Yr36 (Fu et al., 2009), Yr18 (Lr34) (Lagudah et al.,

2009), Yr46 (Lr67) (Hiebert et al., 2015), Yr15 (Klymiuk et al.,

2018), Yr5/YrSp (Marchal et al., 2018), Yr79, YrAS2388, and

YrU111—have been functionally validated, while Yr10 was being

provisionally cloned (Ni et al., 2023). The Yr5 gene, derived from

T. spelta Album, is responsible for conferring resistance to Pst

(Macer, 1966). Nevertheless, it is noteworthy that only a limited

number of genotypes capable of overcoming Yr5 resistance have

been identified so far, specifically in Australia (Mclntosh et al.,

1995), India (Prashar et al., 2015), Turkey (Tekin et al., 2021), and
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China (Liu et al., 2020). The Yr10 resistance gene is effective in

providing resistance against stripe rust in Pakistan (Sobia et al.,

2010), Iran (Sarfaraz et al., 2013), India (Rani et al., 2019), and

China (Huang et al., 2020). The primary gene responsible for

resistance to stripe rust, Yr15, was discovered in Triticum

dicoccoides accession G-25 and is located on chromosome 1BS

(Klymiuk et al., 2021). Breeders across the globe have made use of

the Yr17 gene, which confers resistance to stripe rust in wheat

(Helguera et al., 2003). The Yr18 genes have been employed in

breeding efforts for a century, and thus far, no evidence of

pathogen adaptation has been discovered (Lagudah et al., 2009).

Recent advancements in molecular technologies have

revolutionized plant breeding through the integration of

molecular markers to improve breeding precision and efficiency

(Sun et al., 2024). In contrast to conventional approaches that

emphasize phenotypic selection, the use of molecular markers

allows for the precise identification and monitoring of specific

genes and quantitative trait loci (QTLs), thereby enhancing the

processes of marker-assisted and genomic selection (Hasan et al.,

2021; Lema, 2018). The advancement of these tools has significantly

enhanced the development of better crop varieties by offering

thoughtful insights into genetic diversity and complex traits,

thereby facilitating more precise and effective breeding strategies

(Nadeem et al., 2017). Significant advancements have been achieved

in the development of stripe rust-resistant cultivars through

breeding in both countries. However, the breeding program has

been significantly impeded by the rapid evolution of pathogen races,

which remain a global hazard to wheat cultivation (Bhavani et al.,

2021). The objectives of this study are to (1) evaluate stripe rust

resistance in Pakistani and Chuanyu wheat genotypes, (2) illustrate

the distribution of major Yr genes by using molecular markers in

Pakistani and Chuanyu wheat genotypes, and (3) analyze the

effectiveness of major Yr genes and their combinations. This

study provides valuable information for an efficient Yr gene

utilization strategy to improve Pst resistance in Pakistani and

Chinese wheat genotypes.
Materials and methods

Plant material

A panel of 349 genotypes was evaluated in this study and

divided into three groups. The first group comprises 222

Chuanyu wheat genotypes (“Chuan” means Sichuan and “Yu”

means breeding or cultivation), which represent germplasm from

Southwest China (including both varieties and advanced lines; out

of 222, only 16 were varieties). The second group represents the 80

historic lines of Pakistan, and the third group includes 47 recent

cultivars of Pakistan (detailed information about the germplasm is

available in Supplementary File S1 (Supplementary Tables S6-S8).

The first experimental field trial was conducted at Shifang (104′11
E, 31.6 N, elevation 521) (Figure 1), Sichuan Province, during

November 2022–2023. Plant material for the molecular test was

collected in January 2023, and field evaluation for Pst was

performed in April–May 2023. Each experimental plot was
frontiersin.org
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designed as a random block, and a single seed genotype was sown in

a single row, and general agronomic practices were performed

until harvest.

The Pakistani wheat genotype field experiment was carried out

at the National Agriculture Research Center, Islamabad (33.6667°

E, 073.1667° N, elevation 516.11 (Figure 1). In wheat growing year

November 2021–2022 and November 2022–2023, field

evaluations of stripe rust were carried out in both years. Each

variety was sown in a single row by maintaining a 30-cm row-to-

row distance. A single line of susceptible cultivar Morocco and

some local checks were sown repeatedly after every 10 lines as

checks to spread rust infection. The inoculum was sprayed via a

ULV sprayer onto the rust-resistant cultivar Morocco during the

booting stage in both years and at both field sites. This particular

stage was chosen because it aligns with the optimal weather

conditions for rust spread. Afterward, the percentage of rust

infection and severity was recorded once the Morocco genotype

reached a severity level of 70%–80%.
Pathogen inoculation

The stripe rust infection type (IT) value was evaluated using a

standard 0–9 identification system (Figure 2) according to the

modified Cobb’s scale used by Mahmoud et al. (2015).

