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Article 

QTL Mapping of Adult Plant Resistance to Leaf Rust 
in the N. Strampelli × Huixianhong RIL Population 
Man Li 1,2, Zhan-hai Kang 1,2, Xue Li 1,2, Jia-qi Zhang 1,2, Teng Gao 1,2 and Xing Li 1,2,* 

1 College of Plant Protection, Hebei Agricultural University 
2 Technological Innovation Center for Biological Control of Crop Disease and Insect Pests of Hebei Province, 

Baoding 071001, China 
* Correspondence: 510445619@qq.com (L.X.); Tel.: +135-13220265 

Abstract: Leaf rust (LR) is a destructive foliar disease that affects common wheat (Triticum aestivum 
L.) worldwide. For optimal disease protection, wheat cultivars should possess adult plant resistance 
(APR) to leaf rust. The aim of the present study was to map quantitative trait loci (QTLs) for leaf rust 
resistance using 193 recombinant inbred line (RIL) populations derived from N. Strampelli × 
Huixianhong. Four trials were conducted in China (three in Baoding, Hebei province, and one in 
Zhoukou, Henan province) to assesses the leaf rust response of the RILs and parental lines. The RIL 
populations were genotyped using the wheat 660K SNP array and additional SSR markers. Three 
QTLs for LR resistance were identified using inclusive composite interval mapping (ICIM). 
Previously published data were also reassessed with ICIM to identify QTLs with pleiotropic effects. 
The flanking sequences of all SNP probes were searched against the Chinese Spring wheat reference 
sequence using BLAST to determine physical positions. Three leaf rust resistance loci, two on 
chromosome 2A and 5B, were contributed by N. Strampelli. QLr.hbau-2AL.1 detected in three leaf 
rust environments with phenotypic variance explained (PVE); QLr.hbau-2AL.2 detected in two 
environments with 12.5-13.2% of the PVE; QLr.hbau-5BL detected in all leaf rust environments with 
phenotypic variance explained (PVE) of 17.8-19.1%. QLr.hbau-5BL exhibited potentially pleiotropic 
responses to multiple diseases. The QTLs and flanking markers identified herein may be useful for 
fine mapping, candidate gene mining, and marker-assisted selection(MAS). 

Keywords: leaf rust; molecular mapping; wheat; SNP array; SSR marker 
 

1. Introduction 

Leaf rust caused by Puccinia triticina Eriks is one of the most devastating diseases affecting 
common wheat (Triticum aestivum L.) worldwide [1]. The leaf rust pathogen primarily attacks the leaf 
blades, although it can also infect the leaf sheath and glumes in highly susceptible cultivars. This 
disease can cause yield loss of up to 40% under epidemic conditions, mainly through reductions in 
kernel weight and kernel numbers per spike [2]. Although leaf rust can be controlled by fungicides, 
the use of resistant cultivars is more effective, economic, and environmentally safe [3]. 

Resistance to leaf rust is broadly classified into two  race specific and race non-specific 
resistance. Race-specific resistance is effective against some but not all pathogen pathotypes, and it 
tends to involve one or more genes that elicit a hypersensitive response to avirulent pathotypes[4]. 
This type of resistance predominantly applies throughout the entire growth cycle and therefore has 
been described as “all-stage resistance.” Race-non-specific resistance is quantitatively inherited, 
usually manifests at later growth stages, and is often effective against multiple pathogens[5]. This type 
of resistance is also referred to as adult plant resistance (APR) or slow-rusting resistance. The 
important feature of race non-specific resistance is its durability[6]. Currently 83 leaf rust resistance 
genes in wheat have been mapped to chromosome locations and assigned gene designations[7]. 
Although most of the reported genes confer race-specific resistance, only a few confer race 
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nonspecific resistance. Identification of new slow-rusting genes is important for breeding cultivars 
with durable resistance. 

Molecular markers including restriction fragment length polymorphisms (RFLP), amplified 
fragment length polymorphisms (AFLP), simple sequence repeats (SSR), resistance gene analogue 
polymorphisms (RGAP), and single nucleotide polymorphisms (SNP), have been widely used in the 
genetic mapping of wheat disease resistance genes. Among them, high-density SNP arrays provide 
a superior approach for QTL mapping due to their higher accuracy and higher density compared to 
other markers[8,9,10]. 

