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Editorial on the Research Topic 


Advances in breeding for wheat disease resistance


Wheat is the most widely planted crop on the planet and contributes up to 20% of total calorie intake for humankind. Maintaining wheat yields is crucial to feeding the world’s people, especially as climate models suggest that rising global temperatures will negatively affect wheat production (Asseng et al., 2015). Diseases of wheat take an important toll, annually robbing humanity of 20% or more of the crop on a global basis (Savary et al., 2019; Savary and Willocquet, 2021). Changes in weather patterns may accelerate pathogen life cycles and escalate shifts in pathogen populations and virulence, posing significant challenges to disease resistance breeding. As well, global trade may increase the chances for a pathogen to spread rapidly and adapt to novel environments and even hosts, leading to emerging diseases.

The release and use of wheat cultivars with effective and durable disease resistance is more important now than ever. This is so for multiple reasons. First, disease resistance stabilizes yields and reduces economic losses, saving money for producers who are already facing major challenges due to rising temperatures, more frequent and unpredictable natural disasters, and high and rising costs of inputs such as pesticides (FAO, 2021; Lüttringhaus et al., 2021; Miedaner and Juroszek, 2021). Second, greater reliance on disease resistance can slow pathogen spread and multiplication, prolonging the useful life of available pesticide chemistries so they will be effective when needed to manage severe epidemics (Brent et al., 2007). Third, the growing use of conservation tillage, which is vital for soil health and stabilization, has elevated the importance of diseases such as Fusarium head blight that cannot be completely managed with fungicides (Aboukhaddour et al., 2020).

Breeding for disease resistance in wheat has made major technological advances, but still faces important challenges. Prominent among those challenges is the need to develop cultivars for a tremendous diversity of agro-ecological environments, production practices, and discrete market classes (Cowger, 2021). Another challenge is that major genes such as those traditionally deployed to manage wheat rust diseases are often rapidly overcome. This requires a focus on quantitative and race non-specific resistance that may be harder to introgress, select for, and retain in a multi-trait context (Cowger and Brown, 2019; van Esse et al., 2020). The more genes are identified and their mechanisms of action elucidated, the more tools will be available to researchers and breeders to assemble genetically novel germplasm with improved and more durable resistance.

The authors who have contributed to this Research Topic tackle those challenges by providing new resources and tools to aid wheat breeders across the globe. The 18 original articles cover a good sample of the world’s most important wheat diseases and the state-of-the-art techniques applied by researchers to identify and evaluate the relevant disease resistance traits. For example, wheat blast is an emergent and damaging disease that has jumped continents from Latin America to Asia, as explained in a comprehensive review by Singh et al., 2021. A team of blast researchers has compared marker-assisted and genomic selection using precision phenotyping of blast resistance conferred by the 2NS translocation (Juliana et al., 2022), which is partial and sometimes background-dependent.

Another major threat to global wheat production is Fusarium head blight. Three articles in this Research Topic offer important new resources for breeding cultivars with effective FHB resistance. The Brazilian spring cultivar Surpresa provides a new source of resistance not currently used (Poudel et al. 2022). Three resistance loci (Fhb1, Fhb4, and Fhb5) were introgressed as a pyramid into desirable Chinese white and red semi-winter wheat lines (Zhang et al., 2021). And a novel technique could speed up the development of FHB-resistant winter wheat germplasm, increasing breeding generations from two to three per year (Zakieh et al. 2021).

Researchers used various approaches to identify new sources of resistance to the three wheat rusts (stem, stripe, and leaf). A new stem rust resistance gene was mapped in the durum wheat variety Kronos and introgressed into common wheat using co-segregating DNA markers (Li et al., 2021). The effects of combinations of leaf rust resistance genes were investigated in a Canadian wheat double-haploid population (McCallum and Hiebert, 2022) and in a durably resistant Canadian wheat cultivar (Bokore et al., 2022). A multi-parent advanced generation intercross (MAGIC) wheat population was used to map adult-plant and seedling resistance to stripe rust in Germany (Rollar et al., 2021). A genome-wide association study was used to identify stripe rust resistance loci in a panel of Chinese wheat landraces (Yao et al., 2021). And QTL mapping led to identification of stripe and leaf rust loci in an Afghan landrace (Zhang et al., 2022), a Chinese landrace (Wang et al., 2022), and the CIMMYT wheat line “Mucuy” (Lan et al., 2022; so far this is an abstract, need the URL to the full article when it’s available).

Breeding wheat cultivars with resistance to powdery mildew requires a constant stream of new resistance sources, thanks to the pathogen’s ability to rapidly overcome host resistance through adaptation. The efficacy of a set of new resistance genes introgressed from Middle Eastern wild wheat relatives was measured using powdery mildew populations from various wheat growing regions affected by the disease (Kloppe et al., 2022). A more unusual wild relative of wheat, Psathyrostachys huashanica, which is found only in the Huashan Mountains of China, also furnished novel resistance to wheat powdery mildew (Liu et al., 2021).

A previously unidentified source of resistance to Hessian fly was identified in spring wheat cultivars of the U.S. Pacific Northwest (Prather et al., 2022). And in a twist, a locus conferring not resistance but susceptibility, in this case to tan spot, was identified in U.S. bi-parental spring wheat mapping populations and narrowed to a region encompassing seven candidate genes (Running et al., 2022). Last but not least, an interesting look under the ground revealed that rhizosphere microbiomes differed among wheat genotypes and had an impact on pathogenicity of Rhizoctonia solani, suggesting the potential to manage Rhizoctonia root rot with wheat genotypes that recruit microbiomes associated with improved plant fitness and suppression of the fungal pathogen (Dilla-Ermita et al., 2021).

For this Research Topic, we have collected articles that demonstrate how cutting-edge approaches to breeding are being brought to bear on some of the chief diseases threatening the world’s wheat production systems. The authors’ contributions are of the highest quality, and illustrate the strong international interest in this topic. These reports help breeders everywhere assess and employ novel and potentially durable resistance to wheat diseases. They will make a practical difference in helping safeguard global wheat yields in the challenging years to come.
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Psathyrostachys huashanica Keng, a wild relative of common wheat with many desirable traits, is an invaluable source of genetic material for wheat improvement. Few wheat–P. huashanica translocation lines resistant to powdery mildew have been reported. In this study, a wheat–P. huashanica line, E24-3-1-6-2-1, was generated via distant hybridization, ethyl methanesulfonate (EMS) mutagenesis, and backcross breeding. A chromosome karyotype of 2n = 44 was observed at the mitotic stage in E24-3-1-6-2-1. Genomic in situ hybridization (GISH) analysis revealed four translocated chromosomes in E24-3-1-6-2-1, and P. huashanica chromosome-specific marker analysis showed that the alien chromosome fragment was from the P. huashanica 4Ns chromosome. Moreover, fluorescence in situ hybridization (FISH) analysis demonstrated that reciprocal translocation had occurred between the P. huashanica 4Ns chromosome and the wheat 3D chromosome; thus, E24-3-1-6-2-1 carried two translocations: T3DS·3DL-4NsL and T3DL-4NsS. Translocation also occurred between wheat chromosomes 2A and 4A. At the adult stage, E24-3-1-6-2-1 was highly resistant to powdery mildew, caused by prevalent pathotypes in China. Further, the spike length, numbers of fertile spikelets, kernels per spike, thousand-kernel weight, and grain yield of E24-3-1-6-2-1 were significantly higher than those of its wheat parent 7182 and addition line 24-6-3-1. Thus, this translocation line that is highly resistant to powdery mildew and has excellent agronomic traits can be used as a novel promising germplasm for breeding resistant and high-yielding cultivars.

Keywords: wheat, P. huashanica, translocation line, wheat powdery mildew, agronomic performance


INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most widely used agricultural crop species worldwide and serves as a staple food supply for at least one-third of the global population (Yang et al., 2016). Great progress has been made in wheat production through genetic improvement, breeding of locally adapted cultivars, and cultivation management (Fischer and Edmeades, 2010; Reynolds et al., 2012). However, wheat production is still limited by several factors such as diseases and relatively narrow genetic variation (Fischer and Edmeades, 2010; Mujeeb-Kazi et al., 2013). Powdery mildew, which is caused by Blumeria graminis (DC.) E.O. f. sp. tritici (Bgt), is one of the most destructive diseases constraining global wheat production (Dean et al., 2012; Morgounov et al., 2012). Fungicides are often used to control powdery mildew, but their widespread application has been hindered by high cost, the development of pathogen resistance, and environmental impacts (Khong et al., 2012). Breeding resistant cultivars is an effective and environmentally sound method to control powdery mildew (Tan et al., 2018). Unfortunately, owing to the presence of individual isolate-specific powdery mildew resistance genes (i.e., Pm7 and Pm17), some resistant cultivars have become susceptible to pathogens (Rahmatov et al., 2016). Moreover, powdery mildew has become a widespread disease in major wheat production areas of China, resulting in severe reductions in yield and quality (He et al., 2015). Therefore, it is necessary to exploit new gene sources for resistance to powdery mildew and incorporate these genes into wheat. Moreover, by introducing genetic components of wild relatives into common wheat, distant hybridization is an effective method for producing new resistant germplasm and broadening genetic diversity (Lin et al., 2017).

Psathyrostachys huashanica Keng (2n = 2x = 14, NsNs), a wild relative of common wheat, is a Chinese endemic species that is found only in the Huashan Mountains of China (Kang et al., 2016). It has attracted substantial amounts of attention from wheat breeders due to its desirable traits, such as early maturity, increased numbers of kernels per spike, high tolerance to biotic stress, i.e., cold and drought, and high resistance to multiple diseases (Chen et al., 1991; Kang et al., 2008, 2016; Du et al., 2010, 2013a,b,c, 2014; Han et al., 2015, 2020; Li et al., 2019, 2020). To utilize the desirable traits of P. huashanica, distant crosses have been performed between P. huashanica and wheat since the 1980s (Chen et al., 1991). A series of wheat–P. huashanica-derived lines, including addition lines, substitution lines, translocation lines, and intergeneric amphiploids, have been developed and identified by molecular cytogenetic methods (Wang and Shang, 2000; Cao et al., 2008; Kang et al., 2008, 2016; Du et al., 2010, 2013a,b,c, 2014; Li et al., 2019, 2020; Bai et al., 2020). These derived lines with single P. huashanica chromosomes incorporated into the wheat genome exhibited better agronomic performance than their wheat parents, indicating that P. huashanica can be used as a valuable source of disease resistance and of several useful agronomic traits for wheat improvement.

In order to transfer alien genes, translocation lines are preferred by breeders (Falke et al., 2009) because of the smaller amount of alien genetic material, lower linkage drag, and regular meiotic behavior compared with wheat-alien species addition or substitution lines. Compared with its wheat parent, a small-segment wheat–P. huashanica translocation line presented more kernels per spike (Kang et al., 2016). Unfortunately, only a few wheat–P. huashanica translocation lines are available for wheat breeding. Moreover, they are poorly characterized (Cao et al., 2008; Wang et al., 2011; Ma et al., 2013; Kang et al., 2016). In addition, wheat–P. huashanica-derived lines resistant to powdery mildew have rarely been reported.

In this study, we developed a novel wheat–P. huashanica translocation line (E24-3-1-6-2-1) that is highly resistant to powdery mildew. The objectives were to (1) describe the development of the translocation line E24-3-1-6-2-1, (2) characterize the chromosome constitution of E24-3-1-6-2-1, (3) evaluate the powdery mildew resistance of E24-3-1-6-2-1, and (4) assess the agronomic performance of E24-3-1-6-2-1.



MATERIALS AND METHODS


Development of the P. huashanica Translocation Line E24-3-1-6-2-1

Psathyrostachys huashanica (2n = 14, NsNs), winter wheat line 7182 (2n = 42, AABBDD), wheat–P. huashanica addition line 24-6-3-1, and wheat–P. huashanica translocation line E24-3-1-6-2-1 (2n = 44) were used in this study. The wheat–P. huashanica addition line 24-6-3-1 was harvested and its seeds were treated with ethyl methanesulfonate (EMS) at a dose of 1.0% and then planted in the field. Fresh pollen collected from the common wheat parent 7182 (2n = 42) was used to pollinated the spikes of M1 plants, which had been artificially emasculated 3–5 days prior. Mature hybrid seeds were harvested and used to produce a BC1F1 population. Pollen collected from the common wheat parent 7182 was used to pollinate the spikes of wheat–P. huashanica addition line 24-6-3-1 as a control. The plants with desirable agronomic traits and disease resistance were selected form the obtained plants, and then self-pollinated and simultaneously karyotyped via cytological examination and genomic in situ hybridization (GISH) analysis. The parental wheat line 7182 and P. huashanica were included as controls for evaluating powdery mildew resistance and agronomic performance and were used in expressed sequence tag (EST)-sequence-tagged site (STS) analyses. The common wheat cultivar Mingxian 169 has no known disease resistance genes and is susceptible to powdery mildew, so it was used as a susceptible control in powdery mildew response tests. Genomic DNA of Chinese Spring was used as a blocker in GISH analyses. These plant materials are preserved in the Shaanxi Key Laboratory of Genetic Engineering for Plant Breeding, College of Agronomy, Northwest A&F University, Shaanxi, China.



Cytogenetic Analysis

The mitotic chromosomes of root tip cells (RTCs) of wheat–P. huashanica translocation line E24-3-1-6-2-1 were prepared and observed as previously described (Han et al., 2020). In brief, seeds of E24-3-1-6-2-1 were germinated in dishes. The root tips were cut, immersed in ice water for 24 h, and then transferred to an ethanol/acetic acid solution (3:1) for 1 week. After staining with 2% acetocarmine for at least 2 h, the root tips were squashed in 45% acetic acid and then subjected to subsequent cytological observations and GISH analysis. Cytological observations and documentation were performed using an Olympus BX60 microscope (Olympus BH2, Japan) equipped with a Photometrics SenSys charge-coupled device (CCD) camera (Penguin, Japan).



GISH Analysis

Genomic in situ hybridization was performed to detect P. huashanica chromosomes in E24-3-1-6-2-1 according to a published method (Walling et al., 2005), with minor modifications (Han et al., 2020). The total genomic DNA was extracted from fresh leaves of P. huashanica and Chinese Spring according to the improved cetyl-trimethylammonium bromide (CTAB) method (Cota-Sánchez et al., 2006). Afterward, the DNA was labeled with Dig-Nick-Translation Mix/digoxigenin (digoxigenin-11-dUTP, DIG; Roche, Germany) using the nick translation method and then as hybridization probes for GISH. Chromosomes were counterstained with propidium iodide (PI), after which detection and visualization of the P. huashanica chromosomes were conducted according to Han et al. (2020).



EST-STS Analysis

Expressed sequence tag-sequence-tagged site markers were used to determine the homoeologous relationships among the alien P. huashanica chromosomes. The total genomic DNA was extracted from the translocation line E24-3-1-6-2-1 and parents following the methods of Cota-Sánchez et al. (2006). A total of 83 EST-STS multiple-locus primer pairs1 were used to identify the P. huashanica chromosome in E24-3-1-6-2-1; the primers were distributed evenly among seven wheat homoeologous groups. PCR-based amplification of EST-STS markers was performed, and the products were separated and visualized as previously described (Han et al., 2020).



FISH Analysis

Fluorescence in situ hybridization (FISH) was conducted using the oligonucleotide probes Oligo-pTa535-1 (Tamra-5'AAAAACTTGA CGCACGTCAC GTACAAATTG GACAAACTCT TTCGGAGTAT CAGGGTTC, red) and Oligo-pSc119.2 (6-FAM-5'CGTTTTGTG GACTATTACT CACCGCTTTG GGGTCCCATA GCTAT, green) according to Patokar et al. (2016) and Lang et al. (2019) after rinsing the GISH probe signals. The Oligo-pTa535-1 probe was used to identify the A and D genomes of hexaploid wheat, while the Oligo-pSc119.2 probe was used to identify the B genome (Tang et al., 2014; Kang et al., 2016; Lang et al., 2019). Observations and photomicrographs of chromosomes were conducted and collected, respectively, using an Olympus BX60 microscope (Olympus BH2, Japan) equipped with a Photometrics SenSys CCD camera (Penguin, Japan).



Evaluation of Powdery Mildew Response

Responses to powdery mildew were determined for E24-3-1-6-2-1, its parents and the susceptible cultivar Mingxian 169 at the adult stage using three replicates during the 2018–2019 and 2019–2020 cropping seasons at the Yangling Wheat Experimental Station, Northwest A&F University, Yangling, Shaanxi, China (34°16'56.24"N, 108°4'27.95"W). The powdery mildew response recorded in rows was separated from those for the assessment of agronomic traits. Artificial inoculations were conducted at the jointing stage by applying a mixture of Bgt isolates that are prevalent in the major wheat-producing areas of China (Zhou et al., 2002) evenly over the leaves until the susceptible check was fully infected. When the susceptible control (Mingxian 169) showed fully developed conidia, the reactions were evaluated and recorded on a 0–9 rating scale, where 0–4 indicated resistance and 5–9 indicated susceptibility, in accordance with the methods of Sheng and Duan (1991).



Assessment of Agronomic Traits

Translocation line E24-3-1-6-2-1, addition line 24-6-3-1, and their parents 7182 and P. huashanica were planted in 9.0 m × 1.2 m plots, with six rows per plot and 0.20 m between rows. The field experimental plots were arranged following a randomized complete block design (with three replications) in Yangling (34°18'14"N, 108°5'38"W) during the 2018–2019 and 2019–2020 cropping seasons. When they reached maturity (Feekes 11.3–11.4; Miller, 1999), all plots were harvested using a small-plot combine [4LZ-2.5 (PR0688Q), Kubota Agricultural Machinery (Suzhou) Co., Ltd.] to evaluate yield-related traits, including plant height, spike length, number of spikes per square meter, number of spikelets per spike, number of kernels per spike, thousand-kernel weight, and grain yield. Duncan’s multiple range test, which was conducted using the general linear model procedure in SAS package (version 9, SAS Institute Inc., Cary, NC, United States), was used to test for significant differences between E24-3-1-6-2-1, 24-6-3-1, and its parents for all the measured traits.




RESULTS


Development of the P. huashanica Translocation Line E24-3-1-6-2-1

Distant hybridization between the winter wheat line 7182 and P. huashanica was performed in 1991. The wheat–P. huashanica addition line 24-6-3-1 was produced via multigenerational selection; this line has a chromosome number of 2n = 44, a large number of tillers (Du et al., 2014), and good visual grain quality. Seeds of addition line 24-6-3-1 were treated by 1.0% EMS. The M1 plants were backcrossed with the wheat parent 7182. The BC1F2 population (50 lines) was then advanced to the BC1F6 generation by single-seed descent (Figure 1). From the BC1F1 to BC1F6 generations, the selfed progeny of plants were tested for resistance to a mixture of Bgt isolates that are prevalent in the major wheat-producing areas of China. Plants with desirable agronomic traits and disease resistance were selected and self-pollinated by covering the spikes with white paper bags, and the plants were simultaneously karyotyped via cytological examination and GISH analysis. One of the isolated translocation lines, E24-3-1-6-2-1 (BC1F7), whose chromosome number was 2n = 44 (Figure 2A), was homozygous and was subsequently maintained by self-pollination.
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FIGURE 1. Scheme of the development of wheat–Psathyrostachys huashanica translocation line E24-3-1-6-2-1.
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FIGURE 2. Cytological and genomic in situ hybridization (GISH) analysis of line E24-3-1-6-2-1. (A) Mitotic metaphase, 2n = 44. (B) GISH analysis of the chromosome constitution of E24-3-1-6-2-1. GISH was conducted using Psathyrostachy shuashanica DNA as a probe and Chinese Spring DNA as a blocker. Four chromosomes with fluorescent hybridization signals (yellow-green) were identified as having alien segments in E24-3-1-6-2-1. The chromosomes were counterstained with propidium iodide (PI; red).




GISH Analysis of E24-3-1-6-2-1

Using total genomic DNA from P. huashanica as a probe and that from Chinese Spring as the blocker, GISH analysis, conducted on mitotic metaphase cells to determine the chromosome configuration of line E24-3-1-6-2-1, demonstrated that E24-3-1-6-2-1 had four chromosome segments with yellow-green hybridization signals and 40 chromosomes with red signals caused by counterstaining with propidium iodide (PI). Two of the signals were emitted from nearly 2/3 of the wheat chromosome, obviously covering the long arm and partial short arm of the chromosome connected by the centromere, while two of the signals were emitted from nearly half of the wheat chromosome, clearly covering the short arm (Figure 2B); these results suggested that chromosome segments of P. huashanica had been translocated into the wheat chromosome. Therefore, E24-3-1-6-2-1 was confirmed to have a large segmental translocation wheat–P. huashanica.



EST-STS Analysis of E24-3-1-6-2-1

To determine the homoeologous groups of the translocated wheat chromosome in E24-3-1-6-2-1, 89 pairs of EST-STS markers from seven homoeologous groups of common wheat were selected to screen for polymorphisms in E24-3-1-6-2-1 as well as its parents 7182 and P. huashanica. Specific bands were obtained with five pairs of EST-STS primers, namely, BE442811, BE446061, BQ161513, BF473854, and CD373484, from homoeologous group-4 chromosomes (4AL, 4AS, 4BL, 4BS, 4DL, and 4DS). In addition, they were different from the bands that were amplified in common wheat 7182 (Figure 3), indicating that the five EST-STS markers were Ns genome-specific and that the alien chromosome segment in E24-3-1-6-2-1 was from P. huashanica 4Ns.

[image: Figure 3]

FIGURE 3. Expressed sequence tag (EST)-sequence-tagged site (STS) marker analysis of E24-3-1-6-2-1 and its parents. Five pairs of EST-STS markers [(A) BE442811, (B) BE44606, (C) BQ161513, (D) BF473854, and (E) CD373484] corresponding to homoeologous Group 4 amplified the Ns chromosome-specific bands in the E24-3-1-6-2-1 line and P. huashanica. Lane M: DL2000 marker; Lane 1: line 7182; Lane 2: line E24-3-1-6-2-1; and Lane 3: P. huashanica. Diagnostic amplification products of the Ns genome are indicated by arrows.




FISH Analysis of E24-3-1-6-2-1

Fluorescence in situ hybridization analysis with probes Oligo-pTa535 and Oligo-pSc119.2 was used to identify the translocated wheat chromosome in line E24-3-1-6-2-1. The FISH results showed that the translocation happened on chromosome 3D (Figure 4A). The breakage site was near the centromere of 3DL and was caused by the loss of most of chromosome 3D (3DS·3DL). The chromosome 3D (3DS·3DL) segment was combined with the newly acquired 4Ns chromosome segment (4NsL) of P. huashanica to form 3DS·3DL-4NsL, whereas the remaining 3DL segment and the 4Ns chromosome segment (4NsS) of P. huashanica formed a second translocation chromosome, 3DL·4NsS (Figure 4B). A Robertsonian translocation also occurred between wheat chromosomes 2A and 4A, forming two new chromosomes, 2AL·4AS and 2AS·4AL (Figure 4C). Thus, E24-3-1-6-2-1 was confirmed to have two translocations.

[image: Figure 4]

FIGURE 4. Fluorescence in situ hybridization (FISH) analysis of E24-3-1-6-2-1 (A). Oligo-primers pSc119.2 (green) and pTa535-1 (red) were used as probes for wheat chromosomes. The wheat 3D chromosome and P. huashanica 4Ns chromosome, as well as the wheat 2A and 4A chromosomes underwent translocations to form 3DS·3DL-4NsL, 3DL·4NsS, 2AL·4AS, and 2AS·4AL chromosomes, as indicated by the arrows. Diagrams of translocations [3DS·3DL-4NsL and 3DL·4NsS (B), and 2AL·4AS and 2AS·4AL (C)] in E24-3-1-6-2-1 showing breakage sites in each chromosome, as indicated by the arrows, and chromosome rearrangements. The chromosomes were stained with 4',6-diamidino-2-phenylindole (DAPI; blue).




Responses of E24-3-1-6-2-1 to Powdery Mildew

In two consecutive wheat growing seasons (2018–2020), translocation line E24-3-1-6-2-1, 7182, P. huashanica, and Mingxian 169 were assessed at the adult stage to determine their response to powdery mildew in the field. The results showed that E24-3-1-6-2-1 was highly resistant to powdery mildew (infection type 1), while P. huashanica was immune (infection type 0). In contrast, 7182 and Mingxian 169 were susceptible with infection types 5 and 8, respectively (Figure 5).

[image: Figure 5]

FIGURE 5. Powdery mildew responses of P. huashanica, line E24-3-1-6-2-1, line 7182, and Mingxian 169 (from 1 to 4) to a mixture of 30 powdery mildew (Bgt) isolates at the adult stage.




Agronomic Performance of E24-3-1-6-2-1

E24-3-1-6-2-1 was significantly taller than P. huashanica and 7182 but significantly shorter than addition line 24-6-3-1, while the significantly longest spike length was found for E24-3-1-6-2-1 in the two cropping seasons (p < 0.05; Figures 6A,B; Table 1). There were no significant differences in spike number between E24-3-1-6-2-1 and line 7182, but the highly significant increase in spike number was found for addition line 24-6-3-1 (p < 0.05), compared with 7182 and translocation lines, suggesting that 24-6-3-1 resembled the female parent P. huashanica and tillered profusely (Table 1). E24-3-1-6-2-1 had significantly higher numbers of fertile spikelets per spike and numbers of kernels per spike than lines 7182 and 24-6-3-1 in the two seasons (p < 0.05; Figure 6B; Table 1). The significantly highest thousand-kernel weight and grain yield were observed for E24-3-1-6-2-1 among all the lines (p < 0.05; Figure 6C; Table 1).
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FIGURE 6. Plant morphology of wheat–P. huashanica translocation line E24-3-1-6-2-1 and its parents. (A) Adult plant, (B) spikes, and (C) kernels. Numbers 1–4 represent P. huashanica, 7182, line E24-3-1-6-2-1, and line 24-6-3-1, respectively.