For artificial inoculation in Chuanyu genotypes, mixed races of

CYR32, CYR33, Hybrid46, and Guinong22 were used, whereas for

Pakistani genotypes mixed races of Pstv-37, PK07-4, PK07-12, and
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PK08-2 used to spread infection. Stripe rust IT has been observed

three times throughout the adult stage 20 to 23 weeks after sowing.
DNA extraction and molecular
marker genotyping

Approximately 100 mg of fresh leaf tissue was harvested from each

seedling, and genomic DNA extraction was carried out by using the

CTAB (hexadecyltrimethylammonium bromide) method previously

reported by Jilin (2013). The extracted DNA samples were then stored

at -20°C for preservation. Following the extraction procedure, the

concentration and purity of the DNA samples were accurately

measured through agarose gel electrophoresis and using a nanodrop

spectrophotometer, respectively, to ensure their quality and suitability for

subsequent molecular analyses. PCR was performed to investigate the

genetic polymorphism among genotypes that are already known for Yr

genes. The PCR products were subsequently separated and visualized

using 1.5% agarose gel electrophoresis (Sigmon and Larcom, 1996) and

8% non-denaturing polyacrylamide gel electrophoresis, with subsequent

staining using silver nitrate (Chevallet et al., 2006). Supplementary File S1

(Supplementary Table S4) presents a comprehensive overview of 24 pairs

of functional and linkedmarkers used for the detection of 13major stripe

rust resistance genes (Yr5, Yr9, Yr10, Yr15, Yr17, Yr18, Yr26, Yr29, Yr30,

Yr36, Yr48, Yr65, and YrSp), some of which are all-stage resistance

(ASR). Others are adult plant resistance (APR). The sequences of the

markers were downloaded from maswheat.ucdavis.edu/and the Grain

Gene website wheat.pw.usda.gov/GG3/.
FIGURE 1

A map of the study area effectively demarcates the geographical boundaries and the experimental sites of the research area.
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Statistical analysis

All the phenotypic and genotypic data were recorded in

Microsoft Office Excel 2016. SPSS 20.0 was used to perform a

statistical analysis of variance (ANOVA). The Pearson correlation

analysis was performed using the online tool SRPlot

(www.bioinformatics.com.cn/). Gen stat 22nd Edition and Origin

2024 were used to make graphs.Results
Field evaluation of Pst resistance

A panel of 349 genotypes at the adult plant stage was evaluated

for stripe rust resistance in the field. These entries were grouped

into three categories, including historic lines of Pakistan, recent

cultivars of Pakistan, and Chuanyu wheat. The analysis of stripe rust

in different cultivars indicated varying levels of resistance and

susceptibility, as illustrated in Figure 3. According to the field

response, 9% of historical lines, 10.6% of recent cultivars, and

15% of Chuanyu wheat were resistant, and those with moderate

resistance included 1.25% of historical lines, 34% of recent cultivars,

and 56% of Chuanyu wheat. The moderate susceptible reaction was

shown by 31%, 32%, and 11% of historical lines, recent cultivars,

and Chuanyu wheat, respectively. In contrast, 54% of historical

lines, 23% of recent cultivars, and only 4% of Chuanyu wheat were

found to be susceptible. Remarkably, Chuanyu wheat shows a

higher resistance characterized by a higher percentage of

resistance and significantly lower susceptibility, while Pakistan’s

recent cultivars have moderate resistance, whereas most of
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Pakistan’s historic lines have lost their resistance against the

current stripe rust races in the field (Tables 1 , 2).
Frequency distribution of Yr genes

The present study investigated the distribution of 13 major stripe

rust resistance genes, including Yr5, Yr9, Yr10, Yr15, Yr17, Yr18, Yr26,

Yr29,Yr30,Yr36,Yr48,Yr65, andYrSp. Figure 4 illustrates the percentage

frequency distribution of 13 Yr genes. In historic lines of Pakistan, Yr15,

Yr26, Yr30, Yr48, Yr65, and YrSp showed its prevalence. Meanwhile,

Yr29 was totally absent, and Yr17 was present in less than 10% of the

population. In recent cultivars of Pakistan, Yr15 and Yr26were overused,

and Yr5, Yr9, and Yr10 were present in less than 15% of the population.

In Chuanyu, wheatYr17, Yr26, and YrSpwere present inmore than 50%

of the population. Yr17 was overused in Chuanyu wheat, whereas Yr18

was rare, and Yr36 was absent. Stripe rust resistance genes Yr26, Yr15,

and Yr65 were highly present in all three groups. Detailed information

about the presence and absence of genes in each population is mentioned

in Supplementary File S1 (Supplementary Tables S1-S3). The frequency

of each resistance gene across the different wheat groups is in

Supplementary File S1 (Supplementary Table S5), which shows the

percentage of resistance genes in each population.
Correlation between the number of
pyramided genes and IT value

A significant number of Yr genes are pyramided across all

populations. In all three groups, two to eight pyramiding instances
FIGURE 2

Phenotypic evaluation of genotypes with reference to the progression of stripe rust infection in wheat genotypes (O, no visible infection; R, resistant;
MR, moderately resistant; MS, moderately susceptible; S, susceptible).
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of Yr genes were observed. In historic lines of Pakistan, the

frequency of two and eight pyramided Yr genes was less than 3%.