The Italian common wheat cultivar N. Strampelli, introduced to the Gansu Province of  China 
in 1973 exhibits adult plant resistance to stripe rust that is controlled by three QTLs including Lr18[11]. 
For example, observations of cultivar N. Strampelli in Longnan, Gansu, China showed that this 
cultivar was generally immune or highly resistant to leaf rust, and the disease resistance of this 
cultivar was stable despite environmental changes for over 30 years. 

The objective of this study was to explore the genetic basis of durable leaf rust resistance in 
cultivar N. Strampelli. To further analyze adult leaf rust resistance genes in this cultivar and to locate 
the QTLs associated with leaf rust resistance, 193 RIL populations of N. Strampelli×Huixianhong 
were monitored in Baoding, Hebei Province, China, and Zhoukou, Henan Province, China, from 2020 
to 2022. QTLs associated with resistance were identified based on phenotypic characters and 
SNP/SSR genotyping. The objectives of this study were to detect QTLs associated with the APR in N. 
Strampelli. 

2. Materials and Methods 

Plant materials and Puccinia triticina pathotypes 

The N. Strampelli×Huixianhong population consisted of 193 RILs. The cultivar Zhengzhou 5389 
was used as the susceptible control. 

Puccinia triticina races in the experimental plots 

To obtain some information on number and virulence of Pt races in the experimental plots, race 
identification was done on samples from the experiment in Hebei in 2020. Briefly, Zhengzhou 5389 
leaves bearing uredinia were collected from the experimental plots. Single uredinia were isolated, 
and then the spores propagated. The resulting urediniospores were used to inoculate the wheat host 
differentials that consisted of 16 nearby isogenic lines, with an additional fourth letter name. Four Pt 
pathotypes (THTS, THTQ, PHPS, and THTT) were used in the field. 

Field 

Leaf rust severities of wheat RIL populations field trials were conducted in Baoding, Hebei 
province, China (115.47°E, 38.85°N) and in Zhoukou, Henan province, China (114.53°E, 33.80°N). 
Three autumn-sown wheat crop seasons data were collected during the 2019/2020, 2020/2021, and 
2021/2022 cropping seasons in Baoding and during the 2020/2021 cropping season in Zhoukou. The 
corresponding datasets are referred to herein as 2020BD, 2021BD, 2022BD, and2020HN, respectively. 
The experiments were conducted for N. Strampelli×Huixianhong (193 RILs) in Hebei and Henan in 
2020 and 2022. Each of the four location × year combinations was considered as an individual 
environment. In each environment, the experiment was in a randomized complete block design with 
two replicates. An individual plot consisted of a single-e1-m-long row with 50cm between adjacent 
rows. Each plot was sown with approximately 20 seeds of a RIL. A control wheat Zhengzhou 5389 
was included after every 10 RIL rows. Two rows of Zhengzhou 5389 perpendicular and adjacent to 
the plot rows were sown along each field block to serve as spreader plants of inoculums. Leaf rust 
infection was initiated by spraying the spreader at tillering stage with a water suspension of an equal 
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urediniospores mixture of Pt pathotypes THTS, THTQ, PHPS, and THTT to which a few drops of 
Tween 20 (0.03%) were added. 

Disease severity was scored based on the percentage of leaf area covered with uredinia 
according to the modified Cobb scale and was assessed three times per cropping season at about 1 
week intervals, with the first scoring performed 4 weeks after inoculation in each environment. 

Statistical analysis 

Significant differences in phenotype and final disease severity (FDS) among trials (2020BD, 
2021BD, 2022BD, and 2020HN) were identified using analysis of variance (ANOVA) in Microsoft 
Excel. 