TABLE 1. Agronomic performance of the wheat–P. huashanica translocation line E24-3-1-6-2-1, its parents, and addition line 24-6-3-1.
[image: Table1]




DISCUSSION

Wheat is a self-pollinating plant species, and long-term breeding has narrowed its genetic diversity and may lead to the loss of many useful genes for stress resistance and adaptation. Moreover, the limited genetic diversity has hindered its yield improvement in recent years (Mujeeb-Kazi et al., 2013). Broadening the genetic base is considered an important way to improve disease resistance and agronomic traits of wheat (Tester and Langridge, 2010). Chromosome engineering is a desirable method for not only broadening wheat diversity but also effectively transferring elite traits from alien species into common wheat to improve productivity (Jiang et al., 1994; Friebe et al., 1996; Qi et al., 2007; Zhao et al., 2010). Developing wheat-alien species translocation lines and determining their chromosome constitutions are crucial steps to the introgression of elite genes to wheat (Jiang et al., 1994; Gill et al., 2011; Kang et al., 2016). Conventional chromosomal manipulation by crossing wheat and distant hybridization by crossing alien species and wheat have been used to induce chromosome translocations (Jiang et al., 1994; Friebe et al., 1996). Hybridization between common wheat and alien species including Haynaldia villosa (L.) Schur [syn. Dasypyrum villosum (L.) P. Candargy], Agropyron cristatum (L.), P. huashanica, and Thinopyrum intermedium has been conducted to generate many translocation lines in wheat breeding programs (Chen et al., 2013; Ye et al., 2015; Zhan et al., 2015; Zhang et al., 2015; Patokar et al., 2016; Han et al., 2020; Li et al., 2020). One strategy, which involved the use of 60Co γ-radiation, the Chinese Spring ph1b mutant, gametocidal chromosomes originating from Aegilops, and backcrossing, was employed to produce the small-segment translocation line WR35 (An et al., 2019). Some translocation lines, such as the wheat-rye 1BL·1RS translocation line, have been identified through in situ hybridization and molecular identification techniques; these lines are considered the most successful examples of disease resistance improvement in wheat by chromosome engineering (Ren et al., 2012; Howell et al., 2014). Some translocation lines were induced from wheat–A. cristatum 2P disomic addition line II-9-3 with highly resistant to powdery mildew and leaf rust by 60Co-γ irradiation and gametocidal chromosome 2C (Li et al., 2016). Of chemical mutagens, EMS mutagenesis in plant is the most widely used mutagenesis technique, which causes random point mutations by selectively alkylating guanine to cause base conversion or substitution (Sikora et al., 2011). Chromosome breakage in Drosophila melanogaster and Vicia faba were induced by EMS (Natarajan and Upadhya, 1964; Bishop and Lee, 1974). A and B chromosome translocations were observed in the pearl millet carrying B-chromosome, which was induced by EMS treatment (Pushpa, 1980). Sixty-one wheat–P. huashanica translocation lines were induced from wheat–P. huashanica disomic addition line by 0.8–1.2% (v/v) EMS and the translocation frequency was 6.56% via cytological observation and GISH analysis (Jing et al., 2015). About 1.0% (v/v) EMS was the optional concentration for inducing wheat–P. huashanica translocation lines (Jing et al., 2015). In the present study, a new wheat–P. huashanica translocation line (E24-3-1-6-2-1) was developed through distant hybridization, EMS mutagenesis, and backcrossing with common wheat; this line was characterized by a combined analysis including GISH, FISH, and P. huashanica chromosome-specific markers, as well as an assessments of powdery mildew resistance and agronomic performance.

Alien genetic resources are important in breeding program for increasing yield and quality and for improving the stress resistance of wheat. Different types of derived lines have been generated by the genetically distant cross between P. huashanica and common wheat 7182. However, these derived lines can be adopted by breeders for wheat improvement only after they have been accurately identified. Indeed, methods are available for identifying alien chromosomes and their segments in the derived lines. For instance, cytological observations and identification by in situ hybridization (i.e., GISH and FISH) were performed in the present study to detect the presence of alien chromosomes in the derived lines. In particular, FISH is a powerful and accurate tool for distinguishing all 21 common wheat chromosomes pairs in mitotic cells and determining the size and breakpoint positions of the chromosomes when synthetic oligonucleotides are used as probes (Tang et al., 2014). Molecular marker analysis based on PCR is an essential technique for determining the homoeology of alien chromosomes. In the present study, the progeny of E24-3-1-6-2-1 derived from three consecutive selfed generations were confirmed to be genetically stable via GISH analysis. In addition, GISH indicated that E24-3-1-6-2-1 was a wheat–P. huashanica large-segment translocation line (Figure 2B). Five of 83 EST-STS pair markers specific to 4Ns of P. huashanica indicate that alien chromosomes of E24-3-1-6-2-1 were from the 4Ns chromosome of P. huashanica (Figure 3). The oligonucleotide probes Oligo-pTa535-1 and Oligo-pSc119.2 were used in FISH analysis to precisely determine that E24-3-1-6-2-1 was a wheat–P. huashanica 3DS·3DL-4NsL and 3DL·4NsS translocation line (Figures 4A–C).

The high variability of pathogens and uniformity of resistance sources has resulted in the rapid loss of powdery mildew resistance, despite powdery mildew severely hindering the grain yield and quality improvement of wheat (Cowger et al., 2012; Yang et al., 2016; He et al., 2017; Xu et al., 2018). Thus, it is urgent that new powdery mildew resistance gene sources can be identified and used to develop new resistant germplasms. The wheat–P. huashanica addition line H5-5-4-2 was highly resistant to powdery mildew at both the adult and seedling stages (Han et al., 2020). A genetically stable wheat–P. huashanica T3DS-5NsL·5NsS and T5DL-3DS·3DL translocation line was more resistant to powdery mildew than its wheat parents at both the adult and seedling stages (Li et al., 2020). Unfortunately, few wheat–P. huashanica progeny lines that are completely resistant or highly resistant to powdery mildew have been identified. The addition line 24-6-3-1 was highly resistant to powdery mildew at the adult stages (data not shown). In the present study, the translocation line E24-3-1-6-2-1 at the adult stage was highly resistant to a mixture of Bgt isolates, the findings of which are similar to those for its P. huashanica parent, while its wheat parent 7182 was susceptible to powdery mildew (Figure 5), suggesting that the powdery mildew resistance of E24-3-1-6-2-1 was from P. huashanica. These results also indicated that the chromosome segment with the resistance gene of P. huashanica was successfully transferred into the 7182 background. Previously, wheat–P. huashanica lines with P. huashanica chromosome 4Ns had not been identified as being resistant to powdery mildew. These findings provide strong support for exploring resistance-associated loci in P. huashanica and developing novel resistant germplasms.

Compensations between yield components are often employed to improve wheat yield (Slafer et al., 2014). The primary components of grain yield are the number of spikes per hectare, number of kernels per spike, and thousand-kernel weight. Numbers of spikelets per spike and number of kernels per spike have been the most important parameters among the many potential traits that determine wheat yield during the long-term breeding process (Zhou et al., 2007). Zhang et al. (2015) identified a T. aestivum–D. villosum translocation line with increased spike length, increased spikelet number, and increased grains per spike. Similarly, a wheat–P. huashanica translocation line with elongated spikes and increased kernel number per spike has been reported (Li et al., 2020). The presence of chromosome 4Ns from P. huashanica in the wheat 7182 background resulted in significantly increased tiller number, increased kernel number per spike, and increased spike length (Du et al., 2014). In the present study, compared with its wheat parent 7182 and addition line 24-6-3-1, E24-3-1-6-2-1 also presented greater spike length, number of fertile spikelets, kernel number per spike, thousand-kernel weight, and grain yield (Figures 6A,B; Table 1). The increased values of the yield components strongly reflect the significantly increased grain yield of E24-3-1-6-2-1 (Table 1). Therefore, translocation line E24-3-1-6-2-1, which has a P. huashanica fragment with excellent agronomic traits (Table 1) and is highly resistant to powdery mildew (Figure 5), can be used as a donor to provide genes for the genetic improvement of wheat. The genes that provide powdery mildew resistance in E24-3-1-6-2-1 are currently being identified from the 4NsS or 4NsL chromosome arms of P. huashanica by using 4N-specific markers and via GISH and FISH approaches. Additional genetic and molecular mapping studies are needed to further identify the powdery mildew resistance in E24-3-1-6-2-1.

In fact, for wheat breeding, breeder needs individuals with 42 chromosomes that contain the wheat P. huashanica chromosomes. In response to it, the offspring of the translocation line E24-3-1-6-2-1 and the common wheat parents 7182 have been obtained. Many progenies were also obtained by offspring lines selfing. Progenies are being identified by cytological observation and GISH analysis to find individuals required with desirable agronomic traits. At the same time, specific molecular markers for translocation fragment are being developed for more convenient and effective selection.



CONCLUSION

We studied the development, chromosomal constitution, powdery mildew response, and agronomic performance of wheat–P. huashanica translocation line E24-3-1-6-2-1. This line was identified as a new wheat–P. huashanica T3DS·3DL-4NsL and T3DL·4NsS translocation line that contains the P. huashanica chromosome segments that confer powdery mildew resistance and increased spike length, number of fertile spikelets, kernel number per spike, and thousand-kernel weight in wheat. E24-3-1-6-2-1 is not only a potential powdery mildew-resistant germplasm but also an intermediate material for breeding high-yielding wheat.
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Wheat production is increasingly threatened by the fungal disease, Fusarium head blight (FHB), caused by Fusarium spp. The introduction of resistant varieties is considered to be an effective measure for containment of this disease. Mapping of FHB-resistance quantitative trait locus (QTL) has promoted marker-assisted breeding for FHB resistance, which has been difficult through traditional breeding due to paucity of resistance genes and quantitative nature of the resistance. The lab of Ma previously cloned Fhb1, which inhibits FHB spread within spikes, and fine mapped Fhb4 and Fhb5, which condition resistance to initial infection of Fusarium spp., from FHB-resistant indigenous line Wangshuibai (WSB). In this study, these three QTLs were simultaneously introduced into five modern Chinese wheat cultivars or lines with different ecological adaptations through marker-assisted backcross in early generations. A total of 14 introgression lines were obtained. All these lines showed significantly improved resistance to the fungal infection and disease spread in 2-year field trials after artificial inoculation. In comparison with the respective recipient lines, the Fhb1, Fhb4, and Fhb5 pyramiding could reduce the disease severity by 95% and did not systematically affect plant height, productive tiller number, kernel number per spike, thousand grain weight, flowering time, and unit yield (without Fusarium inoculation). These results indicated the great value of FHB-resistance QTLs Fhb1, Fhb4, and Fhb5 derived from WSB, and the feasibility and effectiveness of early generation selection for FHB resistance solely based on linked molecular markers.

Keywords: wheat, Fusarium head blight, marker-assisted selection, gene pyramiding, Fhb1, Fhb4, Fhb5


INTRODUCTION

Fusarium head blight (FHB) or scab is a global fungal disease in wheat caused by Fusarium spp., particularly Fusarium graminearum Schwabe (teleomorph: Gibberella zeae) (Ma et al., 2020). Apart from reducing yield and deteriorating grain quality, the pathogen produces mycotoxins, such as deoxynivalenol (DON), in kernels that are harmful to human and livestock health (Gilbert and Tekauz, 2000). In China, wheat FHB epidemics frequently occur in the middle and lower reaches of the Yangtze River and the south of the Huang-Huai area, where the flowering stage of wheat often meets with a warm and humid environment. However, due to global warming and changes in cultivation practices in recent years, FHB occurrence has become more and more frequent in the north and west of China. Of the measures that could be taken to control FHB (Chen et al., 2019; Ma et al., 2020), deployment of FHB-resistant cultivars is fundamental and favored by farmers for its environmental friendliness and cost-effectiveness.

Fusarium head blight resistance is a quantitative trait controlled by polygenes and greatly affected by the environment. Making matters more complicated is that it could take different forms, for instance, type I resistance (against initial infection), type II resistance (against fungal spread within the spike), type III resistance (low toxin accumulation in kernels), type IV resistance (lower kernel infection rate), and type V resistance (host tolerance) (Schroeder and Christensen, 1963; Miller et al., 1985; Mesterházy, 1995). These factors pose great difficulties on phenotype evaluation because of the requirement for suitable facilities, different inoculation methods and assessments, repeated trials, and considerable labor and time investment, and thus limit the efficiency of FHB resistance improvement through conventional breeding. The advent of marker-assisted selection (MAS) provides a very promising option to overcome these problems (Dudley, 1993; Lee, 1995; Miedaner et al., 2006; Buerstmayr et al., 2009; Xue et al., 2010a; Nayak et al., 2017; Jia et al., 2018; Ma et al., 2020). Until now, more than 432 quantitative trait loci (QTLs) for FHB resistance have been mapped in wheat (Ma et al., 2020), of which many for type I and type II resistances overlap with QTLs for other types of resistance, indicating the principal roles of type I and type II resistances in controlling FHB. Some of these QTLs have been applied to MAS-based FHB resistance improvement with success (Miedaner et al., 2006; Buerstmayr et al., 2009; Xue et al., 2010a; Salameh et al., 2011; Bernardo et al., 2013; Zhang et al., 2016; Jia et al., 2018; Brar et al., 2019a; Li et al., 2019a); however, most of them still require verification due to small effects and large confidence intervals.

No accessions or lines showing immunity to FHB have been found among wheat germplasm. In wheat breeding programs worldwide, FHB-resistant Sumai 3, a wheat cultivar developed from the cross of Funo with Taiwanxiaomai by Suzhou Institute of Agricultural Sciences, China, and its derivatives are the main sources of FHB resistance (Ban and Suenaga, 2000; Buerstmayr et al., 2003; Frohberg et al., 2006; Marza et al., 2006; Badea et al., 2008; Anderson et al., 2012, 2019; Bernardo et al., 2013; Li et al., 2019c). The utilization of Sumai 3-derived resistance genes has only been partially successful so far because of the difficulty in simultaneous improvement of the resistance and agronomic traits. Moreover, the use of a single resistant source could potentially diminish genetic diversity. Wangshuibai (WSB), an indigenous wheat accession in Jiangsu, China, is highly resistant to FHB and carries QTL for different types of FHB resistance (Lin et al., 2004, 2006; Zhou et al., 2004; Mardi et al., 2005; Yu et al., 2007). Using a recombinant inbred line population, WSB was found to possess type I resistance QTL on chromosomes 3A, 4B (Fhb4), and 5A (Fhb5), type II resistance QTL on chromosomes 2A, 3B (Fhb1), and 6B (Fhb2), and type IV resistance QTL on chromosomes 2A, 3B, 4B, and 7D (Lin et al., 2004, 2006; Li et al., 2008; Ma et al., 2008). To speed up utilization of the WSB QTL, Fhb1 has been cloned (Li et al., 2019b), and Fhb2, Fhb4, and Fhb5 have been mapped to small intervals (Xue et al., 2010b, 2011; Jia et al., 2018).

Evaluation of the QTL effects in different genetic backgrounds is of great importance for marker-assisted breeding. WSB Fhb1, Fhb4, and Fhb5 have been individually validated using near-isogenic lines developed with Mianyang 99–323 as the recurrent parent (Xue et al., 2010a). This study investigated the effects of Fhb1, Fhb4, and Fhb5 pyramiding in five modern Chinese wheat cultivars or lines on FHB resistance and a few major agronomic traits.



MATERIALS AND METHODS


Plant Materials

NMAS022 is a near-isogenic line carrying Fhb1, Fhb2, Fhb4, and Fhb5, developed through marker-assisted backcross with WSB as the donor parent and FHB-susceptible common wheat line, PH691, as the recurrent parent and is similar to WSB in FHB resistance and PH691 in other traits. The recipients included semi-winter white wheat lines, Bainong418, Bainong4199, Zhoumai27, and 4446, and a semi-winter red wheat cultivar, Chuanmai64. Bainong418 and Bainong4199 were developed by Henan Institute of Science and Technology; Zhoumai27 and Chuanmai64 were released by Zhoukou Academy of Agricultural Sciences and Crop Research Institute of the Sichuan Academy of Agricultural Sciences, respectively.



Genotyping

Total genomic DNA was extracted from young leaves according to Ma and Sorrells (1995). PCR was performed in Applied BiosystemsTM ProFlexTM 96-Well PCR System (ThermoFisher Scientific, MA, USA) following the procedure of Ma et al. (1996). Each 12.5 μl of PCR reaction consisted of 10–30 ng of DNA template, 1 × PCR buffer, 2.5 nmol dNTP, 2 pmol of each primer, 18.75 nmol MgCl2, and 0.4 U Taq DNA polymerase.

Marker WGRB619, designed according to the Fhb1 sequence, was used in Fhb1 detection (Li et al., 2019b). GWM149 and GWM513 were used in Fhb4 detection (Xue et al., 2010b). Three markers, including WMC752, BARC180, and MAG9482 (5′-CATGATTGATTCGATGACTATAATATCTT-3′, 5′TCTTTCTCCCGTTGCAATGT-3′), were used for Fhb5 identification. Xmag9482 and Xwmc752 are distal and proximal to Fhb5 (unpublished data). Xbarc180 is also proximal to, but further from, Fhb5 (Xue et al., 2011). The PCR profile was as follows: 94°C for 5 min, followed by 36 cycles of 94°C for 30 s, 52–60°C for 30 s (WGRB619, GWM513, and WMC752 at 60°C; GWM149 at 54°C; MAG9482 and BARC180 at 52°C), and 72°C for 40 s or 2 min (WGRB619), then 72°C for 5 min. WGRB619 PCR products were separated into 1% agarose gels and visualized by ethidium bromide staining. The other PCR products were separated in 8% non-denaturing polyacrylamide gels with acrylamide and bis-acrylamide in 29:1 and visualized by silver staining (Bassam et al., 1991).



Field Trials

Field trials were conducted in the wheat-growing seasons at Huaiyin Institute of Agricultural Sciences, Huai'an, China, from 2018–2020, using the randomized complete block design with commonly undertaken cultivation practices in wheat production. Two trials, one for type I resistance evaluation and one for type II resistance evaluation, were set up in 2018–2019. Each of the trials consisted of two blocks in which each plot had two 1.5-m rows spaced by 0.25 m. About 25 seeds were planted per row. In 2019–2020, three trials were set up. One trial for type I resistance evaluation and one trial for type II resistance evaluation had two blocks, and one trial for agronomic trait evaluation had three blocks. In the blocks, each plot had 60 seeds planted in a 3-m row and the row spacing was 0.5 m.



FHB Resistance Evaluation

Type I resistance was evaluated by spraying at anthesis, the mixed conidial suspension (one spore per microliter) of four local virulent strains of F. graminearum. About 14 days after the inoculation, 82–100 spikes were selected randomly in each plot and the number of spikes with visible FHB symptoms in at least one of their florets was scored. Percentage of infected spikes (PIS) was used to represent the type I resistance.

Type II resistance was evaluated by single floret inoculation at anthesis. About 10 μl mixed conidial suspension of F. graminearum containing 1,000 spores was injected into a flowering floret near the middle of a spike. Twenty spikes were inoculated in each plot, and 10 spikes with the most serious symptom were investigated for the number of diseased spikelets (NDS) and the length of diseased rachides (LDR) at about 18 days after the inoculation to represent the type II resistance.



Agronomic Trait Evaluation

Anthesis was the time from sowing to more than half of the plants flowering in the plot. Plant height, number of kernels per spike, and number of productive tillers of five plants randomly chosen from the middle of each plot were investigated at physiological maturity and the plot means were used in the analysis. The plant height was the total length of the aboveground part excluding the awn. The number of kernels per spike was counted from the main spikes. The plants located in the middle 1 m of a plot and without inoculations were harvested at maturity for yield and thousand kernel weight (TKW) measurements. TKW was measured after oven-drying.



Statistical Analysis

A one-way ANOVA was carried out using SPSS Statistics version 25 (IBM, USA). The Tukey test was used in multiple comparisons.




RESULTS


Parental Examination With Foreground-Selection Markers

To obtain markers suitable for selection of Fhb1, Fhb4, or Fhb5 and to find out whether the recipients carry these three QTLs, the five recipient lines for the QTL introgression were examined with markers WGRB619 for Fhb1, GWM149 and GWM513 flanking Fhb4, and MAG9482 and BARC180 flanking Fhb5. None of these lines possess the expected marker alleles (Figure 1), indicating that the five recipients do not carry Fhb1, Fhb4, or Fhb5. WMC752 detected polymorphism between NMAS022 and among all the recipients but Chuanmai 64 (Figure 1F). It was, therefore, used in the detection of Fhb5 in introgression into these four cultivars, since Xwmc752 was located on the same side of Fhb5 as Xbarc180 and closer to the QTL peak.


[image: Figure 1]
FIGURE 1. Detection of Fhb1 by WGRB619 (A), Fhb4 by GWM149 (B) and GWM513 (C), and Fhb5 by MAG9482 (D), BARC180 (E), and WMC752 (F). The target bands were indicated by arrows. M: the DNA size standard (in bp). 1, 2, 3, 4, 5, and 6: NMAS022, Bainong418, Bainong4199, Zhoumai27, 4446, and Chuanmai 64, respectively.




Fhb1, Fhb4, and Fhb5 Pyramiding

Fhb1, Fhb4, and Fhb5 were introduced from NMAS022 to Bainong418, Bainong4199, Zhoumai27, 4446, and Chuanmai 64 through three generations of marker-assisted backcross using the recipient lines as recurrent parents (Figure 2). To identify plants carrying the target QTL, an average of 37 plants were examined per generation per cross with the foreground-selection markers (Table 1). In each backcross generation, plants carrying all three target QTLs accounted for 9.4~16.1%, which was in accordance with the expected 1:7 ratio ([image: image] = 0~0.37 < [image: image] = 3.841). To obtain plants homozygous at Fhb1, Fhb4, and Fhb5, 109–140 BC3F2 plants from each combination were surveyed with the foreground markers (Table 1). Usually, the plants more similar to the respective recipient parents were chosen for backcrossing or self-seed harvest.


[image: Figure 2]
FIGURE 2. Scheme for Fhb1, Fhb4, and Fhb5 pyramiding.



Table 1. Population size and the number of plants carrying Wangshuibai (WSB) Fhb1, Fhb4, and Fhb5 in the backcross and F2 generations derived from each recipient line.
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FHB Resistance of Fhb1, Fhb4, and Fhb5 Introgression Lines

The five introgression lines obtained from the BC3F2 survey and their parents were subjected to type I and type II resistance evaluations in the 2018–2019 season. For both resistance types, all the introgression lines performed significantly better than their recipient parents (Table 2, Figure 3). About 14 days after the spraying inoculation, PIS of the introgression lines was <17%, while that of the recipient parents was higher than 48%. About 18 days after single floret inoculation, the introgression lines had only one diseased spikelet and about 1 cm of LDR, much lower than the recipient parents, which had, on average, 6.1 diseased spikelets and 4.2 cm LDR.


Table 2. Percentage of infected spikes (PIS), number of diseased spikelets (NDS), and length of diseased rachides (LDR) (represented as mean ± SD) of the WSB Fhb1, Fhb4, and Fhb5 introgression lines compared with donor parent NMAS022 and the recipient lines.
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[image: Figure 3]
FIGURE 3. Fusarium head blight (FHB) symptom illustration of the recipients (top) and Fhb1, Fhb4, and Fhb5 introgression lines (bottom). Photos were taken 18 days after single floret inoculation.


It was noted in the field that the overall morphology of these introgression lines was similar to their recipient parents, but variations in some traits, such as plant height and spike shape, still existed. Thus, two to three plants were selected from each line with these variations in mind for further evaluation of both FHB resistance and agronomic traits in the 2019–2020 season. It was shown that all 14 selected lines still had significantly less NDS and LDR than the recipient parents (Table 2), indicating the stability of the resistance conferred by the three QTLs. All the introgression lines were similar to NMAS022 in terms of PIS and NDS but had longer diseased rachides (Table 2). These results indicated that the introgression of Fhb1, Fhb4, and Fhb5 led to a type I resistance level comparative to the QTL donor parent and a significantly improved type II resistance.



Agronomic Performance of the Fhb1, Fhb4, and Fhb5 Introgression Lines

To determine the effects of Fhb1, Fhb4, and Fhb5 pyramiding on agronomic performance, six traits, namely, anthesis, plant height, number of kernels per spike, number of productive tillers, TKW, and 0.5-m2 yield, were investigated. NMAS022 was different from all the recipient lines in most of the investigated traits (Table 3). In comparison with the respective recipient parents, the introgression lines were similar in anthesis, and the introgression line 4446IL-1 was the only one showing significant variation in the number of productive tillers. As to the remaining four traits, some introgression lines were similar to the recipient parents, some showed positive changes, and some varied negatively (Table 3). It was, therefore, concluded that it was not the Fhb1, Fhb4, and Fhb5 pyramiding but the variations of genetic composition that conditioned the agronomic trait variations. Interestingly, the 0.5-m2 yield of all the introgression lines was similar to or even significantly higher than the respective recipient parents.