In Chuanyu wheat, the number of pyramiding of four, five, and six

pyramided Yr genes was high, whereas in recent cultivars, the

number of five pyramided Yr genes was prevalent, whereas four,

six, and seven (17%, 11%, and 15%, respectively) pyramided Yr
Frontiers in Plant Science 05
genes were observed in recent cultivars. The average number of

pyramided Yr genes in historic lines and recent cultivars was five

genes, whereas in Chuanyu wheat, the average number of

pyramided Yr genes was four, as shown in Figure 5.

Based on the field evaluation of Pst, the correlation analysis

shows a significant negative correlation between the number of Yr

genes and IT values, with IT values ranging from 0 to 9. A

significant negative correlation (r = -0.435, R2 = 0.66, and p =

0.019) was observed. An increasing number of pyramided Yr genes

decreases the IT value and increases resistance (Figure 6). This

suggests that the relationship between Yr genes and IT value is
TABLE 1 Field evaluation of Chuanyu wheat for Pst infection.

Infection type Genotypes

Resistant R5, R8, R9, R11, R12, R16, R18, R19, R22, R23, R24,
R25, R26, R28, R29, R32, R33, R34, R36, R37, R39, R40,
R41, R42, R50, R52, R53, R56, R57, R59, R60, R65, R66,
R69, R70, R71, R73, R77, R78, R79, R82, R85, R86, R89,
R96, R98, R103, R105, R108, R109, R115, R119, R121,
R125, R129, R130, R131, R132, R133, R134, R135, R136,
R138, R140, R144, R148, R149, R150, R153, R154, R160,
R161, R162, R163, R164, R170, R171, R175, R176, R177,
R178, R179, R180, R184, R191, R193, R195, R202, R204,
R209, R210, R211, R212, R213, R214, R215, R216, R217,
R218, R219

Moderately resistant R1, R3, R7, R10, R13, R14, R15,R17, R20, R21, R30,
R31, R35, R38, R43, R44, R45, R46, R47, R51, R58, R61,
R63, R64, R67, R68, R72, R74, R75, R76, R83, R84, R87,
R88, R93, R94, R95, R97, R102, R104, R106, R110,
R111, R113, R114, R117, R118, R120, R122, R123, R124,
R126, R127, R128, R137, R139, R143, R145, R147, R151,
R155, R165, R166, R167, R168, R169, R172, R173, R174,
R181, R185, R187, R188, R189, R190, R192, R194, R196,
R197, R198, R199, R201, R203, R205, R207

Moderately
susceptible

R6, R27, R48, R49, R54, R55, R62, R80, R81, R90, R91,
R92, R99,R100, R101, R107, R112, R116, R142, R152,
R183, R186

Susceptible R2, R4, R141, R146, R156, R157, R158, R159, R200,
R206, R208, R220, R222
Genotypes are represented by R1, R2, R3…R222. Resistant, Moderately resistant, moderate
susceptible, and susceptible are distinct categories that indicate varying levels of disease
resistance, ranging from strong resistance to high susceptibility.
TABLE 2 Field evaluation of historic lines and recent cultivars of
Pakistan, which showed different levels of IT (resistant, moderately
resistant, moderately susceptible, and susceptible, indicating varying
levels of disease resistance, ranging from strong resistance to
high susceptibility).

Infection type Genotypes

Resistant D1, D24, D37, D42, D45, D47, G1, G3, G5, G6, G7, G8,
G21, G40

Moderately resistant D4, D7, D23, D28, D30, D37, D39, D40, D43, D44,
D46, G2, G28, G53, G65, G78

Moderately
susceptible

D5, D8, D12, D13, D14, D16, D20, D21, D22, D25,
D27, D28, D29, D31, D33, D35, D41, D2, D3, D6, D9,
D10, D11, D15, D17, D19, D26, D32, G4,G12, G15,
G18, G26, G27, G31, G35, G36, G38, G39, G41, G44,
G48, G49, G50, G55, G56, G58, G64, G66, G73,
G74, G75

Susceptible D18, D34, D36, G9, G10, G11, G13, G14, G16, G17,
G19, G20, G22, G23, G24, G25, G29, G30, G32, G33,
G34, G37, G42, G43, G45, G46, G47, G51, G52, G54,
G57, G59, G60, G61, G62, G63, G67, G68, G69, G70,
G71, G72, G76, G77, G79, G80
Historic lines genotypes are represented by G1, G2, G3…G80, whereas recent cultivars are
represented by D1, D2, D3…D47.
FIGURE 3