Molecular markers 

Genomic DNA samples were extracted from the leaves of uninfected seedlings (both parental 
lines and RILs) using the CTAB method[12]. The 193 RILs and the parental lines were genotyped using 
Affymetrix 660K SNP arrays (660,009 markers) by Capital Bio Technology Company (Beijing, China). 
Monomorphic SNPs (heterozygosity > 25%), those with high deletion rates (> 25% missing data), and 
those with distorted segregation ratios (minimum gene frequency > 5%) were removed. The 
remaining high-quality markers were used for SNP analysis. Genotypic data associated with 21 
additional SSR markers were also collected[13]. 

The mapping population N. Strampelli×Huixianhong (193 RILs) was genotyped using 323 SSR 
markers selected from the previously documented resources (http://probes.pw.usda.gov/cgi-
bin/batchprimer3/batchprimer3.cgi). 

PCR reaction system consisted of 1.0μl 10×PCR buffer (Mg2+), 5μL 2×Taq PCR Master Mix, 1.0μl 
forward primer (10 molμL−1), 1.0μl reverse primer (10 molμL−1), 2.0μl DNA template (50 ng/μl), and 
3.0μl ddH2O. While the normal PCR cycling was performed for most of the markers, for certain 
markers, a touchdown program was used, which started with 94°C for 5 min; then 35 cycles of 94°C 
denaturing for 30 s, 60°C annealing for 30 s (touchdown with 0.5°C each cycle), and 72°C extending 
for 30 s; followed by35 cycles of 94°C for 30 s, 55°C for 30 s, and72°C for 30 s; and ended with 72°C 
for 10 min. Amplicons were separated in 12% denaturing polyacrylamide gels and visualized with 
the silver staining method. Linkage map was constructed using Map Manager QTXb2.0 and QTL 
Icimapping 4.0. 

Genotyping,map construction and QTL analysis 

Mapping analyses to detect QTLs associated with leaf rust FDS in each trial was performed using 
the Inclusive Composite Interval Mapping (ICIM) algorithm in IciMapping 4.1[14]. QTL detection was 
performed using the composite inclusive Composite Interval Mapping (ICIM)，The threshold LOD 
score was calculated by running the permutation program set with 1000 replicates at a type I error 
rate of α=0.05. Permutation analysis was conducted for the experiments , the highest threshold LOD 
value (2.5) was chosen as a uniform threshold for all experiments. Effect size of QTL was measured 
with determination coefficient. 

Genotypic data were filtered to retain only markers with missing values <5% RILs with missing 
values >5% were filtered out. After removing redundant markers identified applying the Bin function 
in QTL IciMapping V4.1 software, the retained high quality markers (each marker representing a 
unique locus) were grouped and ordered using JoinMap 4.0. Genetic distances (in cM) were estimated 
based on the Kosambi mapping function. A linkage group was split if there was a distance ≥20 cM 
between two adjacent markers. 

Stepwise regressions were used to detect the percentage of variance explained (PVE) by 
individual QTLs and additive effects at LOD peaks. Linkage groups were then orientated and 
assigned to chromosomes through alignments of the sequences flanking SSR with chromosomal 
survey sequence map. The sequences flanking all SNP probes were searched against the wheat 
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reference sequence (cultivar Chinese Spring; https://urgi.versailles.inra.fr/blast_iwgsc/blast.php, 
IWGSC2022) using BLAST to determine physical positions.Factorial ANOVAs were conducted to 
determine the significance of interactions between stably detected resistance loci based on FDS. 

3. Results 

Resistance of N. Strampelli×Huixianhong RILs to leaf rust 

In each of the four field experiments, the leaf rust severities of susceptible control Zhengzhou 
5389 ranged from 90%to 100%, leaf rust severities were approximately 80% on the susceptible control 
wheat Huixianhong and less than 10% on the resistant landrace N. Strampelli as exemplified by the 
typical symptoms shown in Fig. 1. This indicates that disease pressure was adequately high for 
revealing resistance and susceptibility. This suggested that both parents possess minor resistance 
genes. Mean leaf rust FDS for the RILs was 30.5-45% across all trials (Table 1). The frequency 
distribution of leaf rust severities in each trial showed a continuous distribution skewed towards 
resistance (Fig. 1), indicating polygenic inheritance. Pearson correlation comparisons showed that 
FDS was significantly correlated between all pairs of trials, with Pearson correlation coefficients (R) 
of 0.7-0.8 (p<0.05; Table 2). Correlation coefficients for among the experiments were all significant 
with p<0.05, ranging from 0.7 to 0.8 in N. Strampelli×Huixianhong. Variances due to RIL and 
environment were significant and predominated though the interaction variances were also 
significant. ANOVAs confirmed that there was significant variation among the genotypes 
Ril×Environment. 