Table 3. Agronomic traits (represented as mean ± SD) of the WSB Fhb1, Fhb4, and Fhb5 introgression lines and the parents.
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DISCUSSION

In this study, the FHB resistance QTLs, Fhb1, Fhb4, and Fhb5, from WSB were simultaneously introduced into five modern wheat cultivars or lines adapting to different wheat-growing areas using a marker-assisted backcross strategy. A 2-year FHB resistance evaluation indicated that Fhb1, Fhb4, and Fhb5 pyramiding significantly improved both type I and type II resistances in all backgrounds without exception. Due to the significant correlation of Fhb1, Fhb4, and Fhb5 intervals with mycotoxin DON accumulation (Somers et al., 2003; Jiang et al., 2007a,b; Bonin and Kolb, 2009; Jayatilake et al., 2011; Szabó-Hevér et al., 2014), the developed introgression lines are expected to reduce the kernel DON level too.

Fhb1 improves only type II resistance, and Fhb4 and Fhb5 enhance only type I resistance (Lin et al., 2004, 2006; Ma et al., 2008; Xue et al., 2010a). Compared with the introduction of a single QTL, pyramiding of QTLs for different types of FHB resistance is more effective against the disease, as illustrated in FHB resistance improvement of AK58 by Xu et al. (2017), and should be promoted in breeding programs due to the lack of genes conferring immunity to FHB. It was noted that the introgression lines had longer diseased rachides after point inoculation than NMAS022 that carries Fhb2 as well as Fhb1, Fhb4, and Fhb5, implying that the introgression of Fhb2 could further improve the FHB resistance.

The total disease index was not investigated in this study because of the limitation of the experiments; however, the obtained results were still telling since the local pathogen pressure imposed by artificial inoculation in the resistance evaluation was far greater than that imposed by natural inoculation. Based on the NDS obtained after single floret inoculation and the PIS obtained after spraying inoculation, the Fhb1, Fhb4, and Fhb5 pyramiding raised the FHB resistance level by 95% and made the introgression lines highly resistant to FHB. The QTL pyramiding effects are, however, still in dispute, as shown by Brar et al. (2019a), who introduced Fhb1, Fhb2, and Fhb5 from Sumai 3 into two hard red spring wheat cultivars from Canada, and by Salameh et al. (2011), who made a similar attempt in European winter wheat. We reasoned that the discrepancy could be due to the small effect of Fhb2 (unpublished data), different trial conditions and resistance evaluation methods, and the genetic backgrounds.

Wheat breeders often find it difficult to obtain plants with satisfied agronomic performance and a high level of FHB resistance in conventional breeding using Sumai 3 as a parent, which prompts deliberation on whether the FHB resistance genes have deleterious effects on agronomic traits. Indeed, the Fhb4 interval showed association with plant height (Jia et al., 2013), and the Fhb5 interval was related to plant height and grain weight (Huang et al., 2004, 2015; Jia et al., 2013; Steiner et al., 2019). In a few studies, the introduction of Fhb4 interval resulted in plant height increase (McCartney et al., 2007; Xue et al., 2010a), and the introduction of Fhb5 interval led to lower TKW and a slight increase in plant height (Brar et al., 2019b). We demonstrated, using multiple parental combinations, that these associations can be broken through selection, particularly with the help of suitable markers. In terms of yield performance, the Fhb1, Fhb4, and Fhb5 introgression lines were as good as the recipient parents. The yield of introgression line 4446IL-1 even increased up to 8%. These results suggested that the Fhb1, Fhb4, and Fhb5 pyramiding was not in conflict with agronomic trait improvement.

Marker-assisted selection has displayed the potential in improving FHB resistance breeding efficiency. In addition to breaking up unfavorable linkage drags, MAS can also speed up the breeding process (Xue et al., 2010a; Brar et al., 2019a). Taking Fhb1, Fhb4, and Fhb5, which are located on different chromosomes, as an example, the plants carrying all three QTLs theoretically account for one-eighth in each backcross. Therefore, the probability of obtaining such a plant is more than 98% when more than 30 BCF1 plants are surveyed. Enlarging the backcross population size manageably, together with marker-assisted background selection, could greatly accelerate the QTL introgression (Xue et al., 2010a; Huang et al., 2015). This study showed again the usefulness and effectiveness of the Fhb1 functional marker and the closely-linked Fhb4 and Fhb5 flanking markers.

The recipient parents used in this study were all newly bred cultivars or lines and represented different ecological types. The obtained introgression lines could not only be used as breeding parents but also have the potential to be directly deployed in production.
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Wheat blast (WB) caused by Magnaporthe oryzae pathotype Triticum (MoT) is an important fungal disease in tropical and subtropical wheat production regions. The disease was initially identified in Brazil in 1985, and it subsequently spread to some major wheat-producing areas of the country as well as several South American countries such as Bolivia, Paraguay, and Argentina. In recent years, WB has been introduced to Bangladesh and Zambia via international wheat trade, threatening wheat production in South Asia and Southern Africa with the possible further spreading in these two continents. Resistance source is mostly limited to 2NS carriers, which are being eroded by newly emerged MoT isolates, demonstrating an urgent need for identification and utilization of non-2NS resistance sources. Fungicides are also being heavily relied on to manage WB that resulted in increasing fungal resistance, which should be addressed by utilization of new fungicides or rotating different fungicides. Additionally, quarantine measures, cultural practices, non-fungicidal chemical treatment, disease forecasting, biocontrol etc., are also effective components of integrated WB management, which could be used in combination with varietal resistance and fungicides to obtain reasonable management of this disease.

Keywords: wheat blast, Magnaporthe oryzae pathotype Triticum, disease spread, integrated disease management, Intercontinental spread


INTRODUCTION

Rice blast is one of the most widely occurring and large-scale devastating crop diseases, with its causal pathogen Magnaporthe oryzae pathotype Oryza (MoO) ranked the first place of the 10 most devastating fungal plant pathogens (Dean et al., 2012). In comparison, wheat blast (WB) is much less known, having been confined to South America for three decades before its recent outbreak in Bangladesh (Ceresini et al., 2018). Both rice and wheat blast are caused by M. oryzae and are initially assumed to have the same pathogen, which is later proved to be wrong. WB is caused by M. oryzae pathotype Triticum (MoT), which is genetically different from MoO, although the two pathotypes have identical morphological traits (Cruz and Valent, 2017). Because of its limited epidemic regions, WB has been much less investigated compared with rice blast in all aspects of research. Researchers had warned of the possible expansion of the disease to other continents (Duveiller et al., 2011), and, subsequently, it was reported in Bangladesh in Asia and Zambia in Africa (Malaker et al., 2016; Tembo et al., 2020). Since then, WB has drawn increasing attention, considering its potentiality of further spreading to neighboring countries, namely, India, Pakistan, and China, which are all major wheat producers and where wheat is used as one of the major staple food crops for billions of inhabitants. Molecular analyses with MoT-specific marker and comparative genome sequencing confirmed that Bangladesh MoT isolates have a high genetic similarity to those from South America (Islam et al., 2016; Malaker et al., 2016). WB is known to have devastating effects on yield losses of up to 100% (Duveiller et al., 2016a; Cruz and Valent, 2017). Therefore, an effort is needed to stop the spread of MoT to other parts of the world because inaction may lead to a catastrophe. Active research and breeding study on WB have been conducted in the last few years, and numerous research articles have been published on every aspect of WB research, along with the release of many WB-resistant varieties in the WB-affected or threatened countries. In this review article, we have summarized the research and breeding progress for WB resistance in the last decades and suggested few future study areas, considering rapidly advancing technologies.



SYMPTOMS AND DIAGNOSIS OF WHEAT BLAST

Initial identifiable symptom of the disease is observed at the reproductive stage of the crop in a scattered patch in wheat field (Figure 1A). With time, the patches coalesce and the whole field is severely damaged. Spikes in the infected field become silvery color while the leaves may remain green (Figure 1B; Singh, 2017). The fungus MoT can infect all above-ground parts of wheat such as spike, leaf, peduncle, glume, awn, and seed (Igarashi, 1990; Urashima et al., 2009; Cruz et al., 2015; Cruz and Valent, 2017), but the most distinguishable symptom is observed on the spikes (Malaker et al., 2016; Saharan et al., 2016; Cruz and Valent, 2017). Partial or complete bleached spikes are the most notable symptoms of wheat blast, starting from an apparent blackish-gray-colored infection point at rachis or the base of infected spikes (Figure 1C). Depending on the place of infection on the spike, partial or full drying takes place. Sometimes, multiple points of infection in a single rachis can be observed under high inoculum pressure in susceptible cultivars (Figure 1D). An infection in the rachis or peduncle can block the nutrient transportation system of the plant and ultimately damage all the upper spikelets above the infection points (Cruz and Valent, 2017). At the point of infection of the rachis, gray or dark-gray or black sporulation of the fungus can be observed in highly susceptible cultivars (Figure 1E; Igarashi, 1990; Islam et al., 2016). Infected awns show brown to white stain, while glumes show elongated lesions with reddish brown to dark gray margins and white to light brown center (Figures 1F,G; Saharan et al., 2016; Cruz and Valent, 2017). During sporulation, lesions have gray centers that become white to tan after the release of spores (Igarashi et al., 1986; Igarashi, 1990). The extent of wheat blast damage on grains depends upon the timing and intensity of the infection. Infection occurring prior to anthesis or at an early stage of flowering results in total sterility of spikes, thereby resulting in seed abortion (Goulart et al., 1990; Goulart and Paiva, 1992; Urashima et al., 2009). Infection at the grain filling stage results in small, wrinkled, deformed, and low test weight kernels (Figure 1H; Goulart et al., 2007; Malaker et al., 2016), which become unfit for human consumption (Urashima et al., 2009).
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FIGURE 1. Wheat blast symptoms on different parts of the plant. (A) initial symptoms of blast in wheat field in a patch, (B) infected field showing silvery bleached spikes with green canopy, (C) typical partial or full bleached spikes in field, (D) a partially bleached spike with multiple points of infection, (E) dark-gray sporulation of the fungus MoT on the rachis, (F) infected awns show brown to whitish discoloration, (G) infected glumes show elliptical lesions with white to brown center and dark gray margins, (H) severely shriveled or wrinkled blast affected vs. healthy grains of wheat, (I) typical eye-shaped lesions with gray or whitish centers surrounded by dark brown margins on seedling leaf, (J) a severely damaged seedling field affected by MoT infection, (K) typical eye-shaped or elliptical lesions on a mature leaf, and (L) elliptical or elongated lesions on blast-affected stem having white centers surrounded by brown or blackish margins.


Under field conditions, lesions on the leaves may vary in shape and size depending on the crop growth stage. Leaves of highly susceptible cultivars can be infected severely at the seedling stage and lead to total plant death under conducive weather conditions (Igarashi, 1990; Singh, 2017). Resistant cultivars may also show moderately susceptible to susceptible reaction to the disease at the seedling stage (Roy et al., unpublished). First visible symptom on young seedling includes water-soaked diamond shaped lesion which turns grayish white center with dark brown border with disease progression (Figure 1I). When several lesions coalesce, the entire leaf could die (Figure 1J; Rios et al., 2013). The old leaves are more susceptible to MoT than the young ones (Cruz et al., 2015), in conducive environments in highly susceptible cultivars. Symptoms on the leaf include the presence of elliptical or elongated or eye-shaped, grayish to tan necrotic lesions with dark borders (Figure 1K; Malaker et al., 2016). Lesions can also be rarely seen on the leaf collar, culm, culm node, and stem. Stem lesions include those that are elongated or elliptical in shape with a white center surrounded by a dark-brown or blackish margin (Figure 1L).

Wheat head blast in the field sometimes can be wrongly diagnosed, because it somewhat resembles Fusarium head blight (FHB) and spot blotch, caused by Fusarium graminearum and Bipolaris sorokiniana, respectively (Pieck et al., 2017; Singh, 2017). When the rachis is infected with FHB, spikelets above the infection point may also become bleached, with pink to orange masses of spores of the fungus, in contrast to the gray masses of MoT (Figure 2A), being observed on the infected spikelets (Figure 2B; Wise and Woloshuk, 2010; Valent et al., 2016). In the case of spot blotch, dark brown or black discoloration develops on the infected spikelets and such spikes may possess healthy spikelets at both ends from the infection point (Figure 2C). In the field, blast symptoms on the leaves are often unidentifiable because of the mixed infection of spot blotch.
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FIGURE 2. Blast and blast-like symptoms on wheat heads. (A) A typical blasted head having gray colored infection point, (B) symptoms of FHB showing superficial pink to orange masses of spores of F. graminearum with pink colored infection points, and (C) symptoms of spot blotch giving black discoloration on the infected spikelets because of B. sorokiniana.


Traditional disease diagnosis based on pathogen morphology is not reliable, since MoT cannot be morphologically distinguished from other M. oryzae pathotypes (Thierry et al., 2019, 2020). Therefore, molecular diagnosis of MoT is of utmost importance for disease diagnosis and subsequent management. Pieck et al. (2017) have reported a polymerase chain reaction (PCR) assay based on MoT3 primer sets, and Yasuhara-Bell et al. (2018) converted it to a loop-mediated isothermal amplification (LAMP) assay, enabling rapid detection of MoT in both laboratory and field conditions. The MoT3 marker was recently used to reveal that MoT causes blast on some other hosts such as triticale (Roy et al., 2020b), barley (Roy et al., 2021a), and durum (Roy et al., 2021b). However, this marker could produce false negative results in MoT isolates lacking the MoT3 locus, e.g., BR0032. To address this problem, Thierry et al. (2019, 2020) have developed a tool kit with novel markers for ordinary PCR, qPCR, and LAMP that have shown good specificity to MoT, although false positive results were observed in few non-MoT isolates. Based on genome sequence comparison of MoO and MoT, Kang et al. (2021) identified two DNA fragments specific to MoT and developed markers for a set of rapid diagnostic tools, which, unfortunately, also exhibited false positive results. Therefore, no perfect diagnostic tool is currently available for MoT, and it is beneficial to apply multiple markers for cross validation.



PRODUCTION LOSSES

Wheat blast is one of the most devastating and yield limiting disease in warm and humid wheat production regions. The economic importance of this disease arises because it reduces grain yield and quality drastically (Goulart et al., 2007). The maximum yield damage happens when spike infection occurs during anthesis or early grain filling stage (Goulart et al., 2007) and/or when the fungus attacks at the base of the spike, thereby restricting the development of the grains and killing the head completely (Kohli et al., 2011). Yield losses can reach up to 100% when a susceptible cultivar is grown under late sown conditions in Bangladesh and under early sown conditions in South America (Roy et al., unpublished; He et al., 2020b). The losses due to the disease depend upon several factors such as genotype, crop growth stage, planting date, weather conditions (temperature, humidity, rainfall, etc.), and disease severity (CIMMYT, 2016; Cruz and Valent, 2017).

In South America, the losses in grain yield were estimated in the range of 10–100% (Duveiller et al., 2016a). In 1987, yield losses incurred in three Brazilian states (Parana, Matto Grosso do Sul, and Sao Paulo) varied between 10.5 and 53% (Goulart and Paiva, 1992), thereby influencing farmers not to grow wheat (Callaway, 2016). The first outbreak of WB in Bolivia in 1996 resulted in almost 80% of production loss (Barea and Toledo, 1996). In the subsequent year (1997), the disease again devastated the early planted crops causing 100% yield loss, which was responsible for the sharp decline in wheat area production in subsequent years in Bolivia. In Paraguay where the first epidemic occurred in 2002, production losses of more than 70% were recorded in the early broadcasted fields (Viedma and Morel, 2002). Most of the harvested grain did not meet marketable values for test weight and had to be used as animal feed. In 2016 in Bangladesh, the overall yield loss estimates by the Department of Agricultural Extension were close to 50% in about 15,000 ha affected, which posed a significant threat to the aggregate wheat production of the country (Islam et al., 2016). The disease reappeared in the subsequent years (2017–2020) with comparatively lower disease severity, and an insignificant yield loss (1–5%) was incurred because of unfavorable weather conditions and the adoption of different management packages.



PATHOGEN BIOLOGY

The causal organism of wheat blast is a haploid, filamentous, ascomycetous fungus named Magnaporthe oryzae B.C. Couch and L.M. Kohn (anamorph Pyricularia oryzae Cavara) (Couch and Kohn, 2002). Because of its self-incompatibility, the fungus reproduces sexually only when there is crossing between two sexually compatible and fertile individuals (Maciel et al., 2014; Maciel, 2019). This happens once the female receptive structure termed ascogonium is able to accept the compatible nucleus or nuclei of the male benefactor via conidia or receptor hyphae (Kang et al., 1994; Moreira et al., 2015). The fungus is very much host-specific and cannot infect incompatible hosts. Based on host specificity, mating type, and genetic similarity, isolates of M. oryzae are subdivided into several pathotypes (Urashima et al., 1993; Kato et al., 2000; Tosa et al., 2004; Tosa and Chuma, 2014). Among the pathotypes, Oryza is responsible for infecting rice, Setaria for foxtail millet, Eleusine for finger millet, Panicum for proso millet, Triticum for wheat, Avena for oat, Lolium for perennial and annual ryegrass, and many other ones for grasses (Kato et al., 2000; Farman, 2002; Tosa et al., 2004; Maciel, 2019). It has been proved that MoT is distinct from other host-specific pathotypes based on host range (Prabhu et al., 1992; Urashima et al., 1993), sexual fertility (Urashima et al., 1993), and DNA fingerprinting (Urashima et al., 1999; Urashima et al., 2005). Isolates from each host are entirely pathogenic on their original host genus (Tosa et al., 2006). The aforementioned pathotypes are genetically close and interfertile and were distinct from the Digitaria isolates originally designated P. grisea (Urashima et al., 1993; Kato et al., 2000; Murakami et al., 2000; Tosa et al., 2004, 2006), which was later confirmed with a multilocus phylogenetic analysis (Kato et al., 2000; Couch and Kohn, 2002). It is noteworthy that MoT attacks not only wheat but also its relative triticale, barley, and durum (Roy et al., 2020b, 2021a, b). There is no cross infection that happened between rice and wheat blast isolates on either of the alternative host (Prabhu et al., 1992; Tosa et al., 2004). The Triticum pathotype population evolves fast, resulting in a level of genetic diversity that is higher than that of other pathotypes (Urashima et al., 2005; Tosa et al., 2006; Maciel et al., 2014; CIMMYT, 2016).

The fungus produces pear-shaped two-septate three-celled asexual conidia, which are hyaline to pale gray-colored (Figure 3A). The conidia are produced in clusters on long septate, slender conidiophores in a sympodial manner. Conidiophores are light brown in color, solitary, and erect. Mycelia are thin, slightly brownish, septate, and highly branched. The fungus can be purified by isolation of a single conidium; and when grown in pure culture, the fungal colony appears white, light gray, or dark gray (Figure 3B). During infection, the conidia of the fungus are attached to the plant surface by producing a polarized germ tube and then start to germinate on the leaf surface by 6 h of attachment from both apical and basal cells, followed by swelling at the tip of germ tube known as appressorium, which helps to penetrate into the leaf epidermis or rachis cuticle, and then followed by further invasive hyphal expansion to colonize plant tissues (Tufan et al., 2009). The fungus also secrets antibiotics and mycotoxin, which help to colonize in plant tissue for successful biotrophic growth (Patkar et al., 2015; Yan and Talbot, 2016). Sexually fertile M. oryzae strains also produce small, crescent-shaped microconidia, which are produced from phialides, but their role for plant infection in nature is largely unknown (Zhang et al., 2014).
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FIGURE 3. (A) Pyriform two-septate hyaline to pale, gray-colored asexual conidia under compound microscope (magnification 400×) and (B) dark gray-colored colony of the fungus grown on potato dextrose agar (PDA) medium.




SPREAD OF WHEAT BLAST IN SOUTH AMERICA

The first WB epidemic occurred in 1985 in the state of Paraná, one of major wheat producer of Brazil, affecting its six northern municipalities, i.e., Primeiro de Maio, Sertanópolis, Rancho Alegre, Londrina, Engenheiro Beltrão, and São Pedro do Ivaí (Igarashi et al., 1986). In 1986, WB spread northward from Paraná to its neighbor states São Paulo and Mato Grosso do Sul, resulting in 27 municipalities in the three states being affected by the disease (Picinini and Fernandes, 1990). By 1987, WB was present in more than 70 municipalities in Paraná, causing a yield loss of 10–12% (Goulart et al., 1990). In the same year, it spread further northward to the state of Goias, where the disease was observed in Vicentinopolis (Prabhu et al., 1992). In order to have better knowledge of the epidemic region, an intensive field survey was conducted in Mato Grosso do Sul in 1988, and the results indicated an occurrence in 14 municipalities, namely, Dourados, Ponta Porã, Rio Brilhante, Itaporã, Fátima do Sul, Douradina, Maracaju, Caarapó, Aral Moreira, Bonito, Nova Andradina, Naviraí, Amambai, and Sidrolândia (Goulart et al., 1990). Being a neighbor to three WB affected states, the state of Minas Gerais was soon declared to be also affected by the disease in 1990 (Ceresini et al., 2018). Then, the incidence in 1993 in the capital city Brazilia, located between the states of Goias and Minas Gerais, was not surprising (Dos Anjos et al., 1996). Southward, WB arrived in 1988 in the other major wheat producer area, the state of Rio Grande do Sul, and was first found in northern municipality Lagoa Vermelha (Picinini and Fernandes, 1990). Nowadays, the disease is present in all wheat production zones in Brazil (Figure 4) because of both natural spread and lack of strict seed quarantine measures among states; and the latter served as the main cause of the WB outbreak in Paraguay, Bolivia, and Bangladesh (Ceresini et al., 2018).
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FIGURE 4. Spread of wheat blast in South America from 1985 to 2021.


The main wheat production zones of Paraguay lay in the east and south, which border to two main WB epidemic states of Brazil, Paraná and Mato Grosso do Sul. Therefore, WB could have easily spread from Brazil to Paraguay even if there was no introduction of MoT-contaminated seeds. Indeed, the first incidence of the disease was observed in the border region of the two countries in 1987, only 2 years after the appearance in Brazil (Cunfer et al., 1993). However, the first WB epidemic and official report occurred in 2002, causing yield losses of up to 80% in early sown fields, with the Itapúa Department being the most severely affected, followed by the Alto Paraná Department (Viedma, 2005). In 2005, another severe epidemic of WB hit Paraguay, affecting about 10,000 ha in Alto Paraná, Canindeyú, etc. (Viedma et al., 2010). Currently, the WB-affected regions in Paraguay include Alto Paraná, Itapúa, Caaguazú, Caazapá, Canindeyú, and Guairá Departments (Ceresini et al., 2018), covering most of the wheat production zones in the country.

The first WB epidemic in Bolivia was recorded in 1996 in the lowland Santa Cruz region, resulting in about 80% of yield reduction (Barea and Toledo, 1996). The disease was more devastating in 1997, causing 100% yield loss in early sown fields and substantial decline in the wheat area in Santa Cruz in subsequent years (Kohli et al., 2011). So far, WB has occurred mostly in the lowland wheat fields in Santa Cruz, which is the most important wheat producer in Bolivia, whereas those in highlands are not severely affected (Vales et al., 2018).

The first WB incidence in Argentina was in its north-eastern province Formosa in 2007, followed by reports from two other northeastern provinces, Chaco (2007/08) and Corrientes (2012/13), all bordering to Paraguay (Kohli et al., 2011; Gutiérrez and Cúndom, 2015). The occurrence of this disease in the above-mentioned three provinces did not pose a big threat to Argentine wheat production because of the limited wheat area there; however, the disease arrived in the province of Buenos Aires in 2012, one of its major wheat producers (Perelló et al., 2015). This ignited a series of research activities on the disease in Argentina, although large-scale yield loss due to WB has not been reported yet (Perelló et al., 2017).



SPREAD OF WHEAT BLAST IN BANGLADESH, SOUTH ASIA

The incidence of WB in February 2016 came as a sudden shock, taking the South Asia wheat production regions off-guard when a series of reports (Callaway, 2016; Islam et al., 2016; Malaker et al., 2016) confirmed the epidemic presence in eight districts, namely, Barishal, Bhola, Chuadanga, Jashore, Jhenaidah, Kushtia, Meherpur, and Pabna in the southwestern and southern districts of Bangladesh. This first incidence beyond South America affected nearly 15,000 ha (3.5% of total 0.43 million ha wheat area in Bangladesh) with an average yield loss of 25–30% (Islam et al., 2016; Malaker et al., 2016). In the subsequent 5 years (2017–2021), weather conditions during the wheat cropping season were cooler and drier, and did not favor WB infection, development, and spread (Mottaleb et al., 2019; BWMRI, unpublished). Still, the disease did not remain confined to the initial eight affected districts but spread further to 14 new districts (Figure 5). In 2017, it spread to four new districts, Rajshahi, Faridpur, Magura, and Gopalganj, which are adjoined to previously WB-affected districts. In 2018, the disease spread to four more new districts: Tangail, Jamalpur, Natore, and Rajbari. Among these districts, Jamalpur is not adjacent to any of the previously affected ones. In 2019, there was a further spread of WB to Naogaon, Mymensingh, Madaripur, and Narail districts. In 2020, a new district, Bogura, which is close to the northwestern part of the country and is considered as the major wheat-producing region of the country (BWMRI, 2020), was reported to have WB. In 2021, the disease has further spread to two districts, Kurigram and Chapainawabganj, but the infection levels are very low. The pattern of disease expansion clearly indicated that both the seed-borne and air-borne means of dispersal is happening in Bangladesh. Mottaleb et al. (2018) identified several warmer and humid districts in Bangladesh as vulnerable to WB. In the last few years, it has been observed that seven districts, namely, Tangail, Jamalpur, Naogaon, Mymensingh, Kurigram, Chapainawabganj, and Bogura, which are located in the northern part of Bangladesh where relatively cooler conditions prevail, were not predicted as vulnerable to WB, but incidence of the disease was observed in these districts. This scary situation of WB being identified in cooler and drier conditions enhanced the vulnerability of South Asia to WB and indicated the ability of MoT to survive under harsh conditions.
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FIGURE 5. Spread of wheat blast in Bangladesh from 2016 to 2021.