The distribution of infection type on the X-axis in a panel of 349 wheat genotypes are divided into three groups: Chuanyu wheat, recent cultivars,
and historical lines of Pakistan, whereas the percentage (%) of genotypes is shown on the Y-axis.
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statistically significant, indicating that the observed relationship is

not likely a result of random chance. Pyramiding effective Yr genes

in wheat is associated with enhanced stripe rust resistance.
Effectiveness of single Yr gene

The stripe rust resistance genes Yr5 and Yr15 were effective in

historic lines and recent cultivars of Pakistan. The Yr genes such as

Yr17, Yr48, and Yr65 are effective in Chuanyu wheat genotypes

(Figure 7). Yr29 likewise showed a substantial increase in

effectiveness in recent cultivars of Pakistan. Furthermore, Yr26

and Yr30 are effective against current stripe rust races in historic

lines of Pakistan. Several resistance genes, including Yr9, Yr10,

Yr18, Yr26, and Yr36, did not show resistance against mixed races

during the adult stage.
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Effectiveness of pyramiding Yr gene

A total of 64 combinations of two Yr genes were analyzed to

evaluate the effects of stripe rust in three diverse groups; the

results have shown that certain resistance genes displayed

epistatic or additive effects when combined (Figure 8). The

combination of Yr26+Yr48 and Yr30+Yr17 in Chuanyu wheat

shows a lower IT value (3.1) with a minor standard deviation

(1.3) compared to the individual genes alone (Yr26 IT = 4.2, std =

2.0; Yr48 IT = 4.2, std = 1.9, Yr30 4.4, std = 2.2; Yr17 IT = 3.1, std

= 1.5), suggesting that the pyramided genes are more effective

together than separately. Similarly, in Pakistan’s historical lines,

the combination of Yr26+Yr48 shows a significant improvement

with an IT, indicating variability in the response but still an

overall effective resistance. In recent cultivars of Pakistan, the

combination of Yr29+Yr5 and Yr30 +Yr48 is marked as
FIGURE 4

Percentage (%) frequency distribution of 13 major stripe rust resistance genes (Yr genes) among three populations. Each bar indicates the percentage
of genotypes possessing a particular Yr gene.
FIGURE 5

Percentage distribution of pyramided Yr genes detected in each population, which illustrates the differences in the frequency of pyramiding in
different populations.
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significant with an IT of 3.0, suggesting effective resistance. In

historical lines, the combination of Yr30+Yr48 showed no

decrease in IT value by adding two genes. If pyramided APR

genes are with ASR genes, durable resistance can be achieved.

Furthermore, the results suggested an epistatic effect between the

pyramided resistance genes, such as in combination with Yr30

+Yr48 in historical lines of Pakistan. Several APR genes, such as

Yr29, Yr30, and Yr48, have been discovered to enhance the

resistance of specific race-specific ASR genes. These include

Yr5, Yr15, Yr17, Yr64, and Yr65 when combined. These

findings indicate that these gene combinations hold a

significant potential for utilization in resistance breeding.

The findings of this study on gene pyramiding in Yr will

greatly contribute to the development of cultivars with long-

lasting resistance.
Frontiers in Plant Science 07
Discussion

The constant evolution of the stripe rust races has created

challenges in finding effective wheat sources of resistance (Haider

et al., 2023). This highlights the need to identify and validate new

sources of resistance against the stripe rust pathogen to ensure

successful use in breeding programs (Mu et al., 2019). The present

study evaluated various genotypes from breeding and genetic

programs focused on enhancing wheat resistance to stripe rust in

China and Pakistan. In this study, we categorized Pakistani wheat

germplasm into two distinct subgroups based on preliminary field

evaluation of resistance. The first subgroup consists of genotypes that

have significantly lost resistance over time. Conversely, the second

subgroup includes genotypes released after 2015, which exhibited

noticeably higher levels of resistance in field evaluations (Figure 3).

This grouping enables a more comprehensive understanding of

resistance dynamics over time and assists in the identification of

more durable sources of resistance within the recent germplasm.

A total of 349 genotypes from Southwest China and Pakistan

were evaluated for stripe rust, and 13 known Yr genes were

detected—Yr5, Yr9, Yr10, Yr15, Yr17, Yr18, Yr26, Yr29, Yr30,

Yr36, Yr48, Yr65, and YrSp—using marker-assisted selection

(MAS). When performing MAS, it is crucial to consider the

credibility and accessibility of the markers (Collard and Mackill,

2007). In this study, functional and linked-based molecular

markers were used to identify the corresponding genes.

Functional markers and linked markers are effective tools that

enable plant breeders to target genes controlling important

agronomic traits (Andersen and Lübberstedt, 2003).