SNP and SSR genotypes 

The distribution of SNP markers across chromosomes, in combination with its histogram, 
showed that the polymorphic loci controlling the FDS-associated QTLs were mainly distributed on 
chromosomes 1B, 2A, 5B, and 7D (Fig. 2). After inoculation with four Pt pathotypes, 1200 SSR markers 
were identified between the parental lines and the bulked RILs. Three QTLs were identified on 
chromosomes 2A (QLr.hbau-2A.1 and QLr.hbau-2A.2), and 5B (QLr.hbau-5B). 

QTL mapping for leaf rust resistance 

Lr.hbau-2AL.1, located between molecular markers xgwm122-xwmc294 was identified in trials 
2021BD, 2020BD, and 2020HN, explaining 14.4%, 12.2%, and 17.0%, of the phenotypic variance, 
respectively, in these trials (Table 3; Fig. 3). QLr.hbau-2AL.2 was detected in the trials 2021BD and 
2022BD between SSR markers xwmc728-xgwm122 (Fig. 4). QLr.hbau-2A.2 explained 13.2% and 12.5% 
of the phenotypic variance in trials 2021BD and 2022BD, respectively, corresponding to minor effects 
(Table 3). QLr.hbau-5BL was an important QTL for leaf rust resistance in all environments, 
consistently explaining 17-19% of the phenotypic variances across all environments (Table 3). 
QLr.hbau-5BL was located between SSR markers xgwm499-xwmc415. The results show that the alleles 
associated with leaf rust resistance within the QTLs on 2AL and 5AL were inherited from N. 
Strampelli.(Fig. 3) 
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Figure 1. Frequency distributions of N. Strampelli×Huixianhong RIL lines for final disease severity. Mean values 
for the parents, N. Strampelli and Huixianhong, are indicated by arrows. 2020BD, 2020HN, 2021BD, 2022BDFDS 
and 2019/2020, 2020/2021, 2021/2022 cropping seasons in Baoding, Hebei province, and Zhoukou in Henan 
during the 2021 cropping seasons, respectively. 

Table 1. Summary of leaf rust FDS in the N. Strampelli×Huixianhong parental and RIL populations in the four 
trials. 

Parent/parameter 2020 BD (%)a 20220 HN (%)a 2021 BD(%)a 2022 BD (%)a 
N. Strampelli 1 1 1 5 
Huixianhong 80 85 80 85 
RIL average 40 35 45 35 
Lowest FDS 5 7.5 3 5 
Highest FDS 75 85 70 80 

a:2020 BD, 2020HN, 2021 BD, 2022 BD FDS in 2019/2020, 2020/2021, 2021/2022 cropping seasons in Baoding, 
Hebei province, and Zhoukou in Henan during the 2020/2022 cropping seasons, respectively. 

 

Figure 2. SNP Exchange on chromosome in small population. 

Table 2. Pearson correlation coefficients (R) for 2-way comparisons of leaf rust FDS between trials. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2025 doi:10.20944/preprints202504.0442.v1

https://doi.org/10.20944/preprints202504.0442.v1


 6 of 11 

 

Trials compared R 

2022 BD-2022 BD 0.771** 
2020 BD-2020 HN 0.879** 
2020 HN-2021 BD 0.739** 
2021 BD-2022 BD 0.861** 

Note:**p<0.05. 

 

Figure 3. Genetic maps of chromosome 2A(A) and 5B(B) of N. StrampelliHuixianhong RIL population, 
illustrating the logarithm of the odds (LOD). Marker names and intervals (in Kosambi cM) between adjacent 
markers are shown along the chromosome orientated with the telomere of 2AL and the centromere of 5BL to the 
left. Horizontal lines indicate the threshold LOD of 2.5. Each of the small triangles along the x-axis represents a 
marker used for QTL mapping. 