SPREAD OF WHEAT BLAST IN ZAMBIA, AFRICA

Wheat blast was first observed in Zambia in February 2018 during the rainfed season in Mpika district of Muchinga province (Figure 6). During the 2017–2018 season, disease incidence and severity were high because of favorable weather conditions supporting the disease development and pathogen proliferation. However, low disease severity was observed during the 2018–2019 season in experimental and farmer fields in Mipika district because of hot and dry conditions. During the 2019–2020 crop season, high disease incidence and severity were observed in both experimental (Mt. Makulu, Mpika, and Mpongwe) and farmer fields (Mpika). In some areas where the climatic conditions were hot and dry, disease incidence and severity were low. In the 2020–2021 crop season, the disease was observed in experimental fields (Mt. Makulu, Mpika, and Mpongwe) and also at a farmer field in Kafue district that grew the susceptible variety Coucal. The spread of WB in Zambia could be ascribed more as seed-borne rather than air-borne spread.
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FIGURE 6. Spread of wheat blast in Zambia from 2018 to 2021.




AREAS VULNERABLE TO WHEAT BLAST ACROSS THE WORLD

First, Duveiller et al. (2011) estimated the risk of wheat blast in other continents and observed areas of high risk in parts of Central India, Bangladesh, Ethiopia, Eurasia, and North America using a climate similarity approach. Cao et al. (2011) predicted vulnerable regions in mid-east South America, southeast and midwest Africa, southeast of South Asia, east coast of Australia and south China, using the MaxEnt model. Kohli et al. (2011) forecasted that climatic changes associated with global warming could make WB spread to other parts of the world, and that WB invasion of the Asian continent is likely to cause devastating effects unless immediate control measures are taken. Unfortunately, their predictions came true in 2016 with the WB outbreak in Bangladesh. Since 2016, several studies on the vulnerability of wheat growing areas to wheat blast have been published. Studies using different models have revealed the vulnerable areas in Bangladesh, India, China, and Pakistan (Sadat and Choi, 2017; Mottaleb et al., 2018). In another study, Duveiller et al. (2016b) cited that further spread of WB in Latin America is possible with vulnerable areas in Mexico, Ecuador, and Andean valleys. Cruz et al. (2016) observed that several southeastern states (Louisiana, Mississippi, and Florida) in the United States are vulnerable to WB. Factors such as global warming, irregular rains, cultivation of susceptible cultivars and unrestricted wheat grain movement especially from countries with cases of WB, the increasing virulence of the pathogen, and its fungicide resistance, potential sexual recombination, and possible cross-host infections could lead to more frequent outbreaks and spread of the disease to other major wheat-producing countries. Grain trade has been attributed to the spread of WB from South America to Bangladesh and Zambia (Figure 7). Ceresini et al. (2018) further alerted that strengthening quarantine and biosafety regulations to prevent further spread in Asia or introduction of WB into other wheat-growing regions of the world, such as Europe, Australia, and North America, should be of the highest priority.
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FIGURE 7. Intercontinental spread of wheat blast attributed to grain trade.




MANAGEMENT STRATEGIES

Wheat blast is a very challenging disease to manage, and no single strategy is capable of achieving a satisfactory level of management. Therefore, for blast-free areas, quarantine measures are paramount to preclude the introduction of the disease, which would otherwise be impossible to eradicate. Areas adjoining endemic regions may adopt a wheat holiday concept to limit the disease spread. For endemic WB regions, an integrated management approach is recommended, such as varietal resistance, fungicide application, cultural management, non-fungicidal chemical treatment, and biocontrol methods. These strategies are described in the sections below.



CONTAINMENT AND QUARANTINE

Quarantine is one of the best approaches to restrict the spread of a pathogen from endemic regions to disease-free areas/countries and to avoid potential outbreaks in new regions. Aerial dispersal of the disease is limited as heavier asexual spores are reported to travel up to 1 km (Urashima et al., 2007), whereas sexual spores are lighter and, hence, may be able to travel much longer distances (Maciel et al., 2014). Thus, infected seeds are the most probable source for disease introduction and spread through large intercontinental distances. Failure of proper quarantine and seed trade laws led to the WB pathogen into Bangladesh (Islam et al., 2016). This strongly implies a likewise invasion of the pathogen to WB-prone regions in South Asian countries such as India and Pakistan. Under an assumption of favorable climatic conditions, Mottaleb et al. (2018) predicted a vulnerability of 17% of cultivated wheat area or 0.88 million tons of yield loss in South Asia. An early study exhibited that the MoT pathogen can survive in seeds for up to 22 months (Reis et al., 1995). Hence, it is imperative for nations vulnerable to the disease to meticulously draft and execute their seed entry and quarantine laws. Seeds from endemic areas may be prohibited for entry. Also within an endemic region, laws can also be framed so that locally produced wheat seeds are not used as seed and do not go to flour industries for direct consumption.



WHEAT HOLIDAY

Wheat holiday is the suspension of wheat cultivation in blast-affected areas or vulnerable areas with a high probability of disease dispersal. It encompasses the forceful ban of wheat cultivation by the respective government with an intention to stop the spread of the disease to adjoining areas. However, most farmers in WB-affected areas in Bangladesh are small and resource-poor, and, hence, there is a need to give alternative cropping plans to them to make a wheat holiday successful in holistic terms. India has banned wheat cultivation within 5 km from the Bangladesh boundary and instead directed for growing of legumes and oilseeds crops. The state government of West Bengal (Indian state adjoined to Bangladesh) has prohibited wheat cultivation in two districts (Murshidabad and Nadia) for 3 years (ICAR-IIWBR, 2020). Similarly, in Bangladesh, a study by Mottaleb et al. (2019) indicated the feasibility of maize, onion, garlic, and lentil as profitable alternative crops to wheat. While considering any alternative plan, it is important that the crops substituted should not act as an alternative to MoT. Also, for a successful “wheat holiday” management strategy, the alternative hosts of MoT such as weeds should be controlled or avoided, which is very challenging.



BREEDING FOR RESISTANCE


Understanding the Enemy (Pathogen)

While breeding for blast resistance in wheat, it is important to understand pathogen diversity, host specificity, and evolution. The fungus M. oryzae is reported to infect 137 species in the Poaceae family (Choi et al., 2013). Various pathotypes are named after the host crop species infected by the pathogen such as Oryza, Eleusine, Avena, and Lolium. Apart from crop species, it infects various weeds and grasses such as Cenchrus echinatus, Digitaria sanguinalis, and Echinochloa crus-galli (Kohli et al., 2011). Compared with M. oryzae pathotype Oryza, sexual reproduction is more frequent in MoT, as reflected in its high diversity found in fields (Urashima et al., 1999). However, the predominance of only one mating type suggests asexual reproduction as the predominant mode of reproduction (Urashima et al., 2017). Maciel et al. (2014) reported a mixed reproductive system occurring for MoT where a best-fit strain produced by sexual reproduction is maintained generation after generation by asexual reproduction. Strains collected between 2016 and 2017 in Bangladesh indicated a single genotype, implying its asexual propagation in the natural environment, which is in sharp contrast to the situation in South America where high genetic diversity was found among MoT isolates (Ceresini et al., 2018).



Sources of Host Resistance

Ever since the first wheat blast outbreak in Brazil in 1985, efforts on identification of resistance sources in both common wheat and its relatives have been exerted. Several promising varieties were identified in early studies, but they all became susceptible in later experiments (Igarashi, 1990; Urashima and Kato, 1994). A subsequent screening study in Brazil led to the identification of few moderately resistant varieties such as BRS 49, BRS 120, BRS 220, and IAPAR 53 (Prestes et al., 2007). In Bolivia and Paraguay, identification of resistant varieties relied mostly on field observation over years, from which several moderately resistant varieties have been identified, e.g., Sausal CIAT, Motacu CIAT, Patuju CIAT, and Urubo CIAT in Bolivia, and Caninde 1 and Itapua 75 in Paraguay (Buerstmayr et al., 2017). It was found that many such resistant varieties have the CIMMYT genotype Milan in their pedigree, and later research indicated that 2NS translocation was the underlying resistance factor (Cruz et al., 2016), which was initially introduced from Ae. ventricosa to a French variety “VPM1” (Helguera et al., 2003). This translocation is frequent in the CIMMYT germplasm as it confers a wide range of resistance against stripe rust (Yr17), leaf rust (Lr37), stem rust (Sr38), cereal cyst nematode (Cre5), root-and knot nematodes (Rkn3), and also has increased yield potential (Cruz et al., 2016; Juliana et al., 2020). However, the translocation exhibited different phenotypic effects across wheat lines, signifying the role of genetic background in its expression (Cruz et al., 2016; He et al., 2020a, 2021). “BARI Gom33,” a zinc bio-fortified blast-resistant wheat variety released in Bangladesh in 2017 is a success story of utilizing the 2AS/2NS translocation in breeding (Hossain et al., 2019). However, too much dependency on this translocation in the form of large acreages in South Asia and South America is making it vulnerable against new MoT isolates because of strong directional selection. Virulent strains on this translocation have been reported across South America (Cruz et al., 2016), such as the highly virulent Brazilian strain 16MoT001 reported by Cruppe et al. (2020), making it imperative to look out for novel resistance sources.

Non-2NS resistance sources having moderate levels of resistance have been identified in both field and controlled conditions (He et al., 2021). Few accessions of wild relatives of wheat, namely, Ae. tauschii and Ae. umbellulata, were found to have resistance against WB (Buerstmayr et al., 2017). Resistant (TA10142) and moderately resistant (TA-1624, TA-1667, TA10140) Ae. tauschii accessions were identified using field and greenhouse phenotyping facilities in Bolivia, Brazil, and the United States (Cruppe et al., 2020). Identification of resistance in wild relatives indicates the potential use of synthetic hexaploidy wheat (SHW) varieties against the WB disease. CIMMYT SHW derivatives Patuju CIAT and Motacu CIAT were released in Bolivia because of their blast resistance (Buerstmayr et al., 2017). Many of the identified resistant sources need to be widely tested considering the influence of environmental conditions, e.g., BR 18-Terena and BRS229 are non-2NS wheat varieties widely used as parents in Brazil owing to their high head blast resistance (Ferreira et al., 2020), but they exhibited susceptibility in some environments (Ceresini et al., 2019). While breeding for WB resistance, consideration of farmers must also be accounted. A good example of it is the wide cultivation of the “Motacu” variety in Bolivia. Though this variety is moderately susceptible, it is still liked by farmers because of its earliness (Vales et al., 2018).

Considering insufficient WB resistance of the non-2NS sources, currently, it is advised to utilize such resistance together with 2NS to achieve a satisfactory WB resistance. With the identification of more non-2NS resistance, such sources could be crossed with each other to accumulate minor non-2NS resistance genes to achieve high and durable WB resistance, just as recommended in breeding for durable rust resistance (Singh et al., 2016). By that time, 2NS could be used at a lower frequency to reduce its directional selection on 2NS-virulent MoT isolates, so that its resistance could remain effective for a longer time. Breeding for seedling resistance is a target that has not received sufficient attention, mainly because of less conducive environmental conditions during the seedling stage in WB-affected regions. However, with the changing climate, the situation may change in the future, bringing new challenges in WB epidemic regions. It has been well demonstrated that WB resistance at the seedling stage does not correspond well with that at the adult plant stage (Cruz et al., 2012), emphasizing the necessity of conducting WB evaluation at both stages. The advantage of seedling evaluation is that it can be conducted in a greenhouse with high throughput and is, thus, less expensive compared with field screening. A good strategy may be to select only lines with seedling resistance for field evaluation, which could significantly reduce the workload for field trials. However, this may neglect lines with poor seedling resistance but good adult plant resistance; therefore, for regions without major issues on seedling blast, field evaluation on head blast should still be preferred.

International collaboration is much needed for screening and identifying novel sources of resistance. The formation of WB consortium in the year 2010 and databases such as the OpenWheatBlast project were a step forward in the direction. Likewise, institutes in Bangladesh in collaborations with CIMMYT, Swedish University of Agricultural Sciences, National Research Council Canada, The Sainsbury Laboratory, UK, and the University of Exeter are working on novel genome editing technologies for WB resistance (Singh personal communication). “Precision Phenotyping Platforms (PPP)” are established in Bangladesh and Bolivia with the help of CIMMYT and NARS partners to evaluate germplasm from across the globe in search of novel blast resistance materials, especially those of non-2NS. The government of India is utilizing PPPs and identified five resistant varieties, namely, HD3249, HD3171, HD 2967, DBW 252, and DBW 187, which have been recommended to farmers of disease-prone areas in West Bengal adjoined to Bangladesh (ICAR-IIWBR, 2020). Bangladesh released two blast-resistant varieties, BARI Gom 33 and WMRI Gom 3, Nepal released Borlaug 2020, and Bolivia released INIAF Tropical and INIAF Okinawa as blast-resistant varieties within the last 5 years.



Resistance Mechanism: Major vs. Minor Genes

Understanding and identification of “R” (resistance) genes in host and avirulence/virulence genes in MoT is the cornerstone for successful breeding. Effectors coded by avirulence (AVR) genes are recognized by the “R” gene products of the host plant to confer resistance. The identified AVR and R genes in the WB pathosystem are very limited compared with those in rice blast. Comparative transcriptomics studies can help in hunting for new AVR and R genes effective in WB (Ferreira et al., 2020). Genetic studies have pointed toward the important role of AVR and minor pathogenicity genes in conditioning the virulence of blast pathogens, where loss of AVR and selective accumulation of minor pathogenicity genes help in slowly evolving an M. oryzae strain to adapt new host species (Cruz and Valent, 2017). Avirulence genes in MoO (PWT1, PWT2, and PWT5), MoS (PWT1 and PWT2), MoA (PWT3 and PWT4), and MoL (PWT3) confer avirulence to wheat crop (Table 1), whereas none of the MoT isolates have any of these AVR genes (Cruz and Valent, 2017).


TABLE 1. List of identified and postulated resistance genes in wheat against different Magnaporthe oryzae pathotypes.

[image: Table 1]The identified resistance genes can be categorized into non-host resistance genes and host resistance genes. Non-host resistance genes are the “R” genes in wheat conferring resistance against the non-MoT isolates, whereas host resistance genes are effective against MoT. Some of the identified non-host resistance genes protecting the wheat plant against non-host isolates include Rmg1 against MoA (Takabayashi et al., 2002), Rmg4 and Rmg5 against M. oryzae Digitaria isolates (Nga et al., 2009), and Rmg6 against MoL isolates (Vy et al., 2014). Rmg6 was identified on chromosome 1D in wheat variety Norin4 and is effective against MoL having the AVR gene PWT3 (Table 1). A host jump of an M. oryzae lineage to wheat was exemplified in “Anahuac,” a widespread Brazilian variety in the 1980s. This variety lacking Rmg6 (Rwt3) is susceptible to MoL with PWT3. Therefore, MoL population massively built up on the variety and mutations occurred in PWT3, resulting in pwt3-carrying MoL isolates that are virulent even to wheat cultivars with Rmg6, turning MoL into MoT (Inoue et al., 2017). RmgTd(t) was detected by a mutant isolate from a cross between MoA and MoT, which was avirulence to most bread and durum wheat cultivars barring few susceptible tetraploid wheat cultivars (Cumagun et al., 2014).

Host resistance genes identified so far include Rmg2, Rmg3, Rmg7, Rmg8, and RmgGR119 (Table 1). Rmg2 and Rmg3 located on chromosomes 7A and 6B, respectively, were found to be effective seedling resistance genes detected in the variety “Thatcher” (Zhan et al., 2008). However, they were not effective at the head stage, and their resistance had been overcome by new MoT strains (Cruppe et al., 2020). Rmg7 was identified on chromosome 2A in tetraploid wheat (Tagle et al., 2015), whereas Rmg8 was detected on chromosome 2B in hexaploid wheat (Anh et al., 2015). They had a common AVR gene, i.e., AVR-Rmg8, implying that they may be homologous, at least from a breeding perspective (Anh et al., 2018). Rmg7 and Rmg8 showed resistance at both the seedling and head stages (Tagle et al., 2015; Anh et al., 2018). The resistance of Rmg7 is reported to be overcome by recent MoT strains (Cruz and Valent, 2017). RmgGR119 was identified in the Albanian wheat landrace GR119 and was found to be effective against many MoT isolates. This landrace also has Rmg8, indicating that Rmg8 and RmgGR119 collectively conferred a good level of blast resistance (Wang et al., 2018). However, their performance in field conditions needs to be tested before being utilized in a breeding program. Both Rmg7 and Rmg8 work fine at 21–24°C; however, as the temperature goes over 26°C, Rmg7 loses its resistance, whereas Rmg8 remains effective (Anh et al., 2018).

Apart from the Rmg genes, some R genes with broad spectrum resistance might also confer WB resistance. Lr34 is a non-NBS-LRR gene belonging to the ABC transporter gene family, exhibiting durable resistance against rusts, powdery mildew, and spot blotch. Krattinger et al. (2016) demonstrated its effectiveness against rice blast in a transgenic Nipponbare variety, implying its possible resistance to WB. Accumulation of minor genes by eliminating highly resistant and susceptible individuals in advanced segregating populations has been tried in rice blast resistance breeding (Khush and Jena, 2009) and could be used in WB resistance breeding as well.

The above genes were identified in greenhouse experiments conducted mostly at the seedling stage. In field experiments, however, resistance to WB appears to be more of quantitative resistance. An example in this regard was reported by He et al. (2020b), in which the 2NS translocation explained 22.4–50.1% of the blast variation across diverse environments in the Caninde#1/Alondra mapping population. Additional minor quantitative trait loci (QTL) were identified on chromosomes 1AS, 2BL, 3AL, 4BS, 4DL, and 7BS, acting in an additive mode to 2NS translocation. In another study, Goddard et al. (2020) mapped WB resistance in two mapping populations and identified five QTL for seedling blast resistance on chromosomes 2B, 4B, 5A, and 6A, and four QTL for head blast resistance on chromosomes 1A, 2B, 4A, and 5A, and concluded that the common resistant parent BR 18-Terena had quantitative resistance against WB. Additionally, genome-wide association studies (GWASs) for field WB resistance have been reported in international nurseries of CIMMYT (Juliana et al., 2019, 2020) and in a diverse panel of lines from South Asia and CIMMYT (He et al., 2021). The common finding was that the 2NS translocation was the only major and consistent resistance locus, whereas loci on other chromosome regions were of low phenotypic effects and were not stably expressed across experiments.

Juliana et al. (2019) performed a GWAS on a panel of 271 wheat-breeding lines from CIMMYT that was evaluated for field response to wheat blast in Quirusillas, Bolivia. They reported the association of Qcim.2A.1 in the position of the 2NS translocation, and a locus on chromosome 3BL with field blast resistance. In another study, Juliana et al. (2020) performed a large multi-environment GWAS using 8,607 observations on 1,106 lines from CIMMYT, to identify genomic regions associated with field blast resistance in Bolivia and Bangladesh. They identified 36 markers on chromosomes 2AS, 3BL, 4AL, and 7BL that were consistently associated with blast resistance in different environments, with more than half of them tagging the 2NS translocation and explaining up to 71.8% of the blast variation. A recent GWAS on field and greenhouse resistance to wheat blast was done by He et al. (2021) using a diverse panel of 184 genotypes from South Asia and CIMMYT. While the authors identified a significant marker trait associations on chromosomes 1BS, 2AS, 6BS, and 7BL, only those on chromosome 2AS were consistent in the different datasets.



Genomic Selection

Given the critical need to shift focus from breeding for qualitative blast resistance to quantitative resistance, genomic selection (GS) is a promising tool that can accelerate genetic gains, reduce cycle time, and facilitate accurate selection for quantitative disease resistance (Poland and Rutkoski, 2016). In GS, a training “population” comprising individuals with whole-genome marker data and phenotypes is used to train prediction models and estimate marker effects, which are then used to obtain genomic-estimated breeding values of individuals that have not been phenotyped but only genotyped (referred to as “selection candidates”) (Meuwissen et al., 2001). As several studies have demonstrated GS to be promising for rice blast (Huang et al., 2019) and wheat diseases such FHB, rusts, Septoria tritici blotch, Stagonospora nodorum blotch, and tan spot (Rutkoski et al., 2012; Juliana et al., 2017a, b), it is an attractive breeding strategy that can be effectively integrated in wheat blast resistance breeding to minimize time, cost, and resources for blast phenotyping in the field. In addition, GS can be potentially used by breeding programs to select individuals for resistant line advancement and crossing prior to phenotyping, and to increase the selection intensity by scaling-up selections for blast resistance to early generations of the breeding cycle, where large segregating populations pose a challenge for blast evaluation.



Mutation Breeding Potential

The AVR gene product (effectors) of the blast pathogen interacts with “R” genes to confer resistance to the disease. The “R” genes and plant defense machinery are under constant selection pressure due to pathogen evolution and hence newer “R” genes are evolving by spontaneous mutation events such as natural recombination, gene duplication, and uneven crossing over. However, the low frequency of spontaneous mutation viz. 1 in 106 per gene necessitates the need for induced mutagenesis (Kozjak and Meglic, 2012). Mutation breeding has evolved from the use of physical and chemical mutagens to genomics technologies of modern times such as RNA interference (RNAi) using siRNA and miRNA, virus-induced gene silencing (VIGS), Agrobacterium-mediated insertional mutagenesis (AIM), and targeting-induced local lesions in genome (TILLING), all of which have a potential in breeding for WB resistance. The advantage with the modern techniques includes precise site-directed mutagenesis in genes of interest. Physical mutagens (α and β rays, X-rays, γ-irradiation, etc.) cause high amount of DNA damage/rearrangements as compared with chemical mutagens (EMS, MMS, sodium azide, etc.) and, thus, the latter are preferred for creating point mutation (e.g., EMS used in TILLING population), which may provide gain or loss of gene function (Kozjak and Meglic, 2012). The gain or loss in function is important, in particular for targeting “R” genes, which can be modified to be recognized by multiple AVR effectors or multiple allelic forms of an AVR gene, thus, providing a broad-spectrum resistance. The “R” genes corresponding to the effectors (AVR) essential for pathogen survival are a good candidate for durable resistance (Vleeshouwers and Oliver, 2014). The number of currently known “R” genes for WB is low. Hence, mutations can help in identifying novel “R” genes along with modifying the existing ones for improving WB resistance.

According to the IAEA database, mutation breeding programs in different countries lead to the release of 69 wheat cultivars resistant to various fungal infections. Wheat variety Dharkhan-172 developed using sodium azide as mutagen is latest in the series that was released in Mongolia in 2018. It was resistant against spot blotch, loose smut, and stripe rust and moderately resistant to Septoria nodorum blotch (SNB) and Alternaria leaf blight1. Recently in Bangladesh, gamma radiation has been used in wheat seeds for obtaining mutant resistant lines against WB, and some of the mutated plants exhibited improved WB resistance (Rashid et al., 2019). Mutation breeding has also been successful in developing Ug99-resistant wheat varieties in Kenya. More than 34 M1 populations and around 284,000 M1 plants were grown and screened under the field and greenhouse conditions and the material after M4 generation narrowed down to four resistant entries, out of which two cultivars, namely, Eldo Ngano1 and Eldo Mavuno1, were released for the farmers of Kenya in 2014 (Bado, 2015). Thus, type of the mutagen to be used, population size to handle in subsequent generations, identification of the mutant and their preservation from the natural out-crossing (especially recessive mutations) are some of the important factors to be considered while breeding for resistance to diseases, such as WB, which requires more research initiatives in the upcoming times.



Biotechnology That Includes Gene Editing

Biotechnology has proven to be an effective tool in modern breeding for most of the important crop plant species, especially in areas where conventional breeding has reached its limits. Sequence information (wheat and pathogen), bioinformatics tools, and DNA based markers have much contributed toward crop improvement including breeding for disease resistance. DNA markers, especially SNPs, are being used to locate QTLs for resistance to diseases such as WB. Studies on effective QTLs conferring field blast resistance in wheat are very few, and the available ones have not identified major and stable QTLs beyond the 2AS/2NS translocation (He et al., 2020b; Juliana et al., 2020). Sequence information is also utilized to differentiate strains based on differential DNA fingerprinting. SSR marker (Pereira et al., 2014), transposons viz. Pot2 (Kachroo et al., 1994), MGR586 (Farman et al., 1996), and grh retroelement (Dobinson et al., 1993), etc., can be used for detection and classification of MoT isolates. Technologies such as conventional PCR, quantitative real-time PCR (qPCR), LAMP, recombinase polymerase amplification (RPA), and nucleic acid lateral flow immunoassay (NALFIA) are used for pathogen detection (Kang et al., 2020; Thierry et al., 2020), for which MoT-specific markers as determinant factors are still being developed and validated as discussed before.