The findings from the field evaluation showed different levels of

resistance across different wheat groups. Among historic lines of

Pakistan, 20% showed resistance, while over 60% were susceptible.

For recent cultivars, 45% showed resistance, and 40% to 45% were

susceptible. Meanwhile, in Chuanyu wheat, more than 60%

exhibited resistance, while 20% to 15% of genotypes showed
FIGURE 6

Correlation between the number of Yr genes pyramided in wheat
genotypes and their corresponding IT (1, 2, 3, 4, 5, 6, 7, 8, and 9)
values, showing a significant negative correlation (r = -0.79, P < 0.01).
FIGURE 7

The IT values of each Yr gene are compared. Positive markers of the Yr gene are indicated by +, while negative markers are indicated by –. Each
bar represents the mean value of IT (0, 1, 2, 3, 4, 5, 6, 7, 8, and 9). The significance between each group was tested using one-way ANOVA (*p <
0.05, **p < 0.001).
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susceptibility. Certain genotypes such as Pakhtunkhwa-15,

Abbasen-21, Wardan 17, Khosha, Nishan, T-9, Dirk, C-228, C-

217, Chuanyu 25, Chuanyu29, Chuanyu31, Chuanyu33-1,

Chuanyu33-2, Chuanyu37, Chuanyu40, Chuanyu42, Chuanyu45-

3, Chuanyu46, and Chuanyu47 exhibited strong resistance to stripe

rust, indicating their potential as valuable sources of resistance.

Shahin et al. (2024) employed MAS to identify stripe rust

resistance genes in 38 wheat genotypes, including Yr5, Yr9, Yr10,

Yr15, Yr17, Yr18, Yr26, Yr29, Yr30, and Yr36. They classified these

genotypes as resistant and slow-rusting, and they highlighted the

significance of pyramiding slow-rusting genes, such as Yr18 and Yr29,

to achieve sustainable resistance. The current study investigates the

essential role of gene pyramiding in effective resistance; however, the

presence of Yr5, Yr10, and Yr15 in Pakistani lines shows potential

regional differences in the application and effectiveness of resistance

genes. Notably, Shahin’s study did not detect Yr36, which aligns with

findings from Chuanyu wheat, indicating local variations in the

utilization of resistance genes and potential resistance on certain

genes. The findings of Zheng et al. (2017) support the observations of

the current study regarding responses to stripe rust in Chuanyu

wheat genotypes. It was found that Yr18 was rare, and Yr36 was

absent in the Chuanyu wheat genotypes. Chuanyu wheat genotypes

have more ASR genes, and some of them were overused, like Yr17,

YrSp, and Yr48. The current study suggested that we need to add

more APR genes to improve resistance and reduce the overuse of

certain Yr genes like Yr17 and Yr15. Growing crops with the same

resistance genes may have less genetic variety, making them more

susceptible to new races. A certain Pst race may damage a crop.

Overuse of resistance genes can lead to pathogens developing Pst

races that can overcome current resistance mechanisms (Salgotra and

Chauhan, 2023). In historical lines of Pakistan, Yr15, Yr26, and YrSp

demonstrated significant effectiveness, showing strong resistance to

stripe rust. These findings are consistent with the results of Haider

et al. (2023), who proposed the presence of Yr5, Yr10, Yr15, and Yr26

in Indian varieties. The present study also showed similar results,

showing that Yr genes such as Yr5, Yr10, and Yr26 exhibited

moderate effectiveness, whereas Yr29 was absent in historical lines.
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Pyramiding of effective Yr genes increases durable resistance.

Molecular markers are useful in identifying wheat genotypes with

multiple genes as well as facilitating the pyramiding of resistant

genes (Muhammad et al., 2023). The correlation analysis conducted

in the current study supports the findings of Liu et al. (2020) on the

relationship between the number of pyramided Yr genes and IT

values. The current study also showed similar results by increasing

the number of effective pyramided Yr genes. The IT values reduce

and enhance resistance to stripe rust.

Moreover, gene combinations like Yr9+Yr18 and Yr30+Yr46

have shown significant effects when combined. The results of the

current gene pyramiding study is consistent with the findings of Liu

et al. (2020), indicating that combining multiple resistance genes

can lead to higher levels of resistance than individual genes. This

combination can contribute to durable resistance against various

diseases—for instance, in Chuanyu wheat, the combination of Yr26

+Yr48 and Yr30+Yr17 demonstrates a lower IT value (3.1)

compared to the individual genes alone. This suggests that

pyramiding effective Yr genes has a greater effect when used

together rather than individually.

Similarly, in Pakistani historic lines and recent cultivars, the

combination of Yr26+Yr48, Yr29+Yr5, and Yr30+Yr48 is marked as

significant and suggests effective resistance. Wang et al. (2022)

focused on integrating Yr18, Yr28, and Yr36 within a controlled

environment, demonstrating additive effects for all-stage resistance.