Table 3. Puccinia triticina races identified from the field trial plots of Baoding in 2020. 

a Lines tested were Thatcher lines with genes Lr1, Lr2a, Lr2c, Lr3, Lr9, Lr16, Lr24, Lr26, Lr3ka, Lr11, Lr17, Lr30, 
LrB, Lr10, Lr14a, and Lr1 Race Virulence. 

4. Discussion 

Comparisons with previous reports of LR QTLs 

QLr.hbau-2AL.1 

To date, three APR QTLs QLr.cimmyt-2AL, QLr.sfr-2AL, and QLr.ubo-2AL[15,16] were reported on 
chromosome 2A in a durum population. QLr.cimmyt-2AL was located between SSR markers wpt4419-
wpt8226 in the Mexican wheat cultivar Avocet and explained 5.8-7.2% of the phenotypic variation[17]. 

Race Virulence (ineffective gene)a 
THTT 1, 2a, 2c, 3, 16, 26 ,3ka, 11, 17, 30, B, 10, 14a, 18 
PHPS 1, 2c, 3, 16, 26, 3ka ,17, 30, B, 10, 14a 
THTQ 1, 2a, 2c, 3, 16, 26, 3ka, 11, 17, 30, B, 10 
THTS 1, 2a, 2c, 3, 16, 26, 3ka, 11, 17, 30, B, 10, 14a, 3 
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QLr.sfr-2AL was located between SSR markers cfa2263c-sfr.be590525 in the Swiss bread-wheat cultivar 
Forno and explained 9.5-12% of the phenotypic variation[18]. QLr.ubo-2AL was located between SSR 
markers wpt-386-310911 in the North American durum-wheat cultivar Lloyd and explained 18.6-30% 
of the phenotypic variation[19]. QLr.cimmyt-2AL and QLr.sfr-2AL are located at 63 cM on chromosome 
2A, while QLr.ubo-2AL is located at 143 cM at the end of chromosome 2AL[20]. Herein, QLr.hbau-2AL.1 
was detected in all the environments and explained 12-17% of the phenotypic variance, and  the SSR 
markers area xgwm122-xwmc294 is 20cM near the 2A centromere, and different from the 
aforemention.ed QTLs, suggesting that it might be a new QTL. 

QLr.hbau-2AL.2 

QLr.hbau-2AL.2 was detected in two the environments (2021BD and2022BD) and explained 12.5-
13.2% of the phenotypic variance. To date, four APR genes, Lr17, Lr37, Lr45, and Lr65 were mapped 
on chromosome 2A. Lr37 was located at 10 cM near the centromere of 2AS chromosome[21,22]. Herein, 
QLr.hbau-2AL.2 was located at 9 cM near the centromere of the 2AL chromosome of cultivar N. 
Strampelli. Similarly, Lr37 was located at 10 cM near the centromere of 2AS chromosome. However, 
Lr37 is a major gene, explaining high levels of variation, while QLr.tbau-2AL.2 explained less than 
15% of the variance in FDS. Therefore, QLr.tbau-2AL.2 is unlikely to correspond to Lr37 and may 
represent a novel site associated with leaf rust resistance and might be new. 

QLr.hbau-5BL 

QLr.hbau-5BL which was located on chromosome 5B between SSR markers Xgwm499-Xwmc415 
(genetic distance 8.1 cM; 477-507 Mb in the Chinese Spring reference mapbased on the position of the 
reference sequence) ,was strongly associated with leaf rust resistance. Four QTLs (QLr.ccs-5b.4, 
QLr.ccs-5b.5, QLr.inra-5B, and Lr.locus-5B.1) and two genes (Lr18 and Lr52) for LR two genes resistance 
have been mapped to chromosome 5B[23,24]. e.. QLr.Ccsu-5b.4 and QLr.Ccsu-5b.5 were obtained using 
an Inclusive Composite Interval Mapping (ITMI) mapping population, with the SSR markers 
intervals Xcdo1326-Xbarc140and Xbarc142-Xbarc69[25,26]. QLr.Locus-5B.1 was identified between SSR 
markers Xgwm433-Xgwm234 in the durum wheat variety Wollaroi which is resistant to leaf rust 
throughout the growth period, while QLr.inra-5B obtained from double haploid (DH) population 
hybridized by Apache/balance varieties, was between the SSR markers Wmc517-Wpt7720[25]. Hence, 
the identified Lr.hbau-5BL with different marker intervals and from different genetic groups, is 
different from the aforementioned, and might be new. 