In recent years, CRISPR/Cas9 has been demonstrated to be a powerful tool for the improvement of crops via genome editing. It can be done either by stacking of “R” genes or deletion or disruption of S genes or transcription factors in the genome of commercial varieties (Wang et al., 2016; Kim et al., 2018). Genome editing has been applied to improve important crop plants, such as rice, wheat, maize, and soybean (Wang et al., 2016; Bhowmik et al., 2018). With the advent of novel genome editing tools, it is possible to create modified resistance genes through targeted gene mutagenesis such as CRISPR-Cas9 (Haque et al., 2018). A relevant example is the disruption via CRISPR-Cas9 of a blast susceptibility gene in rice OsERF922, which enhanced the resistance to rice blast (Wang et al., 2016). In wheat, CRISPR-Cas9 has been used to disrupt various genes such as TaDREB2 and TaERF3 (Kim et al., 2018), demonstrating its strong potentiality in mutating WB susceptibility genes once identified. The availability of wheat genomic resources and the molecular biology of regulation of blast resistance response in rice might help in the identification of target genes for genome editing in wheat for MoT resistance.



AGRONOMIC MANAGEMENT

Management of wheat blast calls for the adoption of integrated disease management approaches as its causal pathogen MoT has a wide host range including crop species and weedy grasses (Pagani et al., 2014). A live example is the extensively grown pasture grass in Brazil, i.e., Urochloa brizantha (signal grass), which was later found to harbor strains of MoT and may have an important role in WB epidemic (Castroagudín et al., 2017). Thus, the management of grassy hosts around wheat fields is very important, as it can reduce inoculum buildup (Mehta, 2014). Inoculum is reported to survive on crop residues and, hence, deep plowing and destruction or removal of residues is an effective strategy (Ceresini et al., 2019). However, such management protocols are not followed in WB-affected South American countries either because of its high cost or because of the prevalent conservation agricultural practices that are popular among farmers (Duveiller et al., 2016a). The highest yield reduction happens at the heading stage by airborne conidial infection coming from within the field or from the nearby secondary hosts. Nevertheless, seed treatment with fungicide is reported to limit the initial infection and inoculum buildup in the field, thereby being beneficial to WB control (Prabhu et al., 1992; Urashima et al., 1993). Rotating the cropping pattern with non-host crops, such as pulses and oilseed, can help in minimizing inoculum density and reduce disease pressure (Pagani et al., 2014). However, it is difficult to apply this strategy in practice because of the wide range of alternative hosts of MoT that significantly limit the crops in rotation with wheat. Indeed, studies on the effects of rotation with prevalent crops (maize, soybean, mucuna, crotalaria) in South America were performed, but the results were not encouraging (Kohli et al., 2020). Another important issue with farmers in affected South American countries is their tendency to use a high seeding rate. The idea was to get more spikes to compensate for the loss of some tillers due to the disease, but this practice may lead to earliness in flowering and dense canopy micro-climate conducive for WB development, which ultimately may increase yield loss (Kohli et al., 2020).

Adjustment in planting date is another effective mitigating strategy against the disease. Congenial conditions for the disease include warmer temperature (25–30°C), long wet hours of the spike (25–40 h), and high relative humidity (>90%); thus, planting dates have to be decided considering the local conditions. Rains during the flowering stage followed by hot and humid days can lead to disease development (Kohli et al., 2011). Early planting in Brazil, Bolivia, and Paraguay (before 10–20th April) is highly risky, as the flowering coincides with ambient conditions favorable for WB development (Kohli et al., 2020). Hence, sowing is recommended in May. However, in Bangladesh, avoiding the late sown conditions (after 30th November) was effective for managing blast, as rains and humidity coincide with heading under late sown conditions (He et al., 2020a). Kohli et al. (2020) recommended the use of a variety combination with genotypes differing in maturity and WB resistance, in the hope to reduce the amount of field inoculum. Along with timely planting, treating seed with thiram and carboxin, and prophylactic foliar spray of triazoles and strobilurins were found to be effective in managing WB in Bangladesh (Roy et al., 2020a).



MINERAL NUTRITION AND ADDITIVES FOR MANAGING WHEAT BLAST

Various elements and chemicals such as silicon (Si), magnesium (Mg), calcium (Ca), potassium phosphate, potassium silicate, and ethephon are reported to affect blast resistance by altering physiological pathways in a plant (Cruz et al., 2011). For efficient working of the photosynthetic machinery and scavenging of the reactive oxygen species (ROS), a plant needs high Si and low Mg in the nutrition (Rodrigues et al., 2017). Calcium is needed to induce defense-related genes, but high Mg reduces Ca in the plant and makes it susceptible to blast disease (Debona et al., 2016). Likewise, potassium phosphate and ethephon are reported to enhance resistance against blast (Cruz et al., 2011).

Blast infection in wheat reduces the activity of the enzyme RUBISCO, net carbon assimilation, and photosynthetic activity. This results in lowered accumulation of storage and soluble sugars, i.e., glucose, fructose, sucrose, and ultimately, reduction in storage starch in grains (Debona et al., 2016; Rios et al., 2017). The application of silicon is reported to enhance incubation period and limit disease progression. Si has been hypothesized to provide mechanical support by depositing below the cuticle in epidermal and collenchyma cells of the spike of wheat and, hence, physically limiting pathogen penetration (Cruz M.F.A. et al., 2015). It stimulates flavonoid accumulation inside the epidermal cell, which may lead to the activation of many defense genes. Expression levels of various defense-related genes that are involved in the salicylic acid (SA) and jasmonic acid (JA) pathways viz. pathogenesis-related1 (PR-1), β-1,3-glucanase, chitinase, peroxidizes, phenylalanine ammonialyase, etc., were significantly expressed in higher amounts when provided with external silicon (Cruz M.F.A. et al., 2015) and calcium (Debona et al., 2017). Genotypic difference in response to silicate application has been observed in WB (Pagani et al., 2014), indicating that there is a need to screen out the genotypes responding better to external application of chemicals. Another positive effect exerted by silicon is the higher expression of ROS-scavenging enzymes. Upon WB infection, ROS triggers defense genes in wheat; and, at the same time, they cause lipid peroxidation of cell membranes, resulting in loss of photosynthetic pigments and machinery (Debona et al., 2012). Hence, the scavenging of ROS becomes necessary for the plant. Silicon increases the activities of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POX), and ascorbate peroxidases (APX), which in turn reduce ROS (Debona et al., 2012).

High doses of nitrogen have been associated with increased blast severity, where the relative growth of the fungal mycelia is enhanced, especially in varieties with high nitrogen use efficiency (Ballini et al., 2013). In fact, resistance genes are reported to be moderated by the levels of nitrogen. Pi1 gene in rice was partially broken down with high doses of nitrogen. However, there are genes independent from the dose of nitrogen, e.g., Pia gene remains effective under high nitrogen (Ballini et al., 2013). Thus, identification and utilization of the latter type of genes are beneficial in managing WB in a high-nitrogen regime.

The importance of iron (Fe) against M. oryzae was found in rice where high Fe supply and down-regulation of a Fe transporter macrophage protein gene OsNramp6 resulted in enhanced resistance against rice blast (Peris-Peris et al., 2017). Therefore, wheat NRAMP6 homologs might play a similar role in resistance to WB, which needs to be validated in later studies.



DISEASE MODELING AND FORECASTING

There is a need for WB forecasting, so that prophylactic control measures can be taken well in advance for minimizing losses due to the disease. Several researchers have tried to develop models based on humidity and temperature, the two most important factors for WB development (Alves and Fernandes, 2006). The optimal temperature of 30°C with no less than 10 h wetting period may result in WB development. However, with wetting hours exceeding 40, the disease may develop even at 25°C (Cardoso et al., 2008). The 2009 epidemic in Parana coincided with the heavy rainfall received during June and July, again emphasizing the importance of high humidity (Duveiller et al., 2016a). Remote sensing can be utilized to identify spectral signatures for WB. Healthy and blast-infected plants can be differentiated by spectral signatures between 650 and 1050 nm wavelength, using a handheld spectro-radiometer in farmer fields in Bangladesh (Yesmin et al., 2020), which can be scaled up via mounting multispectral cameras on drones, aeroplanes, or even satellites. Fernandes et al. (2017) developed a model based on weather parameters, with which they correctly predicted the epidemic (2015) and non-epidemic (2016) years in Northern Paraná, Brazil. The advantage of such forecasting tools is in the ability of the tools to concern farmers and policymakers well in advance for initiating control measures such as fungicide sprays. Similar models can be made and adjusted to disease-prone areas in South Asia.



FUNGICIDES FOR WHEAT BLAST MANAGEMENT

Fungicides are currently indispensable for WB management, considering the limited effects of varietal resistance. Fungicide efficacy can be judged by its outcome on a susceptible variety, but the results are not very promising and was found to be cultivar dependent in South America while it was found effective in Bangladesh (Kohli et al., 2011; Roy et al., 2020a). Fungicides become ineffective under high-disease pressure or congenial environmental conditions against the disease (Kohli et al., 2020). It is reported that sometimes even four sprays were not able to completely control WB infection in some areas of Brazil (Urashima et al., 2017), thereby affirming the fact that genetic resistance in combination with fungicides is much needed (Ceresini et al., 2018). Although fungicides are mostly used at the heading stage, their application at the seedling stage is also important in reducing inoculum load on basal or older leaves (Cruz et al., 2015).

Both seed treatment and foliar spray with fungicides in isolation or combination have been tried against wheat blast. Infected seeds while germinating can perpetuate the growth of fungi to cotyledons and primary leaves (Buerstmayr et al., 2017). Thus, seed treatment with fungicides, such as benomyl (Sadat and Choi, 2017), difenoconazole (Yesmin et al., 2020), and carboxin + thiram (BWMRI, 2020), is recommended. A spray of mancozeb-based fungicides and a mix of QoI + DMI (quinone outside inhibitor, QoI, and demethylation inhibitors, DMI) were found effective in Brazil and Bolivia, respectively (Cruz et al., 2019). The combination of triazole and strobilurin fungicides (e.g., Nativo75 WG, Amister Top 325 SC) is also advised to farmers in Bangladesh (Sadat and Choi, 2017; BWMRI, 2020; Roy et al., 2020a). MoT isolates collected from farmer fields in Bangladesh revealed that carbendazim (Autostin 50WGD, Knowin 50WP) and QoI + DMI fungicides, viz. Nativo 75WG (tebuconazole + trifloxistrobin), of as low as 50 ppm were able to completely inhibit MoT mycelial growth under in vitro conditions. However, the two mancozeb-based fungicides used in the same study were not effective (Debnath et al., 2019).

DMI + QoI fungicides are working well in Bolivia but not in Brazil, implying different prevailing MoT isolates and influence from different climatic conditions in the two countries. Strobilurin fungicides, belonging to the QoI type that attacks mitochondrial respiration in the pathogen, were in extensive use against the disease in Brazil. In recent years, new MoT isolates with mutated mitochondrial cytb gene emerged, which are resistant to QoI fungicides (Castroagudin et al., 2015). During the span of 7 years (2005–2012), the frequency of this mutation has increased from 36 to 90% in the sampled population (Castroagudin et al., 2015). In recent years, a new generation of fungicide, SDHI (succinate dehydrogenase inhibitors), has been used frequently. However, it is very likely that MoT will develop resistance to SDHI fungicides if they are used singly, and hence it is recommended to use them in combination or in rotation with other types of fungicides (Ceresini et al., 2019).



INDUCED RESISTANCE AGAINST WHEAT BLAST

Disease resistance can be induced in a plant via external stimuli, such as pathogen attack and external application of phytohormones or their inducers. The effectiveness of SA against Magnaporthe spp. has been reported in rice (Manandhar et al., 1998) and wheat (Rios et al., 2014). For rice blast, both foliar spray and soil drenching (but not the seed treatment) of SA limited blast infection on foliage, and the latter suggests the induced resistance to be systemic (Manandhar et al., 1998). SA activates many pathogenesis-related (PR) genes viz. peroxidases (POX), polyphenoloxidase (PPO), chitinase (CHI), and β-1,3-glucanase (GLU), which have been associated with WB resistance (Rios et al., 2014). In a study on two wheat cultivars, BRS-229 and BR-18, in Brazil, all three phytohormones: SA, jasmonic acid (JA) and ethylene (ET) were found effective to reduce WB, although the effectiveness of JA and ET was much higher than that of ASM (SA analog) (Rios et al., 2014). Apart from phytohormones, beneficial microorganisms can also induce resistance in the plant by various induced systemic resistance (ISR) elicitor molecules such as lipopeptides, siderophores, antibiotics, and volatile organic compounds (De Vleesschauwer et al., 2008).

Beneficial microorganisms against rice blast have been reported, in which control agents, such as bacterial strains of Pseudomonas spp., Bacillus spp. (Gnanamanickam and Mew, 1992), and Streptomyces spp. (Law et al., 2017), and fungi such as Trichoderma harzianum (Singh et al., 2012), were effective against rice blast and, therefore, hold promise against WB. Bacteria, in particular Bacillus spp., were reported to act against MoT either by inducing systemic resistance in wheat or releasing antagonizing antimicrobial compounds (Gilroy et al., 2017). Pseudomonas fluorescens strain WCS417r and P. aeruginosa strain 7NSK2 limited rice blast pathogen by activating JA- and ET-regulated genes (De Vleesschauwer and Hofte, 2006). B. methylotrophicus was able to inhibit M. oryzae mycelium growth in in vitro studies (Nascimento et al., 2016).

The containment of MoT under in vitro conditions has been reported in recent studies. Streptomyces spp. with the help of elicitor molecules, viz. oligomycins B and F, was able to inhibit the mycelial growth of MoT (Chakraborty et al., 2020). Lipopeptides are another class of elicitor molecule extracted from bacteria, especially Bacillus spp., and are reported to inhibit the growth of conidia, germ tube, and appressorium in MoO (Liao et al., 2016). Unlike fungicides, they are environment friendly, which is attributed to easy biodegradation and less toxicity. They have an additional advantage due to their receptor unspecificity, which does not assert selection pressure on Magnaporthe strains. Their usefulness for WB was reported from marine B. subtilis strain 109GGC020, from which five different extracted lipopeptides (gageotetrin B, gageopeptide C, gageopeptide D, gageopeptide A, and gageopeptide B) had an inhibitory effect on the growth of MoT either by blocking spore germination or interfering with the germ tube or appressoria formation (Chakraborty et al., 2020). There are some fungal toxins that can mimic the disease and induce resistance in plants if used in lower concentrations. Alpha-picolinic acid is a tryptophan derivative fungal toxin whose spray in lower concentration is found to lower MoT infection. It protects the photosynthetic machinery because of increased antioxidant accumulation (Aucique-Pérez et al., 2019). However, it is important to note that many of these experiments were performed under in vitro conditions; and, hence, the efficacy of these biocontrol agents need to be tested under field conditions before application in practice.



CONCLUSION

This review updates about the spread of WB in different continents of the globe and discussed potential management approaches to mitigate this problem. Currently, wheat blast is considered as an explosive and significantly damaging disease of wheat worldwide. From its origin in Brazil in 1985, it has spread to many South American countries and then made intercontinental jumps to Bangladesh in South Asia and Zambia in Africa. Although most wheat-growing regions/countries of the world are still free from this disease, it has a potential to spread in other countries of the world especially Europe, the United States, Australia, China, India, etc., which is an alarming situation for future food security. Several management strategies for mitigating the effects of wheat blast exits, but a holistic and sustainable approach is needed. The MoT pathogen is fast-evolving, highly aggressive, and potentially devastating in various agro-ecological zones; therefore, a globally intensive effort is needed to prevent its damage and limit its introduction and spread.
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Fusarium head blight (FHB) is one of the economically important diseases of wheat as it causes severe yield loss and reduces grain quality. In winter wheat, due to its vernalization requirement, it takes an exceptionally long time for plants to reach the heading stage, thereby prolonging the time it takes for characterizing germplasm for FHB resistance. Therefore, in this work, we developed a protocol to evaluate winter wheat germplasm for FHB resistance under accelerated growth conditions. The protocol reduces the time required for plants to begin heading while avoiding any visible symptoms of stress on plants. The protocol was tested on 432 genotypes obtained from a breeding program and a genebank. The mean area under disease progress curve for FHB was 225.13 in the breeding set and 195.53 in the genebank set, indicating that the germplasm from the genebank set had higher resistance to FHB. In total, 10 quantitative trait loci (QTL) for FHB severity were identified by association mapping. Of these, nine QTL were identified in the combined set comprising both genebank and breeding sets, while two QTL each were identified in the breeding set and genebank set, respectively, when analyzed separately. Some QTLs overlapped between the three datasets. The results reveal that the protocol for FHB evaluation integrating accelerated growth conditions is an efficient approach for FHB resistance breeding in winter wheat and can be even applied to spring wheat after minor modifications.

Keywords: Fusarium head blight, winter wheat, speed breeding, accelerated growth conditions, genome-wide association study, disease resistance


INTRODUCTION

Hexaploid winter wheat (Triticum aestivum L., 2n=6x=42, AABBDD) is an essential small-grain cereal crop grown for food and feed. In northern Europe, including Germany, wheat is the single most cultivated cereal crop where winter wheat is occupying the first place in production (Chawade et al., 2018). Studies examining global trends in wheat yield showed that with other major crops, wheat production must be doubled to meet the future demand to feed 10 billion people by the year 2050 (Ray et al., 2012; Hall and Richards, 2013; Ray et al., 2013). Current wheat production in the world is impacted by environmental factors, such as abiotic and biotic stresses and climate change. Meeting the 2050 demand is becoming increasingly dependent on the genetic improvement of new cultivars and developing novel techniques for agricultural practices. The investment in the development of new breeding methodologies for cultivar improvement emerged as one of the recommended strategies to tackle the 2050 challenges that are aiming to alleviate poverty, feed the 10 billion, and reduce greenhouse gas emissions (Searchinger et al., 2019). In northern Europe, wheat farming areas and yield trends have been increasing in the past decades (FAOSTAT, 2020), possibly driven by climate change where wheat productivity was positively correlated with warmer climates (Olesen and Bindi, 2002). However, factors that affect yield negatively in wheat are diseases, such as Septoria tritici blotch and Fusarium head blight (FHB; Chawade et al., 2018). FHB is one of the major diseases affecting winter (bread) wheat (Miedaner et al., 2010; Buerstmayr et al., 2020). The disease leads to reduced grain yield globally and is the second most serious disease affecting the wheat yield after leaf rust (Buerstmayr et al., 2020). FHB infected grains have poor quality as they contain mycotoxins which are harmful to humans and animal consumption (Schmolke et al., 2008; Buerstmayr et al., 2009; Berthiller et al., 2013; Nakagawa et al., 2017). Under humid and semi-humid conditions, FHB can severely impact wheat production and can lead to further losses due to increased accumulations of mycotoxins. This is of critical importance when considering the European Union maximum levels of mycotoxins allowed for cereals sold for food and feed production (European Union, 2020). Therefore, additional losses to FHB can be predicted mainly in rainy years. Previous experiences with severe FHB pandemic impacted farmers planting decisions as it was in the 1990s in some parts of the world (Ali and Vocke, 2009). Resistance to FHB in wheat can be dissected into five types that can be either evaluated independently or in combination with each other (Mesterhazy, 1995; Mesterhazy et al., 1999; Gong et al., 2020; Kumar et al., 2020). During the growth of plants, type I (initial infection of the florets) and type II (spread of the disease along the spike) have long been used for FHB resistance testing. In contrast, type III resistance (the accumulation of mycotoxins) can be evaluated during the development of FHB on the spikes and post-harvest. Type IV (kernel damage) and type V (reduction in yield) can be evaluated at the post-harvest stage. FHB resistance is quantitatively inherited, influenced by both additive and non-additive genetic effects (Venske et al., 2019; Ma et al., 2020; Ollier et al., 2020). Quantitative trait loci (QTL) mapping and genome-wide association studies (GWAS) are used extensively to identify QTLs for FHB resistance in wheat, for possible application in marker-assisted selection (Miedaner et al., 2019; Venske et al., 2019; Buerstmayr et al., 2020; Hu et al., 2020; Ollier et al., 2020).

Efforts to address FHB resistance through QTL mapping revealed so far the presence of 556 QTL spread across wheat genome (Steiner et al., 2017; Venske et al., 2019). The majority of the FHB resistance associated QTLs has been shown to add minor resistance effects to FHB in wheat (Schweiger et al., 2016; Fabre et al., 2020). However, a small subset of genes has been identified in FHB-mediated resistance (Venske et al., 2019; Fabre et al., 2020). The locus Fhb1 found on chromosome 3BS has been long identified as a key player in mediating FHB resistance in wheat (Bai et al., 1999). More recent studies of the Fhb1 revealed its role in harboring resistance to FHB by transforming Arabidopsis and FHB susceptible wheat cultivars with Fhb1 locus (Rawat et al., 2016; Li et al., 2019; Su et al., 2019). Despite the conflicting results in terms of the mechanisms on how Fhb1 is mediating the resistance, cloning the locus validated its strong association in enhancing the resistance in the susceptible genotypes (Rawat et al., 2016; Li et al., 2019; Su et al., 2019). Driven by its role in FHB resistance, several studies were carried out to identify the presence of Fhb1 locus in the germplasms adapted in breeding programs for many regions in the world (Liu and Anderson, 2003; Wang et al., 2017; Zhu et al., 2020). However, so far, studies have demonstrated a low frequency of Fhb1 in their germplasms (Hao et al., 2020; Zhu et al., 2020). Interestingly, Fhb1 is reportedly the only resistance QTL found in many new European wheat cultivars exhibiting high resistance levels (Hao et al., 2020).

The winter wheat growth cycle is relatively longer compared to the spring cereal crops, as winter wheat requires a vernalization period of up to 12weeks to initiate the reproductive growth period (Ferrie and Polowick, 2020). Thus, up to two generations of winter wheat a year can be achieved in greenhouse growth conditions provided there is infrastructure available for vernalization (Ferrie and Polowick, 2020). Reducing the growth cycle is of paramount importance in increasing the genetic gain of the crops (Cobb et al., 2019). While the vernalization period of winter wheat is a limiting factor in shortening its life cycle (Voss-Fels et al., 2019), speeding up winter wheat life cycle can be achieved by optimizing post-vernalization growth conditions. The speed breeding (SB) technique in spring crops is shown to accelerate the growth and development of plants resulting in considerably shortening the time from sowing to harvest (Ghosh et al., 2018; Watson et al., 2018; Hickey et al., 2019). SB can be achieved by using an artificially prolonged light period, increased daylight intensity where light quality can be controlled (Ghosh et al., 2018; Watson et al., 2018). Under SB conditions, up to six generations of spring wheat and spring barley can be completed in 1year (Hickey et al., 2019). SB protocols were also developed for other plant species, including peanuts, chickpea, oats, and quinoa (Hickey et al., 2019).

Growing plants in controlled environments can greatly reduce the environmental variation associated with field trials and allow the possibility of several screening per year without being limited to one season in the field (Riaz et al., 2016). Aspects plant development under continuous light conditions SB must be in the direction of enhancing the growth rate without negatively affecting the steps undertaken for the evolution of disease resistance. The phenotypic characterization of leaf rust resistance in spring wheat plants grown under artificial conditions has been shown to give similar results to those in field trials (Riaz et al., 2016). In winter wheat, and regardless of the photoperiodism and vernalization, the developmental rate of the plants has been shown to be positively promoted in continuous light setting made with a light spectrum from combining different fluorescent light lamps grown constantly at 20°C (Sysoeva et al., 2010). Increased photosynthetic rate of several crops including wheat has been observed in long-day conditions leading to increased dry matter accumulation where the partitioning of the dry matter appears to be undisrupted by the continues light in wheat (Sysoeva et al., 2010). More recent studies have revealed the even though some physiological disorders in wheat plants have been observed when grown under continuous light (Sysoeva et al., 2010), other studies indicated suitability of SB for wheat (Ghosh et al., 2018). The light settings provided by LED light spots giving light spectrum of blue, red, and far-red with photosynthetic photon flux density between 540 and 500μmolm−2 s−1 for 22h/day have been shown to be suitable in SB of spring wheat and barley plants (Ghosh et al., 2018). Winter wheat may slightly differ in its light responses compared to spring wheat. Therefore, light settings must be adjusted (photoperiod, composition, and intensities) so light injury reflected by symptoms, such as leaf chlorosis, are not visible.

This study aimed to develop a protocol to combine accelerated growth conditions under SB with the evaluation of FHB resistance in winter wheat plants. The developed protocol was tested using two different sets of germplasm obtained from the breeding program and the genebank. The germplasm phenotypic characterization was later used for GWAS to identify QTL in the studied germplasm. The developed protocol and the results from the germplasm characterization are presented.