In contrast, the current study evaluated a broader spectrum of

genes, including Yr9, Yr26, Yr30, and Yr48, across multiple

genotypes. Both investigations emphasize that pyramiding

multiple genes provides improved and sustained resistance

compared to individual genes, with significant implications for

advancing global wheat breeding programs. Significant effective

genes, such as Yr15, Yr17, Yr26, Yr48, Yr65, and YrSp, will be

extensively utilized in breeding programs.

Additionally, genes exhibiting limited effectiveness under

current field conditions should still be considered for

incorporation in gene pyramiding strategies. This is because a

single gene, when used alone, can become susceptible due to
FIGURE 8

Different combinations of Yr genes associated with stripe rust. Each bar represents the mean IT value of stripe rust, ranging from 0 to 9. A one-way
ANOVA was conducted to assess the significance among the groups (*p<0.05, **p<0.001).
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genetic shifts in the pathogen (Liu et al., 2020). The current research

findings, along with the identification of several quantitative trait

loci (QTLs) associated with resistance in wheat, as reported by

Rosewarne et al. (2005) and Lowe et al. (2011), suggested that gene

pyramiding could greatly enhance the durability of rust resistance.

To enhance durable resistance, it is recommended to incorporate

APR genes in combination with ASR genes. Furthermore, the

results suggest an epistatic effect between the pyramided

resistance genes as observed in the combinations of Yr30+Yr48,

Yr26+Yr48 , Yr29+Yr5 , and Yr30+Yr17 . Using specific

combinations of genes for deployment provides long-lasting and

enhanced resistance compared to relying on a single gene.
Conclusion

The findings of the current study emphasize the importance of

identifying and pyramiding effective Yr genes against stripe rust

resistance in wheat genotypes. Specifically, the study highlights the

prevalence and effectiveness of certain Yr genes, such as Yr15, Yr17,

Yr26, Yr29, Yr48, Yr65, and YrSp. Current research highlights the

significance of pyramiding of effective Yr genes and reducing the

overuse of certain Yr genes. This underscores the significance of

gene combination as a strategy to enhance long-lasting resistance to

stripe rust. Pakistani breeding programs must incorporate more

diverse ASR genes and reduce the overuse of some Yr genes like

Yr48, Yr65, and Yr26. Chuanyu wheat breeding programs have

more ASR genes, but they need to incorporate more APR genes,

such as Yr18 and Yr36, to enhance durable resistance.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

SA: Conceptualization, Formal analysis, Investigation,

Methodology, Software, Writing – original draft, Writing – review &

editing. YL: Supervision, Writing – review & editing. JL: Data curation,

Methodology, Writing – review & editing. JH: Data curation,

Methodology, Software, Writing – review & editing. XZ: Data

curation, Methodology, Writing – review & editing. XL: Data

curation, Writing – review & editing. AS: Methodology, Resources,

Writing – review & editing. DA: Conceptualization, Methodology,
Frontiers in Plant Science 09
Writing – review & editing. MA: Formal analysis, Software, Writing –

review & editing. YW: Funding acquisition, Project administration,

Resources, Supervision, Writing – review & editing. LZ: Formal

analysis, Funding acquisition, Investigation, Methodology, Project

administration, Software, Supervision, Writing – review & editing.

MF: Conceptualization, Data curation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Supported

by the Key Collaborative Research Program of the Alliance of

International Science Organizations (Grant No. ANSO-CR-KP-

2022-05) and grants from the Sichuan Science and Technology

Program, China (number 2022ZDZX0014).
Acknowledgments

We thank Xia Xianquan (Sichuan Academy of Agricultural

Sciences) for helping us conduct the field inoculation.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1494566/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1494566/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1494566/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1494566
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Abbas et al. 10.3389/fpls.2024.1494566
References

Andersen, J. R., and Lübberstedt, T. (2003). Functional markers in plants. Trends

Plant Sci. 8, 554–560. doi: 10.1016/j.tplants.2003.09.010

Bahri, B., Shah, S. J. A., Hussain, S., Leconte, M., Enjalbert, J., and de Vallavieille-
Pope, C. (2011). Genetic diversity of the wheat yellow rust population in Pakistan and
its relationship with host resistance. Plant Pathol. 60, 649–660. doi: 10.1111/j.1365-
3059.2010.02420.x

Bhavani, S., Singh, P. K., Qureshi, N., He, X., Biswal, A. K., Juliana, P., et al. (2021).
Globally important wheat diseases: Status, challenges, breeding and genomic tools to
enhance resistance durability. Genomic Designing Biotic Stress Resistant Cereal Crops,
59–128. doi: 10.1007/978-3-030-75879-0_2