Potentially pleiotropic QTLs associated with resistance to multiple wheat diseases 

detected a QTL locus (QPM) of adult plant resistance to powdery mildew on 5BL in F2:3 
generation of N. Strampelli×Huixianhong[27]. The SSR markers interval was located in xbarc331-
xwmc537 (608-953 Mb on the physical map). located the QTL locus on 5BL for the F2:3 population of 
N. Strampelli/Mingxian 169. The SSR marker xgwm499-xwmc415 (477-507 Mb on the physical map) 
was similar to the stripe rust resistance gene YrN.S and is closely linked. In this study, QLr.hbau-5B 
was located between SSR markers xgwm499-xwmc415 (477-507 Mb on the physical map). Thus, QTLs 
associated with resistance located on chromosome 5BL near QLr.hbau-5BL may be a pleiotropic site 
with multiple effects. 

Interactions among QTLs for leaf rust resistance in adult plants 

Although several studies have reported  major genes associated with disease resistance, few 
studies to date have focused on the effects of minor resistance genes because the many interactions 
among minor genes affect accurate QTL localization. However, it has been suggested that the effects 
produced by the aggregation of multiple minor-effect genes will be long lasting than major genes. 
The selection pressure exerted by minor-effect resistance genes on Pt is low, and the pathogen  is 
less likely to evolve defenses or be replaced by competitors. Thus, minor-effect resistance genes are 
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more industrially valuable than major genes. In this study ,the RIL population of N. 
StrampelliHuixianhong showed good horizontal resistance in the field, and the QTLs on 5BL are 
likely to be closely linked with the stripe-rust resistance gene YrN.S. Thus, disease resistance in the 
RIL population is likely to be controlled by one major gene or several minor genes, but further study 
is needed to explore these two alternatives[28]. 

The results of this study obtained using high density SNP markers are improvements over 
previous studies that were based only on SSR markers. These improvements might be because we 
used a wheat 660K SNP chip, which has many polymorphic markers for genotyping. Previous studies 
used only limited SSR markers and few chromosomes for QTL mapping and analysis. 

Implications of QTLs detected in the RIL population 

The Italian wheat variety N. Strampelli has shown high levels of resistance to leaf rust, stripe 
rust, and powdery mildew for many years. In this study, three QTLs for leaf rust, including three 
potentially pleiotropic QLr loci and closely linked SNP markers were detected in the N. 
Strampelli×Huixianhong RIL population. Among these, the novel adult plant resistanceQLr.hbau-5BL 
on chromosome 5B conferred stable resistance to leaf rust. QLr.hbau-5BL was also associated with 
resistance to leaf rust and stripe rust, and this QTL was closely linked to the stripe rust resistance 
gene YrN.S, although this association requires further verification. In future studies, the SNP markers 
linked with the two QTLs will be genotyped using KASP assays to facilitate the pyramiding of rust 
resistance loci into future cultivars, as well as marker-assisted selection (MAS) in wheat breeding 
programs. 
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The following abbreviations are used in this manuscript: 

2AL The long arm of chromosome 2A 
5BL The long arm of chromosome 5B 
ANOVA Analysis of variance 
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APR Adult plant resistance 
IT Infection type 
LOD Logarithm of odds 
Lr gene Leaf rust resistance gene 
MAS Marker-assisted selection 
PVE Phenotypic variation explained 
QTL Quantitative trait locus/loci 
RIL Recombinant inbred line 
SNP Single nucleotide polymorphism 
ICIM Inclusive Composite Interval Mapping 
MDS The maximum disease severity 
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