MATERIALS AND METHODS


Plant Material

The plant material used in this work included winter wheat germplasm from two different sources. The first group of winter wheat genotypes was made up of 181 genotypes of highly diverse plant materials that included landraces and old cultivars (genebank set) obtained from the Nordic Genetic Resource Center (Nordgen). The second source of the plant material consisted of 338 genotypes (breeding set) provided by the Swedish agricultural cooperative (Lantmännen Lantbruk, Svalöv, Sweden).



Plant Growth Conditions


Germination

This work was conducted in the biotron, a facility with controlled-climate chambers at the Swedish University of Agricultural Sciences (SLU) in Alnarp, Sweden. Several seeds of each genotype were planted in 8×8×8cm plastic pots filled with peat soil from Emmaljunga Torvmull AB, Sweden. The pots were arranged using the augmented block design described under the experimental design section. The pots were watered as required, and the seeds were left to germinate for 5days. During the seed germination period, day-length parameters were adjusted at a light intensity (LI) of 250μmolm−2 s−1 for 8h at °C 22, night 16h of darkness with at 20°C while keeping relative humidity (RH) of 50%. After successful germination, plants were thinned and only one plant was allowed to grow in each pot.



Vernalization

Seedlings were vernalized by growing under short-day conditions of 8/16h day/night regime with the temperature of 3°C and LI of 250μmolm−2 s−1. At this intensity, vernalization light source, wavelength composition, and individual wavelength intensities are described under accelerated growth conditions. RH was 80% for 8–9weeks (approximately 60days).



Acclimatization

After vernalization, plants were allowed to acclimatize to the upcoming vegetative growth period. This included a period of gradual change in growth conditions for 6days (Table 1). The temperature was set to increase per day by 3–4°C and day-length by 2–3h. LI was increased to 400μmolm−2 s−1 on the second day and was left unchanged throughout the acclimatization period. RH was gradually lowered to reach 50% at the end of the acclimatization (Table 1).



TABLE 1. Growth conditions for acclimatization of vernalized winter wheat plants to the growth conditions of accelerated growth.
[image: Table1]



Accelerated Growth Conditions

At the end of the acclimatization period, the plants were allowed to grow for 32days under the same conditions as on the last acclimatization day (Table 1). The lighting source was LED lights model RX30 grow lights (Heliospectra AB, Gothenburg, Sweden). The LED grow lights provided nine individually controlled wavelengths ranging from 380nm (UVA) to 735nm (far-red) and white light. Wavelengths 380, 400, 420, and 450 were set to radiate at 480μmolm−2 s−1 intensity. Meanwhile, the remaining wavelengths that included 530, 620, 660, 735, and the white light were adjusted with high intensity at 960μmolm−2 s−1. Sensor-feedback-based lighting continuously adjusted at the level of the plant canopy was set to give 400μmolm−2 s−1 intensity from the light source for 22h. The temperature throughout the extended long day was constantly maintained at 22°C following the speed breeding protocol published earlier (Ghosh et al., 2018). Due to the rapid nature of plant growth under the extended long-day conditions, a schedule of daily watering and weekly fertilization was followed. Initially, a mix of high phosphate and high nitrogen soluble fertilizer SW-BOUYANT 7-1-5+Mikro+KH2PO4 was added 3days post-acclimatization (dpa). High nitrogen fertilizer was added at 10 dpa followed by high potassium soluble fertilizer Yara Tera Kristalon NPK 12-5-30 with S, and micro was added twice at 15 and 20 dpa.



Inoculum Preparation for Fusarium Head Blight

Isolates belonging to Fusarium species F. graminearum and F. culmorum provided by the plant breeding company Lantmännen Lantbruk were used in the preparation of the inoculum. These included six isolates of F. graminearum and three isolates of F. culmorum. Using a large number of isolates was intended to identify germplasm with broad resistance to various Fusarium species. The isolates were cultured on the weak Spezieller Nahrstoffarmer agar media (Leslie and Summerell, 2006). The cultures were incubated at 24°C for 4days, followed by near ultra-violet UV radiation for 10h to promote macroconidial formation. Following the UV light treatment, the cultures were moved back to incubate for another 3–4days at 24°C before collecting macroconidial spores for the inoculum preparation by pouring water on the surface of the cultures and scarping using a spatula. The surfactant Tween®20 0.002% (v/v) was added to the final suspension containing the spore concentration of 5×105 spore/ml.



FHB Infection Conditions

Upon completing ear emergence and the emergence of anthers, approximately 33 dpa plants were moved to grow under a long-day regime with 16/8h day/night in the greenhouse chamber. RH was adjusted to 60%, and the temperature was maintained at 24°C. The new growth conditions were intended to allow the plants to continue growing for 24days without accelerated growth until physiological maturity. Daily watering and weekly fertilization were carried out at this stage. Plants at 75% heading were spray-inoculated once, and inoculated plants were incubated at a high RH of 90% for 48h while keeping other growth parameters unchanged. At the end of this incubation period, RH was lowered to 60%, and plants were allowed to grow until the end of the 24day period.

The visual assessment of FHB disease severity on the spikes was carried out at 6, 8, 10, and 12-days post-inoculation (dpi). Generally, visual symptoms, such as bleached, yellowish or discolored, and stunted spikes, indicate the development of FHB on the ears. Disease spread was evaluated as percentage infection ranging between 5% (most resistant phenotypes) and 100% (most susceptible phenotype). The percentage rating scoring was based on the relative number of infected spikelets to the total number of spikelets per spike on the main tiller (Stack and McMullen, 1998) with an adjustment of the scoring method. Unlike the visual assessment of disease spread of FHB type II resistance, the current scoring method relied on assessing the disease severity in relation to all infected spikelets on the ear regardless of the symptom continuity. Figure 1 shows the scale used for the visual assessment of FHB severity. Discontinued spread of the disease (symptoms are located distantly on the same spike and separated by spikelets that show no visual FHB infection symptoms) is taken together to represent the total severity on the spike (Figures 1C,E).
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FIGURE 1. Scale for Fusarium head blight (FHB) severity scoring on winter wheat spike. Rating of disease severity ranged from (A) 5 to (F) 100%. FHB infection can be continues (B, D) or disconnected (C, E) on a spike. Scoring was based on the proportion of total infected spikelets to the total numbers of spikelets.


The genotypic variation in heading and flowering represents a challenge that may affect the uniformity of FHB development on a large and diverse number of artificially inoculated plants. Additionally, certain genotypes may require longer periods of vernalization to promote heading and subsequently flowering leading to the inoculated plants at earlier stage for those genotypes compared to the rest of the genotypes in the germplasm. In order to limit the bias in the downstream analysis of FHB resistance, germplasm genotypes that showed 0% infection phenotype (absence of infection symptoms) in the material were discarded together with genotypes that have not reached heading at the time of inoculation. Only genotypes that scored varying FHB symptoms that ranged between 5 and 100% were included in the analysis.



Harvest

Watering was discontinued 21days after FHB infection conditions while keeping all other growing conditions unchanged. RH was lowered to 40% 24days after reproductive growth in the greenhouse and the plants were left to mature. Spikes were harvested approximately 30days after FHB infection conditions.




Flag Leaf Area, Spike Length, and Spike Width Measurements

During the reproductive growth period, flag leaf area (FLA) was measured for each genotype using LI-3000C Portable Leaf Area Meter. Spike length (SL) and spike width (SW) were estimated using a digital Vernier caliper scale. In order to avoid bias in SW (thickness of the spike), width measurement was always performed at the third lower spikelet.



Heading Time and Anther Extrusion

Heading time (HT) was taken depending on the emergence of 75% of the spikes out of the sheath of the flag leaf at three time points recorded every third day consecutively. Spikes were categorized according to the three HTs as early (HT1), medium (HT2), and late (HT3). Anther extrusion was recorded at two time points with 2days difference and was recorded as early (AE1) and late (AE2).



Experimental Design

Four replicates each of genebank and breeding sets were arranged in an augmented block design developed using the package Agricolae in R (De Mendiburu, 2014). The design included four checks of winter wheat cultivars per block, namely, Nimbus, Stigg, Norin, and Julius. According to this design, 11 blocks per replicate were assigned for the breeding set and six blocks per replicate for the genebank set.



Phenotypic Analyses

Unadjusted means of cultivars within the augmented design of each replicate were filtered and removed for the cultivars that gave a percentage of 0%. Phenotypic data were analyzed in two steps. First, the checks in each augmented block were used to adjust the means for each trait per experiment/replicate using the Agricolae R package (De Mendiburu, 2014) based on the following model:
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where, y_il is the adjusted means of the ith wheat genotype in the lth block, u is the general mean value, G_il is the effect of the ith wheat genotype in the lth block, B_l is the lth block effect, and ε_il is the residual. For FHB severity, the area under disease progress curve (AUDPC) was estimated from the adjusted means of the four disease ratings for each experiment. In the second step, the adjusted means were used to calculate the best linear unbiased estimates (BLUEs) following the randomized complete block design option in META-R 6.04 (Alvarado et al., 2015) based on the model:
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where, y_ijm is the BLUE of the ith wheat genotype from the jth source/population in mth replicate, u is the general mean value, S_j is the effect of the jth source of material, G_ijm is effect of the ith wheat genotype in the mth replicate, R_m is the mth replicate effect, and ε_ijm is the residual effect. The source of wheat genotypes, S_j, was treated as the grouping factor.



Genotyping and Genome-Wide Association Studies

The genebank set was genotyped previously using a 20K SNP marker array as described by Odilbekov et al. (2019). While the breeding set was genotyped using the 25K SNP chip by TraitGenetics GmbH, Germany.1 Markers with ≥20% missing values were removed. The remaining missing values were imputed by setting SNP.impute=“Major” in Genome Association and Integrated Prediction Tool (GAPIT) 3.0 R package (Lipka et al., 2012). After the quality check, 432 lines (breeding set: 272 and genebank set: 160) and 10,328 SNP markers were left for all genome-based analyses.

Seven models were used for the GWAS: general linear model (Pritchard et al., 2000), mixed linear model (Yu et al., 2005), compressed MLM (Zhang et al., 2010), settlement of MLM under progressively exclusive relationship (Wang et al., 2014), multiple locus linear mixed-model (Segura et al., 2012), fixed and random model circulating probability unification (Liu et al., 2016), and Bayesian-information and linkage-disequilibrium iteratively nested keyway (Huang et al., 2018) implemented in R package GAPIT version 3.0 (Lipka et al., 2012). GLM, MLM, CMLM, and SUPER are single locus GWAS models while MLMM, FarmCPU, and Blink are multiple loci GWAS models (described in detail by the respective authors cited above). The kinship (K) and top 5 to 10 principal components (PCs) were used depending on the model and trait, to control familial relatedness and possible population structure following the settings in GAPIT 3.0 (Lipka et al., 2012).




RESULTS


Accelerated Growth With FHB Protocol for Winter Wheat

The protocol for winter wheat using accelerated growth for the evaluation of FHB resistance (AGFHB) consisted of three major growth periods, namely, (a) the pre-accelerated growth period when the plants were allowed to germinate and vernalize under optimal growth conditions; (b) the accelerated growth period when the plant growth was fast-tracked; and (c) the FHB infection period when the plants were grown in conditions optimal for FHB infection and maturity (Figure 2). The pre-accelerated growth consisted of germination, vernalization, and acclimatization phases. Germination was promoted for 5days followed by vernalization for 56days. Thereafter, to acclimatize the plants for the upcoming stage, the growth conditions were gradually changed over a period of 6days. During this time, the temperature was gradually increased from 3°C to 22°C, day-length was gradually increased from 8h to 22h, and light intensity was increased from 250 to 400μmolm−2 s−1 while RH was decreased from 80 to 50%. After that, accelerated growth conditions allowed plants to rapidly reach the reproductive phase within 30–33days while limiting any visible symptoms of plant stress. At this stage, scoring for heading time, anthesis time, and FLA was performed. Thereafter, FHB infection conditions were introduced to promote FHB infection. Plants were thereafter allowed to mature before harvesting (Figure 3). The entire protocol took between 120 and 130days depending on the genotype.
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FIGURE 2. Schematic overview of the AGFHB protocol for FHB evaluation in winter wheat. Time points for the three time points of heading, heading time HT1 to HT3. Anther extrusion times AE1 and AE2. FHB scoring time points FHB score 1 to 4.


[image: Figure 3]

FIGURE 3. The rapid development of winter wheat plants under accelerated growth conditions. (A) first day post-acclimatization (dpa); (B) 31 dpa end of accelerated growth; (C) winter wheat ears showing FHB symptoms; and (D) maturity.




Evaluation of Agronomic Traits of Germplasm

The AGFHB protocol was used for the evaluation of a total of 519 genotypes consisting of 181 genotypes in the genebank set and 338 genotypes in the breeding set. At the time of the FHB inoculation, 88 and 90% of the plants completed 75% heading of their spikes intended for FHB resistance evaluation in the breeding and genebank sets, respectively. With regard to flowering, 67 and 88% of the plants reached anthesis in the breeding and genebank sets, respectively. As previously stated, genotypes that did not reach the stage of 75% heading at inoculation time were discarded from the following FHB severity scoring together with genotypes that exhibited no visual disease development on the ears.

Best linear unbiased estimates of measured agronomic traits of genebank and breeding sets showed that the mean heading stage was similar in both source populations (Figure 4A). The mean FLA of the breeding set was 18.02mm2 (s=3.87), while for the genebank set, it was 17.15mm2 (s=3.50; Figure 4B). Thus, the mean FLA of the genebank set was smaller compared to the breeding set. The mean SL in the genebank set was 76.44mm (s=8.29), while in the breeding set was 87.82mm (s=9.47; Figure 4C). SL was smaller in the genebank set compared to the breeding set. The mean SW in the genebank set was 11.23mm (s=1.05), while in the breeding set was 11.10mm (s=1.25; Figure 4D).
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FIGURE 4. Phenotypic distribution of (A) heading stage, (B) flag leaf area, (C) spike length, and (D) spike width. Breeding set (red) and genebank set (blue). The black dashed line represents the overall mean for combined genotypes from both breeding set and genebank set.




FHB Evaluation

Fusarium head blight progression was evaluated at four time points and recorded by visually assessing the percentage of FHB on the main tiller spike of each plant. The BLUEs of the area under the FHB progress curve used for our GWAS showed approximately normal phenotypic distribution with an overall mean of 213.10 (s=130.80). The average AUDPC was 225.13 (s=129.98) for breeding set and 195.53 (s=130.44) for genebank set (Figure 5). The correlation between FHB severity (AUDPC) and the five agronomic traits was weak and non-significant in most instances (Supplementary Figure 1). The correlation between heading and anthesis was moderate and highly significant (r=0.51, p<0.001). We found highly significant genotypic variances (p<0.0001) and moderate to high broad-sense heritabilities, depending on the trait and the source of genotypes (Supplementary Table 1). Broad-sense heritability for FHB based on replication in time and space was 0.55 in the combined set, 0.57 in the genebank set, and 0.53 in the breeding set.
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FIGURE 5. Histogram of the area under disease progress curve (AUDPC) for FHB in the wheat genotypes collected from two sources. m1 and m2 represent the mean AUDPC for FHB in genebank set and breeding set, respectively.


To further evaluate the FHB severity estimates from this work, comparison was done with FHB scores from a previous field trial from 2019 conducted by the breeding company Lantmännen Lantbruk. The FHB scores from the field trial were collected in the scale of 1–8. From the breeding set, 275 genotypes were found to be common in the two datasets. A spearman correlation of 0.24 was observed in the FHB scores between the two datasets. When the genotypes were grouped as resistant (FHB scores 1–3) and susceptible (FHB scores 6–8) a statistically significant difference (p<0.0001) was observed between the two groups for mean FHB estimates obtained under controlled conditions.



Genome-Wide Association Studies

The multi-model GWAS detected 12 significant SNPs associated with nine QTLs for FHB severity (p≤0.0001) in the combined dataset (N=432). Four QTLs were co-detected by at least two GWAS models (p≤0.0001, Table 2). Three SNPs, wsnp_Ex_c34975_43204180, Kukri_c18009_398 (chromosome, chr. 3B), and RAC875_c12733_1509 (chr. 7A), were detected above the Bonferroni corrected threshold by SUPER and Blink models (α=0.05, Figure 6). The SNPs associated with the QTLs on chr. 3B (qtlfhb4) had the largest marker effects (Table 2). The majority of the SNPs detected in the combined dataset as well as within the breeding set (N=272) and genebank set (N=160) for the resistance against FHB severity was located on the sub-genome B (Table 2; Figure 6; Supplementary Table 2). Additionally, we found several significant SNPs for the five agronomic traits (p=0.0001, Supplementary Tables 3 and 4). At least two GWAS models simultaneously detected 21, 5, 3, 14, and 2 markers for heading, anthesis, SW, SL, and FLA, respectively, in the 432 wheat lines (Supplementary Table 3). A few SNPs were associated with common QTLs between these traits (Supplementary Table 3). Two QTLs on chr. 3B and 6A were common between FHB severity and heading stage (Table 2; Supplementary Table 3). At p=0.0001, for all traits, we found more QTLs using lines from breeding set and genebank set combined (N=432) than for lines from within each source population alone (Table 2; Supplementary Tables 2–4; Figure 6). As a result, we lowered the significant threshold to p=0.001 [−log(P)=3] for the GWAS within each source population (Supplementary Tables 2–4).



TABLE 2. Quantitative trait loci (QTLs) detected by seven GWAS models at p=0.0001 (LOD≥4) for FHB severity in winter wheat from combined (CS), breeding (BS), and genebank (GS) sets.
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FIGURE 6. Manhattan plots of AUDPC (FHB severity) identified with SUPER (A) combined set; (B) breeding set; and (C) genebank set. Green continuous and blue dashed horizontal lines represent Bonferroni corrected threshold at α=0.05 and exploratory threshold at p= 0.0001, respectively.





DISCUSSION

Developing and implementing new techniques to accelerate wheat genetic gains are essential to achieve the goal of feeding 10 billion people by 2050. Crop genetic gain for disease resistance can be accelerated by reducing generation time and increasing selection intensity. Increasing the genetic gain will not only contribute to increasing the genetic diversity for resistance but will also enable faster introgressions and selection of resistance genes in wheat. It takes up to 10years to develop a new winter wheat cultivar; thus, accelerating this process by increasing the number of generations per year can contribute to the genetic gain of wheat when breeding for yield, climate resilience, and biotic and abiotic stresses. SB is a technique that utilizes affordable growing equipment under greenhouse conditions to shorten generation time in plants. This technique was shown to be effective in several crops, including spring wheat, spring barley, chickpea, oat, quinoa, peanut, and amaranth (Watson et al., 2018; Hickey et al., 2019).

In this work, we developed a protocol to integrate accelerated growth with FHB resistance screening, followed by association mapping. Previously, SB was used to introgress resistance to four diseases in barley in a modified backcross strategy and plants were evaluated and selected based on disease resistance under accelerated growth conditions and later in field trials (Hickey et al., 2017). The protocol proposed in this work allows accelerated growth while avoiding any visible stress symptoms on plants, which is necessary to be able to screen for disease resistance. While the plants are grown under accelerated growth conditions until heading, the growth conditions are changed to regular growth conditions prior to inoculation for FHB which allows the plants to stabilize prior to FHB infection. This provides an advantage of reduced time to reach heading while obtaining disease resistance scores based on plants grown under regular growth conditions. It could be postulated though that there are certain molecular responses in plants activated due to the accelerated growth which continues to remain active even after plants receive regular growth conditions during FHB infection. Further research would be required to fully understand and unravel such responses. It was earlier shown that the most resistant wheat line consistently expressed highest resistance for FHB severity and deoxynivalenol under both greenhouse and field conditions (Kang et al., 2011) suggesting that evaluating plants for resistance to FHB under controlled conditions can accelerate resistance breeding for FHB. Previous studies on winter wheat grown under SB conditions reported 105.4±1.7days are needed to reach flowering of winter wheat (Ghosh et al., 2018). The current protocol shortens the period required from sowing to anthesis of the plants to 97–100days. Moreover, while FHB resistance is screened for in a large number of genotypes, the whole period required from seed to seed is achieved within a time frame of 120–130days. The current protocol enables the evaluation of FHB resistance in three consequent generations of winter wheat per year compared to two generations under regular growth conditions in a greenhouse.

Previous work on comparing measurements taken to evaluate leaf rust resistance in spring wheat grown in controlled environment with continuous light and field conditions showed that the source of variation for the resistance was greatly genotypic (Riaz et al., 2016). The evaluated resistance to leaf rust under continuous light was correlated to that in the field in a panel of diverse cultivars of spring wheat (Riaz et al., 2016). Despite the dissimilarities in terms of growth conditions between the current protocol and field trials, the variations in FHB resistance in winter wheat grown in controlled environment integrating SB are reduced largely to genotypic variations without ignoring the possibilities for physiological disorders, developmental errors, and environmental internal factors of the plants. Hence, when applying the protocol, the phenotypic evaluation results for instance of FHB results are repeatable once the standardized controlled environment of plant growth is met.

Over 500 genotypes from a breeding program and genebank were evaluated using the proposed protocol, and a good phenotypic diversity was observed in the studied germplasm. Moderate to high broad-sense heritability estimates were obtained based on replication in time for heading (0.69–0.79), FHB (0.53–0.57), FLA (0.41–0.53), spike length (0.70–0.77), and spike width (0.44–0.64). In previous studies, the average broad-sense heritabilities for FHB resistance traits were 0.54–0.73 (sd=0.15–0.18) based on field trials (Ma et al., 2020). The heritabilities in this work compared to previously published work indicate that FHB resistance is a moderately to highly heritable trait.

Fusarium head blight resistance is quantitatively inherited and controlled by a plethora of genes (Mesterhazy, 1995; Mesterhazy et al., 1999; Miedaner et al., 2010, 2019; Venske et al., 2019). In this work, the AUDPC showed that both highly resistant and susceptible genotypes were present in Nordic winter wheat. On average, the genebank germplasm was less susceptible to FHB than the breeding lines (Figure 1). This can be explained by the presence of some highly resistant germplasm in the genebank collection. Previous studies indicated that genetic resources, such as landraces, might harbor more resistance genes than elite lines (Kidane et al., 2017; Buerstmayr et al., 2020). The genetic variation for FHB resistance in the materials evaluated can be exploited to improve FHB resistance in the Nordic winter wheat.

In addition, we found high genetic variation for the heading stage, anthesis, spike length, spike width, and FLA. Similarly, high genetic variation for heading (Zanke et al., 2014), anthesis (Bogard et al., 2011), spike length (Zhai et al., 2016), and FLA (Liu et al., 2017, 2018) has been reported in winter wheat. These traits are important for agronomic adaptation and can have pleiotropic effects on disease severity, which may delay the use of resistance alleles in commercial cultivars (Gervais et al., 2002; Buerstmayr et al., 2020; Ogrodowicz et al., 2020). However, in this present study, we found very weak correlations between AUDPC (FHB) and all five agronomic traits measured. A high correlation between heading and anthesis is expected (Langer et al., 2014), since wheat ears usually emerge from the flag leaf before anthesis. However, in some cultivars, the ears may not fully emerge from the flag leaf before shedding pollens. Flag leaf is an important organ that influences yield-related traits, such as spike length, because of its role in photosynthesis and nutrient partitioning. The correlation between FLA and the two spike traits was low, only significant for spike length (Supplementary Figure 1). In earlier studies, Liu et al. (2018) also found a significant and positive correlation between spike length and flag leaf length.

Fusarium head blight resistance is quantitative, being controlled by many loci. The significant SNPs detected on chr. 3BS (62.31–68.71cM) might be associated with a major QTL (SLUfhbchr3B.4) that regulates FHB severity in the material analyzed (p=0.0001, Table 2; Supplementary Table 2). Within ±20cM, SLUfhbchr3B.4 overlapped with QTLs projected into meta-QTL 3/3B and 4/3B in the previous studies (Venske et al., 2019). The high impact Fhb1 QTL originating from the Chinese spring wheat, Sumai 3, is located on the short arm of chr. 3B between 1cM and 7cM (Bai et al., 1999; Waldron et al., 1999; Venske et al., 2019; Ma et al., 2020). At p=0.001, the significant SNPs found between 9cM and 14cM on chr. 3B within the breeding set was localized between the Fhb1 QTL and meta-QTL 1/3B (16.02–16.84cM) reported by Venske et al. (2019). Similar to the outcome of this study, previous studies found QTLs for FHB resistance on the other sub-genomes of bread wheat (Miedaner et al., 2010, 2019; Kollers et al., 2013; Venske et al., 2019). For example, the QTL on chr. 3A (SLUfhbchr3A.3; Table 2) colocalized with the meta-QTL1/3A located at 14.01–26.18cM (Venske et al., 2019). The average effect of the favorable QTL alleles for six SNPs detected by at least two GWAS models simultaneously could reduce FHB severity below the overall mean (Supplementary Figure 2; Table 2). Since 1999, over 500 QTLs scattered across all wheat sub-genomes and chromosomes have been reported for FHB resistance, the sub-genome B containing the largest number of the QTLs followed by A (Venske et al., 2019). Chromosome 3B can be described as a hot spot for FHB resistance because the majority of the FHB QTLs found in our study and literature was localized on this sub-genome (Liu et al., 2009; Venske et al., 2019; Ma et al., 2020; Table 1; Figure 1; Supplementary Table 2). Colocalization of two QTLs between heading and FHB severity might partly explain the significant negative correlation between FHB and heading (r=−0.16, p=0.001). FHB resistance QTLs may be population specific and QTLs with minor effects control FHB resistance and are difficult to detect in smaller populations. In this study, the presence of common FHB resistance QTL regions in both breeding and genebank sets increased the power to detect more QTLs in the combined set and even at a higher significance threshold (e.g., Bonferroni corrected threshold at α=0.05; Figure 6). Thus, higher gains should be expected from MAS for FHB resistance in wheat breeding programs when lines from both breeding and genebank materials are used.