Chen, L., Awais, M., Yang, H., Shen, Y., Li, G., Gao, H., et al. (2023). Races CYR34
and Suwon11-1 of Puccinia striiformis f. sp. tritici played an important role in causing
the stripe rust epidemic in winter wheat in Yili, Xinjiang, China. J. Fungi 9, 436.
doi: 10.3390/jof9040436

Chen, X. (2020). Pathogens which threaten food security: Puccinia striiformis, the
wheat stripe rust pathogen. Food Secur. 12, 239–251. doi: 10.1007/s12571-020-01016-z

Chen, X. M. (2005). Epidemiology and control of stripe rust [Puccinia striiformisf.
sp.tritici] on wheat. Can. J. Plant Pathol. 27, 314–337. doi: 10.1080/07060660509507230

Chevallet, M., Luche, S., and Rabilloud, T. (2006). Silver staining of proteins in
polyacrylamide gels. Nat. Protoc. 1, 1852–1858. doi: 10.1038/nprot.2006.288

Collard, B. C. Y., andMackill, D. J. (2007). Marker-assisted selection: an approach for
precision plant breeding in the twenty-first century. Philos. Trans. R. Soc. B: Biol. Sci.
363, 557–572. doi: 10.1098/rstb.2007.2170

Erenstein, O., Jaleta, M., Mottaleb, K. A., Sonder, K., Donovan, J., and Braun, H.-J.
(2022). Global trends in wheat production, consumption and trade. Wheat
Improvement, 47–66. doi: 10.1007/978-3-030-90673-3_4

Figueroa, M., Hammond-Kosack, K. E., and Solomon, P. S. (2017). A review of wheat
diseases-a field perspective. Mol. Plant Pathol. 19, 1523–1536. doi: 10.1111/mpp.12618

Fu, D., Uauy, C., Distelfeld, A., Blechl, A. E., Epstein, L., Chen, X., et al. (2009). A
kinase-START gene confers temperature-dependent resistance to wheat stripe rust.
Science 323, 1357–1360. doi: 10.1126/science.1166289

Habib, M., Awan, F. S., Sadia, B., and Zia, M. A. (2020). Genome-wide association
mapping for stripe rust resistance in Pakistani spring wheat genotypes. Plants 9, 1056.
doi: 10.3390/plants9091056

Haider, M. W., Kaur, J., Bala, R., Singh, S., Srivastava, P., Sharma, A., et al. (2023).
Stripe rust resistance gene(s) postulation in wheat germplasm with the help of
differentials and tagged molecular markers. Sci. Rep. 13, 9007. doi: 10.1038/s41598-
023-36197-y

Hasan, N., Choudhary, S., Naaz, N., Sharma, N., and Laskar, R. A. (2021). Recent
advancements in molecular marker-assisted selection and applications in plant
breeding programmes. J. Genet. Eng. Biotechnol. 19, 1-26. doi: 10.1186/s43141-021-
00231-1

Helguera, M., Khan, I. A., Kolmer, J., Lijavetzky, D., Zhong-qi, L., and Dubcovsky, J.
(2003). PCR assays for the Lr37-Yr17-Sr38 cluster of rust resistance genes and their use
to develop isogenic hard red spring wheat lines. Crop Sci. 43, 1839–1847. doi: 10.2135/
cropsci2003.1839

Hiebert, C., Spielmeyer, W., McCartney, C., Kassa, M., Fetch, T., You, F., et al. (2015).
Stem rust resistance: two approaches. Springer EBooks 11, 183–191. doi: 10.1007/978-4-
431-55675-6_20

Huang, L., Xiao, X. Z., Liu, B., Gao, L., Gong, G. S., Chen, W. Q., et al. (2020).
Identification of stripe rust resistance genes in common wheat cultivars from the
Huang-Huai-Hai region of China. Plant Dis. 104, 1763–1770. doi: 10.1094/pdis-10-19-
2119-re

Kalogiannidis, S., Kalfas, D., Chatzitheodoridis, F., and Papaevangelou, O. (2022).
Role of crop-protection technologies in sustainable agricultural productivity and
management. Land 11, 1680. doi: 10.3390/land11101680

Kiani, T., Mehboob, F., Hyder, M. Z., Zainy, Z., Xu, L., Huang, L., et al. (2021).
Control of stripe rust of wheat using indigenous endophytic bacteria at seedling and
adult plant stage. Sci. Rep. 11, 1-14. doi: 10.1038/s41598-021-93939-6

Klymiuk, V., Coaker, G., Fahima, T., and Pozniak, C. J. (2021). Tandem protein
kinases emerge as new regulators of plant immunity.Mol. Plant-Microbe Interactions®

34, 1094–1102. doi: 10.1094/mpmi-03-21-0073-cr

Klymiuk, V., Yaniv, E., Huang, L., Raats, D., Fatiukha, A., Chen, S., et al. (2018).
Cloning of the wheat Yr15 resistance gene sheds light on the plant tandem kinase-
pseudokinase family. Nat. Commun. 9, 1-12. doi: 10.1038/s41467-018-06138-9