The genetic architecture of heading, anthesis, SW, SL, and FLA is complex, being influenced by several QTLs (Supplementary Tables 3 and 4). Similar to our results, Langer et al. (2014) and Zanke et al. (2014) found many QTLs for heading time, majority was located on chromosome 5B. Also, QTLs were reported for anthesis (Bogard et al., 2011), spike characteristics (Zhou et al., 2017), and FLA (Liu et al., 2018). The presence of QTLs in similar genomic regions might explain the positive and moderate phenotypic correlations observed between the heading stage and anthesis (r=0.51, p<0.001) as well as FLA and SL (r=0.23, p=0.001).

In GWAS, large population sizes are required to detect QTLs with small effects and to reduce the Beavis effect (Beavis and Paterson, 1998; Xu, 2003). Consequently, at p=0.0001, we found more QTLs for GWAS incorporating lines from both genebank and breeding sets than GWAS within each source population separately. However, within genebank set or breeding set, several QTLs could be detected at a lower significant threshold (e.g., p=0.001), only a few were present at p<0.0001, depending on the trait (Supplementary Tables 2 and 4). For example, the FHB QTLs on chr. 3B (SLUfhbchr3B.4) and 3D (SLUfhbchr3D.5a and SLUfhbchr3D.5b) in breeding set and genebank set (Supplementary Table 2). The results found for analyses within individual sets showed that both common QTLs and partially different QTLs might regulate FHB resistance in the two populations. The presence of some common resistance QTLs in both breeding and genebank sets might have increased the power to detect more QTLs in the combined set and even at a higher significance threshold (e.g., Bonferroni corrected threshold at α=0.05; Figure 6). Higher gains should be expected from MAS for FHB resistance breeding when lines from both breeding and genebank populations are used. A strategy to incorporate QTL from the genebank set to the breeding set will lead to improved resistance to FHB in the germplasm of the breeding program.



CONCLUSION

Speeding up of the generation cycle was achieved by integrating SB protocol in diverse winter wheat genotypes used in the improvement for Nordic winter wheat cultivars. Within this work frame, screening for disease resistance among the genotypes for FHB was evaluated in the assigned Nordic germplasm. A significant genetic variation could be found for FHB resistance and agronomic traits in Nordic wheat germplasm. The molecular mechanism of FHB resistance is very complex, governed by multiple loci. Resistant alleles were present in both LM and NG materials and can be harnessed to improve FHB resistance in winter wheat by genomics-assisted speed breeding.

Due to the prolonged nature of winter wheat growth requiring vernalization at every generation, conventional breeding programs have the potential to release new cultivars in 15years. Taking into account the period required for vernalization, the current protocol for disease resistance in wheat provides the potential for reducing the growth by 55 to 110days per generation. Therefore, a significant time saving up to 2–3years can be expected in trait introgression breeding programs using several generations of backcrossing and 1year in conventional SSD programs.
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Wheat stem (or black) rust is one of the most devastating fungal diseases, threatening global wheat production. Identification, mapping, and deployment of effective resistance genes are critical to addressing this challenge. In this study, we mapped and characterized one stem rust resistance (Sr) gene from the tetraploid durum wheat variety Kronos (temporary designation SrKN). This gene was mapped on the long arm of chromosome 2B and confers resistance to multiple virulent Pgt races, such as TRTTF and BCCBC. Using a large mapping population (3,366 gametes), we mapped SrKN within a 0.29 cM region flanked by the sequenced-based markers pku4856F2R2 and pku4917F3R3, which corresponds to 5.6- and 7.2-Mb regions in the Svevo and Chinese Spring reference genomes, respectively. Both regions include a cluster of nucleotide binding leucine-repeat (NLR) genes that likely includes the candidate gene. An allelism test failed to detect recombination between SrKN and the previously mapped Sr9e gene. This result, together with the similar seedling resistance responses and resistance profiles, suggested that SrKN and Sr9e may represent the same gene. We introgressed SrKN into common wheat and developed completely linked markers to accelerate its deployment in the wheat breeding programs. SrKN can be a valuable component of transgenic cassettes or gene pyramids that includes multiple resistance genes to control this devastating disease.

Keywords: durum wheat, stem rust, resistance gene, SrKN, introgression


INTRODUCTION

The total world human population is expected to increase 35% by 2050, which will require an increase of current food production levels by 70–100% (Godfray et al., 2010). Wheat, Triticum aestivum L. (2n = 6x = 42, AABBDD) and Triticum turgidum subsp. durum (Desf.) Husn. (2n = 4x = 28, AABB), provide roughly 20% of calories consumed by the human population and play a major role in global food security. To achieve further increases in wheat production, it is critical to reduce yield losses caused by the fungal pathogens. Puccinia graminis f. sp. tritici (Pgt), the causal agent of wheat stem (or black) rust, is one of the most yield-limiting diseases throughout the wheat-growing regions worldwide (Leonard, 2001). For the past several decades, stem rust has been effectively controlled by the use of genetic resistance and eliminating the alternate host barberry (Berberis vulgaris L.) (Peterson et al., 2005; Singh et al., 2015).

Unfortunately, this disease reemerged as a serious threat with the detection of a highly virulent isolate TTKSK (also known as Ug99) in Uganda in 1998. Ug99 is virulent to most of the deployed stem rust resistance genes, such as the widely deployed Sr31 gene (Pretorius et al., 2000; Jin et al., 2007). Currently, 13 variants in the Ug99 lineage have been detected in the 13 countries extending from Africa to Asia (Nazari et al., 2009; Bhardwaj et al., 2019). Additional challenges are emerging from the appearance of other virulent races unrelated to the Ug99 race group, such as TRTTF, JRCQC, TKTTF, and TTRTF (Olivera et al., 2012, 2015; Tesfaye et al., 2020).

The non-Ug99 race TRTTF, which was first discovered in Yemen and subsequently in East Africa, defeated the resistance conferred by genes SrTmp, Sr36, and Sr1RSAmigo that are effective against Ug99 (Olivera et al., 2012). The races TRTTF and JRCQC overcame the resistance provided by genes Sr9e and Sr13 (Olivera et al., 2012), which are important sources of stem rust resistance in many commercial durum wheat cultivars (Periyannan et al., 2014; Singh et al., 2015). Virulent race TKTTF was responsible for a severe stem rust epidemic in the south of Ethiopia and caused nearly 100% yield losses on the Ug99 resistant wheat variety “Digalu” (Olivera et al., 2015). Another race of concern is TTRTF, which was first identified in Georgia in 2014 (Olivera et al., 2019), and subsequently spread to more countries, such as Hungary, Egypt, and Ethiopia (Tesfaye et al., 2020). Since Pgt has already demonstrated its ability for rapid spread and evolution, additional sources of resistance are needed to diversify the combinations of deployed Sr genes, including those from the primary wheat gene pool.

Triticum turgidum ssp. durum, which is part of the wheat primary gene pool, is grown in about 18 million ha worldwide with an annual production of approximately 35 million tons (Cakmak et al., 2010). Tetraploid wheat (T. turgidum ssp.) has contributed several stem rust resistance genes, including Sr9d/Sr9e/Sr9g, Sr11, Sr12, Sr13a/Sr13b, Sr14, and Sr17 (Bariana, 2008; Singh et al., 2011, 2015; Zhang et al., 2017). The recent development of next-generation sequencing (NGS) and genome-wide high throughput genotyping platforms, such as the Illumina iSelect single nucleotide polymorphism (SNP) array (Illumina Inc., CA, USA) (Wang et al., 2014) and the wheat exome capture (Krasileva et al., 2017), have accelerated the identification of new stem rust resistance genes (Letta et al., 2014; Nirmala et al., 2017; Miedaner et al., 2019; Megerssa et al., 2020).

The durum wheat variety “Kronos” (PI 576168) developed by Arizona Plant Breeders Inc. (AZ, USA) was previously postulated to carry Sr13 and a second TRTTF resistance gene, temporarily designated as SrKN (Zhang et al., 2017). Sr13 has been cloned and encodes a typical coiled-coil nucleotide-binding leucine-rich repeat protein (Zhang et al., 2017). The objectives of this study were to: (1) characterize and genetically map SrKN; (2) identify the corresponding regions in the different sequenced wheat genomes; and (3) introgress the chromosome segment carrying SrKN into hexaploid wheat.



MATERIALS AND METHODS


Plant Materials and Mapping Population

To map the TRTTF resistance gene, the Kronos sr13 mutant line T4-3102, carrying a premature stop codon in the LRR domain, was crossed with the susceptible durum line Rusty (Klindworth et al., 2006). For the initial map, we evaluated a subset of 90 F2 plants with Pgt race TRTTF (isolate 06YEM34-1) and a separate subset of 145 F2 plants from the same population with BCCBC (isolate 09CA115-2). We tested the observed segregation ratios using χ2 tests.

For the construction of the high-resolution genetic map, we selected four F2 plants (plants 17, 31, 47, and 87) heterozygous for the SrKN candidate region using molecular markers and produced 1,468 F3 plants. These plants were genotyped with SrKN flanking markers to identify recombination events in the candidate gene region. The plants carrying these recombination events and their F4 progenies were challenged with Pgt races BCCBC and 34MKGQM.

To evaluate the resistance profile of SrKN to multiple Pgt races, we developed a pair of F5 sister lines homozygous for the presence (Td31-5R) or absence (Td31-7S) of SrKN using molecular markers and their levels of resistance to race BCCBC. This additional criterion was used to eliminate a minor Sr resistance gene present in T4-3102 that confers a mild resistance to BCCBC but not to TRTTF (as shown in the Results section). Td31-7S was F4 plant number 7 from F3 family 31, which was very susceptible to BCCBC. Td31-5R was F4 plant number 5 from the same segregating family, which carried the SrKN based on the flanking markers, but that showed an intermediate resistance reaction to BCCBC (we assumed that the very resistant parental line T4-3102 carries both genes).

Finally, we used a collection of 23 accessions of T. turgidum ssp. durum and 16 of T. aestivum to determine the value of the closely linked markers identified in this study for marker-assisted selection.



Stem Rust Assays

The infection types (IT) of mutant line T4-3102 and Rusty to Pgt races TTKSK (isolate 04KEN156/04), TRTTF (06YEM34-1), TKTTF (13ETH18-1), and JRCQC (09ETH08-3) were reported in the previous study (Zhang et al., 2017). In this study, the parental lines T4-3102 and Rusty, and their segregating populations were re-evaluated with races TRTTF (06YEM34-1) and BCCBC (09CA115-2) at the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) and Cereal Disease Laboratory and the University of California, Davis (UCD), respectively. Evaluations with four Chinese Pgt races 21C3CTTTM (20GH13), 34MKGQM (20IAL06), 34MTGSM (20GSA1), and 34C3RTGQM (20IAL32) were performed at Peking University Institute of Advanced Agricultural Sciences, Weifang, Shandong, China.

The avirulence/virulence formulae of the Pgt races used in this study are presented in Supplementary Table S1. The procedures for inoculation were as described previously (Rouse et al., 2011) and ITs were scored using a 0–4 scale also described before (Stakman et al., 1962; Rouse et al., 2011; Chen et al., 2015). The additional symbols “+” or “–” were used to indicate larger or smaller pustules within the same IT (Roelfs and Martens, 1988).



Wheat 90K iSelect Assay

Genomic DNA of the parents and F2 plants was extracted using the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980). The quality and quantity of DNA were measured using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, MA, USA) and normalized to 50 ng/μl. We genotyped the parental lines and 46 F2 plants at the USDA-ARS Small Grain Genotyping Lab at Fargo (ND, USA) with the wheat 90K SNP iSelect Illumina platform (Wang et al., 2014). The SNP genotype calling was processed using Illumina GenomeStudio v.2011.1 (Illumina Inc., CA, USA). The polymorphic SNP markers with more than 20% missing values were removed.



Marker Development

Once the linked SNPs were identified using the 90K SNP array, their flanking sequences were used to perform BLASTN (Basic Local Alignment Search Tool for nucleotide sequence) searches in the reference genomes of hexaploid wheat Chinese Spring (CS) (The International Wheat Genome Sequencing Consortium, 2018) and tetraploid wheat Svevo (Maccaferri et al., 2019) to define the SrKN candidate region in these two genomes. To accelerate the development of markers in the candidate region, we performed exome-capture for the susceptible parent Rusty (accession number PRJNA751176), since the sequence of Kronos assembly (Walkowiak et al., 2020) was already available. Genomic library preparation, exome capture, sequencing, and data analysis were conducted using the same methods as described before (Krasileva et al., 2017; Mo et al., 2018). We aligned the Rusty and Kronos sequences of the genes in the candidate region, identified the polymorphic sites, and generated sequence-based markers spaced throughout the candidate gene region.

DNA amplification was carried out in a Veriti 96-Well Fast Thermal Cycler with the following thermal cycling profile: an initial denaturation step of 94°C for 3 min, followed by 35 cycles consisting of 94°C for 30 s, annealing at 50–65°C for 30 s, and extension at 72°C for 60 s, ending with a final step at 72°C for 10 min. After the PCR amplification, 10 μl PCR products were subjected to agarose gel electrophoresis (~1.5% agarose), and the gels were stained with ethidium bromide.



Allelism Test

The tetraploid durum wheat variety Vernal was originally hypothesized to have both Sr9e and Sr13 (Saini et al., 2018). However, using a published diagnostic marker for Sr13 (Zhang et al., 2017), we found that Vernal carries the Sr13 susceptible haplotype (S7). To obtain the Sr9e monogenic line, Vernal was crossed with susceptible line Rusty, and the resulting F1 was backcrossed two times with Rusty. The presence of the Vernal allele in the Sr9e region was monitored during backcrossing using the cleaved amplified polymorphic sequence (CAPS) markers pku4861F7R7 and pku4922F1R2. The Sr9e monogenic line (referred hereafter as Vernal-BF9e) was selected from the BC2F2 plants. An allelism test between SrKN and Sr9e was carried out using 470 F2 plants derived from the cross between the monogenic lines Td31-5R (SrKN) × Vernal-BF9e (Sr9e) inoculated with Pgt race 34MKGQM.



Transferring of T. durum Segment Carrying SrKN Into Hexaploid Wheat

Triticum turgidum subsp. durum wheat variety Kronos was crossed with the T. monococcum wheat accession PI 306540 (AmAm) as described before (Chen et al., 2020). The resulting F1 triploid plants were completely male sterile and were crossed with common wheat variety Clear White (PVP 2004-00244). Next, the F1 plants were backcrossed to the hexaploid wheat line Fielder. Flanking and completely linked PCR markers (Table 2) were used to validate the presence of Kronos segment, including SrKN during backcrossing. One BC2F2 plant heterozygous for the SrKN candidate chromosome region and without other Sr resistance genes was self-pollinated. The selected BC2F3 plants were divided into two groups and inoculated with Pgt races 34MKGQM and 34C3RTGQM, respectively. After phenotyping, the BC2F3 plants homozygous for SrKN were transplanted and then, self-pollinated to generate the BC2F4 seeds.



Statistical Analyses

We mapped the Rusty reads from the exome capture on the Kronos assembly and called SNPs using SAMtools. We generated the pileup files and used BCFtools for variant calling (http://samtools.sourceforge.net/). The variants with a sequencing depth of ≤ 5 and mapping quality of ≤ 50 were removed for subsequent analysis. The polymorphic markers and the stem rust resistance phenotypes were used to construct the genetic linkage maps using the software JoinMap 4.0 and MapChart 2.2 (Kyazma BV, Wageningen, Netherlands; https://www.wur.nl/en/show/Mapchart.htm) (Stam, 1993; Voorrips, 2002; Van Ooijen, 2006). The BLASTN searches against the hexaploid wheat CS (https://wheat-urgi.versailles.inra.fr/Seq-Repository/BLAST), and the tetraploid wheat Svevo and Kronos (https://wheat.pw.usda.gov/blast/) were used to assist the marker development.




RESULTS


Characterization of Stem Rust Resistance in Durum Wheat Line T4-3102

In the seedling tests, the durum wheat line T4-3102 displayed resistant ITs (ITs = 1; to 1+) to Pgt race TRTTF (isolate 06YEM34-1), whereas Rusty exhibited ITs of “3+” to “4” (Figure 1A). In a subset of 90 F2 plants from the cross, T4-3102 × Rusty evaluated with TRTTF, the plants with ITs ranging between “1;” and “1+” (similar to T4-3102) were classified as resistant and those with ITs from “3+” to “4” (similar to Rusty) were recorded as susceptible (Figure 1A). Among them, 69 plants were resistant and 21 were susceptible, which fits well the 3:1 (resistant:susceptible) segregation ratio expected for a single genetic locus (χ2 = 0.13, P = 0.72).
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FIGURE 1. Reactions to Pgt races TRTTF and BCCBC in segregating population. (A) Inoculated with race TRTTF. (B) Inoculated with race BCCBC. 1, T4-3102 (SrKN); 2, Rusty; 3–5, resistant plants; 6–8, susceptible plants. R, resistant; S, susceptible.


In seedling of the two parental lines inoculated with race BCCBC (09CA115-2), T4-3102 exhibited high levels of resistance (ITs = 0; to 1–), whereas Rusty was fully susceptible (ITs = 3+ to 4; Figure 1B). We evaluated another subset of 145 F2 individuals from the same population with race BCCBC and found some F2 plants with intermediate reactions (Supplementary Figure S1), likely due to additional minor Sr gene(s) in T4-3102 resistant to this race. We converted the Pgt reactions into two genotypic classes for the mapping purposes: ITs ranging from “0” to “2–” were considered as resistant and ITs from “3+” to “4” as susceptible [20 plants with intermediate reactions (ITs = “2+” to “3”) were discarded in the classification]. Among the 125 F2 plants showing clear phenotypic segregation, we observed 97 resistant plants and 28 susceptible ones, which did not deviate from the expected 3:1 segregation ratio for a single dominant gene (χ2 = 0.45, P = 0.50).



Mapping of a Stem Rust Resistance Gene on Chromosome Arm 2BL

For the initial mapping, we genotyped the parental lines and the more susceptible and resistant lines from the two sub-populations evaluated with TRTTF and BCCBC using the 90K SNP iSelect Illumina assay. For the 90 F2 plants inoculated with race TRTTF, we genotyped 10 resistant and 10 susceptible plants, whereas, for the 125 F2 plants challenged with race BCCBC, we genotyped 13 resistant and 13 susceptible phenotypes. We identified 4,652 polymorphic SNPs with <20% missing data between T4-3102 and Rusty. Of those, we detected 19 SNPs (Table 1) on the long arm of chromosome 2B that were significantly correlated with both TRTTF and BCCBC resistance phenotypes, suggesting that the same Sr gene was conferring resistance to both races. These SNPs were distributed from 106.5 to 119.6 cM (Table 1) in the 90K consensus map of chromosome 2B (https://triticeaetoolbox.org/wheat/). Based on a preliminary linkage map constructed using the 46 genotyped plants (Figure 2A), the TRTTF- and BCCBC-resistance gene SrKN was mapped to a 3.2 cM region between the SNPs IWB73343 and IWB35200.


Table 1. The single nucleotide polymorphisms (SNPs) linked with SrKN and their locations in the Chinese Spring (CS) reference genome RefSeq v1.0 coordinates.
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FIGURE 2. Genetic maps of SrKN on chromosome arm 2BL. (A) Initial map based on 46 F2 plants and wheat 90K single nucleotide polymorphism (SNP) iSelect array; (B) Genetic map based on 215 F2 plants and 10 molecular markers; (C) High-density map based on 1,683 F2 plants and 11 molecular markers; (D) Colinear region in the sequenced Chinese Spring (CS) reference genome (RefSeqv1.0).


Using the sequences flanking the target SNPs, we performed BLASTN searches against the reference genome of hexaploid wheat CS (RefSeqv1.0). This defined a candidate gene region on the long arm of chromosome 2B extending from 666.5 to 691.8 Mb (Table 1). Since flanking SNP markers IWB73343 and IWB35200 were located within the wheat genes TraesCS2B01G470100 and TraesCS2B01G494800, we developed B-genome specific PCR markers IWB73343F1R1 and IWB35200F1R1 (Table 2) using these two genes sequences. Using these markers, we genotyped the 215 F2 plants previously phenotyped with races TRTTF (90 plants) and BCCBC (125 plants), which provided a better estimate of the genetic length of the candidate region (2.3 cM). Based on this new data, SrKN was mapped 1.6 cM distal to IWB73343F1R1 and 0.7 cM proximal to IWB35200F1R1 (Figure 2B). We then developed molecular markers for seven additional genes within the candidate gene region (Figure 2B; Table 2) and mapped SrKN between CAPS markers pku4844F2R1 and IWB35200F1R1, and completely linked to markers pku4856F2R2 and pku4922F2R2 (Figure 2B).


Table 2. The primers used in the present study.
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To define the position of SrKN more precisely, we screened another 1,468 plants from four selected segregating F3 families with the new flanking markers pku4844F2R1 and IWB35200F1R1. The distance between these two flanking markers was estimated to be 1.6 cM based on the 50 plants with recombination events identified in this screen and the four recombinants identified between these same markers in the previous 215 plants. For these 54 informative F3 families, we performed progeny tests (25 plants per family) with races BCCBC and 34MKGQM in growth chambers. Using these new recombination events and six new markers developed in this region (Table 2; Supplementary Figure S2), we further delimited the SrKN candidate region to a 0.29-cM interval (7.2-Mb, CS RefSeq v1.0 coordinates) flanked on the proximal side by marker pku4856F2R2 (0.26 cM) and on the distal side by pku4917F3R3 (0.03 cM) (Figure 2C).



Candidate Genes for SrKN Within the Colinear Regions of Tetraploid and Hexaploid Wheat Genomes

The 0.29 cM candidate region between the markers pku4856F2R2 and pku4917F3R3 defines a 5.6-Mb region in T. turgidum ssp. durum cv. Svevo (672.6–678.2 Mb, Supplementary Table S2) and a 7.2-Mb region in T. aestivum cv. CS (682.8–690.0 Mb, Figure 2D; Supplementary Table S3). These candidate gene regions include 52 annotated high-confidence genes in Svevo (TRITD2Bv1G223060–TRITD2Bv1G224370) and 59 in Chinese Spring (TraesCS2B02G485600–TraesCS2B02G491700) (Figure 2D). These genes included nine typical NBS-LRR (NLR) in Svevo and six in CS, which is of particular interest for this project because NLRs are the most frequent gene class associated with disease resistance in the plants.

Among the 52 genes annotated in the candidate gene region in the Svevo genome, we found that 35 of them were expressed in Kronos, based on BLASTN searches in the published Kronos transcriptome database (Krasileva et al., 2013) (https://dubcovskylab.ucdavis.edu/wheat_blast). The expressed genes include seven of the nine annotated NLR genes (TRITD2Bv1G223210, TRITD2Bv1G223370, TRITD2Bv1G223450, TRITD2Bv1G223460, TRITD2Bv1G223490, TRITD2Bv1G223550, and TRITD2Bv1G223640). We designed two to four pairs of primers for each of the seven expressed NLR genes and all of them amplified the expected bands in Kronos genomic DNA (Supplementary Table S4). By contrast, only two of the 22 primers pairs (TRI2B223210F7R7 and TRI2B223490F3R3) amplified products in Rusty, suggesting that these NLRs may be absent in Rusty (or partially deleted). To rule out the possibility that the lack of amplification in Rusty was caused by degraded DNA, the same genomic DNAs were tested with the primers pku4856F2R2, pku4861F7R7, pku4886F3R3, pku4907F1R1, and pku4917F3R3 (Table 2) and the expected bands were obtained in Rusty (Supplementary Table S4). We cannot rule out the possibility that some of the primers that failed to amplify the Rusty genomic DNA were caused by polymorphisms in the primer regions rather than by the absence of the genes.



Comparison of Mapping Positions and Resistance Profiles of SrKN, Sr9, and Sr28 Resistance Genes Located on Chromosome Arm 2BL
 
Comparison of Map Locations

Two wheat stem rust resistance genes, Sr9 and Sr28, were previously mapped close to SrKN on chromosome arm 2BL (Rouse et al., 2012, 2014; Yu et al., 2014). To compare their relative map positions, we used the simple sequence repeat (SSR) marker wmc332 that was previously shown to be linked to Sr9 and Sr28 (Rouse et al., 2012, 2014). We mapped wmc332 in the population of 215 F2 plants mentioned above and found that SrKN is located 13.7 cM proximal to this marker (Figure 3A), whereas Sr28 was mapped roughly 5.8 cM distal to the same marker (Figure 3B) (Rouse et al., 2012). These results suggest that SrKN and Sr28 are two different loci located about 20 cM apart (Figure 3).
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FIGURE 3. Relative map position of Sr28, SrKN, and Sr9h. (A) Genetic map of Sr28 derived from the population LMPG-6 × SD 1691 (Rouse et al., 2012); (B) Genetic map of SrKN from the population T4-3102 × Rusty in the present study; (C) Genetic map of Sr9h from the population Gabo 56 × CS (Rouse et al., 2014).