Kokhmetova, A., Rsaliyev, A., Malysheva, A., Atishova, M., Kumarbayeva, M., and
Keishilov, Z. (2021). Identification of stripe rust resistance genes in common wheat
cultivars and breeding lines from Kazakhstan. Plants 10, 2303. doi: 10.3390/plants10112303

Lagudah, E. S., Krattinger, S. G., Herrera-Foessel, S., Singh, R. P., and Huerta-Espino,
J. (2009). Gene-specific markers for the wheat gene Lr34/Yr18/Pm38 which confers
resistance to multiple fungal pathogens. Theor. Appl. Genet. 119, 889–898. doi: 10.1007/
s00122-009-1097-z
Frontiers in Plant Science 10
Lema, M. (2018). Marker assisted selection in comparison to conventional plant
breeding: review article. Agric. Res. Technology: Open Access J. 14, 1-10. doi: 10.19080/
artoaj.2018.14.555914

Liu, R., Lu, J., Zhou, M., Zheng, S., Liu, Z., Zhang, C., et al. (2020). Developing stripe
rust-resistant wheat (Triticum aestivum L.) lines with gene pyramiding strategy and
marker-assisted selection. Genet. Resour. Crop Evol. 67, 381–391. doi: 10.1007/s10722-
019-00868-5

Lowe, I., Jankuloski, L., Chao, S., Chen, X., See, D., and Dubcovsky, J. (2011).
Mapping and validation of QTL, which confer partial resistance to broadly virulent
post-2000 North American races of stripe rust in hexaploid wheat. Theor. Appl. Genet.
123, 143–157. doi: 10.1007/s00122-011-1573-0

Ma, J., Awais, M., Chen, L., Yang, H., Lai, H., Shen, Y., et al. (2023). Identification of
Puccinia striiformis races from the spring wheat crop in Xinjiang, China. Frontiers in
Plant Science. 14 1273306, 1-9. doi: 10.3389/fpls.2023.1273306

Maccaferri, M., Zhang, J., Bulli, P., Abate, Z., Chao, S., Cantu, D., et al. (2015). A
Genome-wide association study of resistance to stripe rust (Puccinia striiformisf.
sp.tritici) in a worldwide collection of hexaploid spring wheat (Triticum aestivumL.).
G3: Genes|Genomes|Genetics 5, 449–465. doi: 10.1534/g3.114.014563

Macer, R. (1966). The formal and monosomic genetic analysis of stripe rust (Puccinia
striiformis) resistance in wheat. Proc. 2nd Int. Wheat Genet. Symp. Lund Sweden 1963.
Hereditas Suppl. 2, 127–142.

Mahmoud, A. F., Hassan, M. I., and Amein, K. A. (2015). Resistance potential of
bread wheat genotypes against yellow rust disease under Egyptian climate. Plant Pathol.
J. 31, 402–413. doi: 10.5423/PPJ.OA.12.2014.0127

Marchal, C., Zhang, J., Zhang, P., Fenwick, P., Steuernagel, B., Adamski, N. M., et al.
(2018). BED-domain-containing immune receptors confer diverse resistance spectra to
yellow rust. Nat. Plants 4, 662–668. doi: 10.1038/s41477-018-0236-4

Mcintosh, R., Dubcovsky, J., Rogers, W., Morris, C., Appels, R., and Xia, X. (2016).
Catalogue of gene symbols for wheat: 2015-2016 supplement. (Kyoto: KOMUGI
Integrated Wheat Science Database).

McIntosh, R. A., Wellings, C. R., and Park, R. F. (1995). Wheat rusts: an atlas of
resistant genes. (Australia: CSIRO Publication).

Mehmood, S., Sajid, M., Husnain, S. Z., Zhao, J., Huang, L., and Kang, Z. (2020).
Study of inheritance and linkage of virulence genes in a selfing population of a Pakistani
dominant race of Puccinia striiformis f. sp. tritici. Int. J. Mol. Sci. 21, 1685–1685.
doi: 10.3390/ijms21051685

Mu, J., Wang, Q., Wu, J., Zeng, Q., Huang, S., Liu, S., et al. (2019). Identification of
sources of resistance in geographically diverse wheat accessions to stripe rust pathogen
in China. Crop Prot. 122, 1–8. doi: 10.1016/j.cropro.2019.04.009

Muhammad, J., Muhammad, A. A., Adil, Z., Ghulam, M., Liu, T., Chen, W., et al.
(2023). Intelligent reprogramming of wheat for enhancement of fungal and nematode
disease resistance using advanced molecular techniques. Front. Plant Sci. 14, 1-22.
doi: 10.3389/fpls.2023.1132699

Nadeem, M. A., Nawaz, M. A., Shahid, M. Q., Doğan, Y., Comertpay, G., Yıldız, M.,
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