The Sr9 gene has multiple alleles that include Sr9a, Sr9b, Sr9d, Sr9e, Sr9f, Sr9g, and Sr9h (McIntosh et al., 2013; Rouse et al., 2014). The gene Sr9h was mapped 11.8 cM proximal to wmc332 (Rouse et al., 2014), indicating that SrKN and Sr9h loci can be close to each other or represent the same gene (Figures 3B,C). To test this hypothesis, we performed an allelism test using a BC2F2 monogenic line for Sr9e derived from the durum wheat variety Vernal (Vernal-BF9e) crossed by the monogenic SrKN line Td31-5R (as shown in Material and methods for the development of these lines). None of the 470 F2 plants generated from this cross inoculated with Pgt race 34MKGQM showed a susceptible reaction suggesting that Sr9 and SrKN are allelic.



Comparison of Resistance Profiles

Inoculation of the SrKN monogenic line Td31-5R and its sister line Td31-7S lacking SrKN with different Pgt races showed that this gene is ineffective against the evaluated races TTKSK, TKTTF, and JRCQC but confers resistance to the races BCCBC, TRTTF, 21C3CTTTM, 34MKGQM, 34MTGSM, and 34C3RTGQM (Supplementary Figure S3a; Table 3). Sr28 was evaluated against race TRTTF and another four races from China and was not effective against any of them (Li et al., 2016, 2018; Babiker et al., 2017) (Table 3), supporting the conclusion from the genetic data that Sr28 and SrKN are two different genes.


Table 3. The resistance profiles of Sr9 alleles, Sr28, and SrKN to multiple Puccinia graminis f. sp. tritici races.
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Among the different Sr9 alleles, the most similar profile to SrKN was found for Sr9e. These two genes showed similar reactions for eight of the nine races tested, and differed only for race TRTTF for which SrKN was resistant and Sr9e was reported to be susceptible (Olivera et al., 2012) (Table 3). However, a more recent report suggested that Sr9e confers partial resistance to race TRTTF (Saini et al., 2018), which would result in identical profiles between SrKN and Sr9e. We also challenged the hexaploid line Vernstein, which is known to carry the Sr9e allele, with the Chinese race 34MKGQM and found a similar level of Pgt resistance to that conferred by lines Vernal-BF9e and Td31-5R (Supplementary Figure S3).

The alleles Sr9a, Sr9b, Sr9d, and Sr9g differ from SrKN by their susceptibility to races TRTTF, 34C3RTGQM, 34MKGQM, 34MTGSM, and 21C3CTTTM (Table 3). In addition, the Sr9f allele was shown to be ineffective to 21C3CTTTM, 34MKGQM, and 34MTGSM (Li et al., 2018) suggesting that Sr9 alleles Sr9a, Sr9b, Sr9d, Sr9f, and Sr9g have a very different resistance profile than SrKN. Finally, Sr9h was shown to be resistant to TTKSK (Rouse et al., 2014), whereas SrKN was ineffective against this race. In summary, based on the currently available information, the most similar Sr9 allele to SrKN is Sr9e.




Detection of SrKN and/or Sr9e Resistance Based on the Haplotype of Linked Markers

To determinate the value of the haplotype defined by the two flanking markers and three completely linked polymorphisms, we developed one Insertion/deletion (InDel) and four CAPS markers and used them to screen a panel of durum and bread wheat lines. The same lines were evaluated with Pgt race 34MKGQM (Supplementary Table S5). T4-3102 (SrKN) and Vernal (Sr9e) showed an identical haplotype indicating that these five markers are not sufficient to differentiate these genes/alleles. By contrast, Rusty differed from T4-3102 in all the five polymorphisms (Supplementary Table S5) indicating a very different haplotype.

Among the 20 durum lines compared with T4-3102 (SrKN), Vernal (Sr9e), and Rusty, only Svevo and Langdon showed a haplotype identical to SrKN and Sr9e. These four lines also displayed a similar resistance response against race 34MKGQM, suggesting that Svevo and Langdon might carry SrKN or Sr9e. Eleven lines carried the Rusty haplotype and were susceptible to 34MKGQM (Supplementary Table S5), confirming the absence of SrKN in these lines. Among the other seven lines, four showed the same haplotype as Rusty but higher levels of resistance than T4-3102 suggesting the presence of other Sr genes. The last three lines showed different haplotypes from the three control lines and resistance levels higher than SrKN or Sr9e, also suggesting the presence of other Sr genes (Supplementary Table S5). Indeed, four of them were confirmed to carry the cloned gene Sr13 and the line PI 94701 was known to possess the resistance gene Srdp2 (Rondon et al., 1966) (Supplementary Table S5).

Among the 16 hexaploid wheat lines analyzed, we detected the SrKN/Sr9e haplotype in Vernstein (Sr9e), CnSr9g, and ISr9a-Ra, suggesting that these markers were not able to differentiate SrKN from Sr9g and Sr9a. All the tested hexaploid wheat lines were susceptible to race 34MKGQM except Vernstein (Supplementary Table S5). In summary, the five polymorphisms seem to be useful to predict the presence of the SrKN allele, but they cannot differentiate it from the more susceptible alleles Sr9g and Sr9a.



Transfer of Stem Rust Resistance to Hexaploid Wheat Background

To transfer the resistance gene SrKN to hexaploid wheat, we took advantage of the crosses previously used to transfer several T. monococcum resistance genes into hexaploid wheat (Figure 4). We first crossed Kronos with the T. monococcum accession PI 306540 (AmAm), which carries the additional stem rust resistance genes Sr21, Sr60, SrTm4, and SrTm5 (Briggs et al., 2015; Chen et al., 2018a,b; Chen et al., 2020). The resulting F1 triploid plants were crossed with common wheat variety Clear White (PVP 2004-00244) and then backcrossed two times to the hexaploid wheat line Fielder, which is susceptible to the Pgt races 34MKGQM and 34C3RTGQM. Four PCR markers pku4856F2R2, pku4861F7R7, pku4886F3R3, and pku4917F3R3 were used to confirm the presence of the Kronos segment in the final BC2F2 lines. Markers for the other T. monococcum genes identified one BC2F2 plant heterozygous for SrKN but lacking all the other parental Pgt resistance genes Sr21, Sr60, SrTm4, SrTm5 (from T. monococcum), and Sr13 (from Kronos).
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FIGURE 4. Introgression of SrKN into a hexaploid wheat background. (A) Procedure involved in the generation of the SrKN introgression into common wheat. Flanking markers pku4856F2R2 and pku4917F3R3 and completely linked markers pku4861F7R7 and pku4886F3R3 were used to confirm the presence of Kronos chromatin during crosses. (B) Infection types (ITs) from the BC2F3 plants were homozygous for the resistant SrKN allele (+SrKN) and the plants lacking SrKN (–SrKN). Two Pgt races 34MKGQM and 34C3RTGQM were used to evaluate. 1–2, BC2F3 plants lacking the resistant SrKN allele; 3–4, BC2F3 plants homozygous for the resistant SrKN allele. R, resistant; S, susceptible.


In the BC2F3 progeny derived from the selected BC2F2 plant, we identified eight plants homozygous for SrKN alone and six plants without any Sr genes (Supplementary Figure S4). Half of the plants from each genotype were inoculated with race 34MKGQM and the other half with 34C3RTGQM. The plants carrying SrKN exhibited good levels of resistance (IT = 1+) to both races, whereas plants lacking SrKN showed susceptible reactions (IT = 3+ to 4) to the same races (Figure 4). We are currently increasing the seeds from the plants carrying only SrKN to deposit them in the National Small Grain Collection in the United States and the Germplasm Bank of China.




DISCUSSION


High-Density Mapping of SrKN and Delimitation of Its Candidate Gene Region

A previous study postulated that, in addition to Sr13, the durum wheat variety Kronos carries an undetermined stem rust resistance gene effective against Pgt race TRTTF (Zhang et al., 2017). In this study, we mapped this TRTTF-resistance gene SrKN within a 0.29 cM region on the distal region of chromosome arm 2BL using a high-density genetic map.

Using the published sequenced genomes of tetraploid and hexaploid wheat (The International Wheat Genome Sequencing Consortium, 2018; Maccaferri et al., 2019), we delimited the SrKN candidate gene region to a 5.6-Mb region in tetraploid wheat Svevo and a 7.2-Mb region in hexaploid wheat CS (Supplementary Tables S2, S3) including a cluster of NLR genes. Since NLR genes are the most frequent class associated with disease resistance in wheat and other plant species (Gassmann et al., 1999; Yuan et al., 2011; Saintenac et al., 2013; Zhang et al., 2014, 2017; Chen et al., 2018b; Li et al., 2019), we hypothesize that one of these genes could be a good candidate for SrKN. This hypothesis is supported by the complete linkage of this cluster to SrKN and by their likely absence in the susceptible parent Rusty (Supplementary Table S4). Similar to the SrKN candidate region, deletions, rearrangements, and duplications of NLR genes have been described for other cloned wheat NLR genes involved in resistance to Pgt, such as Sr21 and Sr13 (Zhang et al., 2017; Chen et al., 2018b). To determine if these NLR genes were required for resistance to TRTTF, we are currently testing truncation mutations for each gene from the published database of sequenced ethyl methane sulfonate (EMS) mutations in Kronos (Krasileva et al., 2017).

Since we do not have a contiguous sequence of the Kronos genome, we cannot rule out the possibility of additional NLR genes present in Kronos that are absent in the Svevo reference genome. However, this is unlikely because the sequences of all the genes in the candidate region (Supplementary Table S2, from start to stop codons) were 100% identical between Kronos and Svevo, suggesting that these two varieties have a very similar or identical haplotype in this region. In addition, Svevo has a similar resistance response against race 34MKGQM (Supplementary Figure S3; Supplementary Table S5). Taken together, these results suggest that Svevo may also carry SrKN or Sr9e. If this is confirmed, the availability of the Svevo genome can accelerate the identification of the causal gene.



Relationship Between SrKN and Other Sr Genes on Chromosome Arm 2BL

In addition to gene SrKN, previous studies have identified other four stem rust resistance loci on chromosome arm 2BL (Sr9, Sr16, Sr28, and Sr47) (McIntosh et al., 1995; Klindworth et al., 2012; Rouse et al., 2012). Among these genes, Sr47 confers resistance to race TTKSK and was transferred from Aegilops speltoides Tausch into polyploid wheat (Klindworth et al., 2012). Gene Sr16 is not effective against race TRTTF (Singh et al., 2015), and Sr28 showed a very different resistance profile to SrKN in this study (Table 3). The genetic analysis using a shared SSR marker indicates that Sr28 is located about 20 cM distal to SrKN (Figure 3). Gene Sr16 was placed approximately 34 cM distal to Sr28 by using monosomic analysis (~54 cM distal to SrKN) (McIntosh, 1978; Hiebert et al., 2010). Based on these data, we concluded that SrKN is different from genes Sr16, Sr28, and Sr47.

Conflictive or inconclusive results were reported regarding the mapping locations of Sr9. Gene Sr9e was initially mapped approximately 0.7 cM proximal to SSR marker gwm47 (685,759,255 bp, RefSeq v1.0 coordinates) (Bhavani et al., 2008). By contrast, another Sr9 allele, Sr9h, was mapped 2.8 cM distal to the same marker (Rouse et al., 2014). A recent study showed that the Sr9 locus is located within a region of chromosome 2B between 665.7 and 720.5 Mb in the reference genome of CS (RefSeq v1.0) (Aoun et al., 2019), which includes our proposed candidate region for SrKN (682.9–690.0 Mb). In addition, another recent study has mapped a TRTTF resistance quantitative trait locus (QTL) derived from tetraploid wheat accession Langdon on chromosome 2BL, which was designated as QSr.rwg-2B.2 and was hypothesized to be Sr9e (Sharma et al., 2021). Although the authors suggested that this QTL was mapped between the SNP markers IWB71742 (738.3 Mb, RefSeq v1.0) and IWB73196 (738.4 Mb), this QTL extends to a much larger region from IWB3657 (593.6 Mb) to IWB11280 (750.0 Mb) that includes our candidate gene region. Previous studies postulated that Langdon carries Sr9e (Luig, 1983; Singh et al., 1992), a conclusion supported by our analysis of the Langdon haplotype in the Sr9e region, which is identical to the one we found in Kronos (Supplementary Table S5).

We initially thought SrKN and Sr9e were different genes because Sr9e was reported to be susceptible to race TRTTF (Olivera et al., 2012) and SrKN is not. However, more recent reports suggested that Sr9e conferred partial resistance to race TRTTF (Saini et al., 2018; Sharma et al., 2021). If this last result is confirmed to be correct, then the resistance profiles of SrKN and Sr9e would be identical. Taken together, the allelism test and the similar resistance profiles (Table 3) suggest (but do not demonstrate) that SrKN and Sr9e might be the same gene.



Introgression of SrKN Into Hexaploid Wheat and Its Utilization in Breeding

As durum and bread wheat have common A and B genomes, it is relatively easy to introgress important genes into bread wheat from T. durum. Several rust resistance genes have been identified and transferred from durum to hexaploid wheat, including the stripe rust resistance genes Yr5 (Zhang et al., 2009), Yr53 (Xu et al., 2013), Yr64, and Yr65 (Cheng et al., 2014); the leaf rust resistance genes Lr23 (McIntosh et al., 1995; Sibikeev et al., 2020), Lr61 (Herrera-Foessel et al., 2008), and Lr79 (Qureshi et al., 2018); and the stem rust resistance genes Sr12 (Sheen and Snyder, 1964), Sr13 (Simons et al., 2011; Zhang et al., 2017), and Sr8155B1 (Nirmala et al., 2017). Using the cross of Kronos (AABB) × PI 306540 (AmAm), we successfully introgressed SrKN into hexaploid wheat line Fielder. The same cross was also used to introgress the stem rust resistance gene Sr60 and SrTm5 from diploid wheat accession PI 306540 into the common wheat lines UC12014-36 and Fielder, respectively (Chen et al., 2018a, 2020).

Although the crosses between tetraploid and hexaploid wheat can generate viable pentaploid plants, some of these crosses result in hybrid necrosis limiting their use in commercial breeding programs. Therefore, the introgression of SrKN into a common wheat background will facilitate the utilization of this resistance gene in common wheat breeding programs. Since SrKN is not effective against several virulent Pgt races (Zhang et al., 2017), including the Ug99 race group and race TKTTF, it is important to deploy it in combination with other Sr genes. Some potentially useful combinations to expand the resistance spectrum include Sr21 (Chen et al., 2015), SrTm5 (Chen et al., 2018a), Sr36 (Singh et al., 2015), Sr1RSAmigo (Olivera et al., 2012), and SrTmp (Singh et al., 2015), which are susceptible to Pgt race TRTTF but confer resistance to TTKSK (Ug99).

In conclusion, the high-density map of SrKN, the closely linked molecular markers, and the introgression of the T. durum segment containing this gene into hexaploid wheat will accelerate its deployment and pyramiding with other Sr genes.
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Plants recruit beneficial microbial communities in the rhizosphere that are involved in a myriad of ecological services, such as improved soil quality, nutrient uptake, abiotic stress tolerance, and soil-borne disease suppression. Disease suppression caused by rhizosphere microbiomes has been important in managing soil-borne diseases in wheat. The low heritability of resistance in wheat to soil-borne diseases like Rhizoctonia root rot has made management of these diseases challenging, particularly in direct-seeded systems. Identification of wheat genotypes that recruit rhizosphere microbiomes that promote improved plant fitness and suppression of the pathogen could be an alternative approach to disease management through genetic improvement. Several growth chamber cycling experiments were conducted using six winter wheat genotypes (PI561725, PI561727, Eltan, Lewjain, Hill81, Madsen) to determine wheat genotypes that recruit suppressive microbiomes. At the end of the third cycle, suppression assays were done by inoculating R. solani into soils previously cultivated with specific wheat genotypes to test suppression of the pathogen by the microbiome. Microbiome composition was characterized by sequencing of 16S rDNA (V1-V3 region). Among the growth cycling lengths, 160-day growth cycles exhibited the most distinct rhizosphere microbiomes among the wheat genotypes. Suppression assays showed that rhizosphere microbiomes of different wheat genotypes resulted in significant differences in shoot length (value of p=0.018) and had an impact on the pathogenicity of R. solani, as observed in the reduced root disease scores (value of p=0.051). Furthermore, soils previously cultivated with the ALMT1 isogenic lines PI561725 and PI561727 exhibited better seedling vigor and reduced root disease. Microbiome analysis showed that Burkholderiales taxa, specifically Janthinobacterium, are differentially abundant in PI561727 and PI561725 cultivated soils and are associated with reduced root disease and better growth. This study demonstrates that specific wheat genotypes recruit different microbiomes in growth chamber conditions but the microbial community alterations were quite different from those previously observed in field plots, even though the same soils were used. Genotype selection or development appears to be a viable approach to controlling soil-borne diseases in a sustainable manner, and controlled environment assays can be used to see genetic differences but further work is needed to explain differences seen between growth chamber and field conditions.

Keywords: wheat, genotype, rhizosphere, recruitment, microbiome, Rhizoctonia


INTRODUCTION

The rhizosphere is a dynamic region of soil immediately surrounding plant roots that emerges through the interaction between plant roots, soil, and microorganisms (Hinsinger et al., 2009; Philippot et al., 2013). Rhizosphere-associated microbes have been documented to be involved in plant health (Berendsen et al., 2012; Pollak and Cordero, 2020).

Root-derived carbon makes the rhizosphere a hot spot for numerous microbial activities and interactions, affecting nutrient cycling, plant growth, and tolerance to abiotic and biotic stress (Philippot et al., 2013). Some work has shown that wheat plants can allocate up to 25% of total photosynthate to the roots; roughly, 13% is retained in the roots, 9% is respired by roots, and about 3% is retained in soil organic matter (SOM) and microbial biomass (Kuzyakov and Domanski, 2000). Root exudates are widely thought to be major sources of carbon release in the rhizosphere, but several other root processes can influence the rhizosphere carbon pool. For instance, roots can release mucilage and lysates, cells may slough off, and carbon can be released in the mycorrhizosphere by plant-associated mycorrhizal fungi (Dennis et al., 2010). Furthermore, root traits and architecture have been associated with differences in microbiome composition (Pérez-Jaramillo et al., 2017; Saleem et al., 2018).

While the relative contribution of these various aspects of root biology to rhizosphere community structure and functioning is an ongoing debate, evidence is growing that plant developmental stage and plant genotype can influence bacterial recruitment in the rhizosphere. For instance, microbiome structure has been shown to undergo successional changes with plant development, with the phenomenon being consistent across field trials (Walters et al., 2018). Additionally, co-occurrence network analyses have shown that rhizosphere communities become less diverse, but more tightly connected through the course of plant development (Shi et al., 2015).

Plant genotype has been shown to play a significant role in microbiome recruitment by various plants, including maize (Peiffer et al., 2013), barley (Bulgarelli et al., 2015), cotton (Qiao et al., 2017), common bean (Pérez-Jaramillo et al., 2017), and wheat (Mahoney et al., 2017). In fact, a large study with maize suggests microbiome structure could potentially be considered a heritable trait (Peiffer et al., 2013). In the inland Pacific Northwest, soil bacterial community structure and function have been clearly influenced by the genotype of field-grown winter wheat cultivars (Mahoney et al., 2017).

Genotype-specific recruitment of the microbiome is gaining interest with the idea that host genotypes will attract bacteria with specific outcomes in different agroecosystems. A study by Mazzola and Gu (2002) demonstrated that genotype-specific recruitment of specific fluorescent pseudomonads in wheat was associated with disease suppression against Rhizoctonia solani AG-5 and AG-8 in apple orchard soils. The induction of this kind of disease suppression by wheat genotypes could expedite the process as natural suppression of soil-borne pathogens typically takes years to develop in the field (Weller et al., 2002; Schillinger and Paulitz, 2014). Losses from rhizoctonia root rot (Rhizoctonia solani AG-8) in the Pacific Northwest are most clearly observed under minimum tillage or no-till system (Weller et al., 1986; Pumphrey et al., 1987), and bare patches are more prevalent in low rainfall areas than in high rainfall areas (Okubara et al., 2014). Manipulation of the soil microbiome could provide a novel sustainable approach to disease control.

Plant-driven manipulation of the microbiome requires the identification of desired host genotypes, which is a time intensive process that is compounded by the long length of time needed to observe resistance in the field. Optimization of growth chamber cycling experiments that generate genotype-specific microbiomes in wheat would facilitate the ease of doing microbiome structural/functional analyses, thereby shortening turn-around time in studying genotype-specific disease-suppressive wheat microbiomes. Thus, the first objective of our work was to determine whether the influence of plant genotype on rhizosphere microbiome recruitment observed by Mahoney et al. (2017) in field trials could be replicated under growth chamber conditions. Another objective of this study was to examine the influence of cycling length on genotype-specific microbiome recruitment. Ultimately, our work aims to identify wheat genotypes, along with their rhizosphere microbiomes, that are associated with improved plant health and reduced root rot disease caused by R. solani AG-8. Identification of wheat genotypes that recruit disease-suppressive microbiomes would further efforts to manipulate the rhizosphere for sustainably managing soil-borne diseases in wheat. Additionally, results from this study will identify useful parental genotypes for genetic studies on microbiome recruitment by wheat.



MATERIALS AND METHODS


Soil Collection

Soils used for the growth chamber cycling experiments were collected from the Washington State University Plant Pathology Farm, Pullman, WA (46°46′38.0″N 117°04′57.4″W) in 2016 and 2017. These are the plots used by Mahoney et al. (2017). Soils at the site are classified as Palouse-Thatuna silt loam, characterized by moderately to well-drained soils (Donaldson, 1980), receiving an annual precipitation of roughly 53 centimeters. These soils have an average pH of 5.1 and aluminum (Al) concentration of 14.87ppm, based on recent soil tests (Soiltest Farm Consultants, Inc., Moses Lake, WA). The plot had been fallowed after a wheat crop in 2014. Soil collection was done in separate batches for the four growth chamber cycling experiments, specifically P28 (September 16, 2016), P35a (May 30, 2017), P35b (November 30, 2017), and P160 (September 1, 2017). The upper 25cm of soil across a transect from an experimental field were collected, sieved to 2mm, and homogenized. Afterward, soils were dispensed into 9cm2 pots (~400g soil) for 28-and 35-daycycles. For 160-daycycles, 13cm2 pots were filled with 2,000g of soil.



Wheat Genotypes

The six winter wheat genotypes used in this study were a subset of the nine wheat varieties that previously exhibited distinct microbiomes in the field (Mahoney et al., 2017). Among the six genotypes were two near-isogenic lines carrying alleles of the ALMT1 (Aluminum-activated Malate Transporter 1), namely, PI561725 (ALMT1-1) and PI561727 (ALMT1-2) in the Century background (Carver et al., 1993; Houde and Diallo, 2008). The other genotypes were the PNW soft white winter varieties, Eltan, Madsen, Hill81, and Lewjain (Mahoney et al., 2017).



Growth Chamber Cycling

Experiments were conducted in the growth chambers of the Plant Growth Facility of Washington State University (Pullman, WA, United States). Seeds were surface-sterilized with 10% bleach for 5min and subsequently washed three times with sterile water before being pre-germinated at 10°C overnight and incubated at room temperature for another 24h. Pre-germinated seeds of the six winter wheat genotypes were sown into pots (5 seedlings per pot). Growth chamber conditions were 18°C at night and 22°C during the day, with 12-h light periods. Pots were watered every other day with 35ml tap water. To simulate seasonal planting, the same wheat genotype was grown in the same pot (same soil) three consecutive times (three cycles). Cycle length refers to the number of days the wheat seedlings or plants were grown in each cycle before they were removed and replanted with minimal soil disturbance. Soils were collected for microbiome studies after the third cycle of planting. Three cycling lengths, 28-, 35-, and 160-day were examined. Four growth chamber cycling experiments were performed in this study: 28-daycycles (P28); 35-daycycles Trial 1 (P35a); 35-daycycles Trial 2 (P35b); and 160-daycycles (P160). A randomized complete block design with eight replicates per wheat variety was implemented except for 28-daycycles with four replicates per wheat variety. At the end of each cycle, shoots of the plants were excised, and new pre-germinated seeds were sown for another cycle after a rest period of two days. For the 160-daycycles, a week after sowing, pots were transferred to a 4°C vernalization chamber for 56days to allow winter wheat to flower. Pots were watered with 70–100ml tap water in alternate days. Fertilization was done by diluting 20-10\u201320 fertilizer (Peters Professional, Summerville, SC) in water (150ppm) and watering plants with 70ml of the solution. Each cycle was terminated after genotypes reached reproductive stage and anthesis for the 160-daycycles.



Rhizosphere Soil Collection and DNA Extraction

To compare the results of this current study to that of Mahoney et al. (2017), methods for rhizosphere soil collection and DNA extraction were performed as described previously. At the end of the third cycle, roots from three plants per pot were pooled after removing bulk soil and large soil aggregates. Pooled roots were placed in 50-mL centrifuge tube containing 20ml sterile water. Each tube was vortexed for 1min and then sonicated for 1min to collect the tightly bound rhizosphere soil. Using sterile forceps, roots were removed from each tube and then centrifuged at 10,000 x g for 5min. Supernatant was decanted carefully from the soil pellet, and 0.25g of soil pellet was used for DNA extraction using the PowerSoil DNA isolation kit (Mo Bio, Carlsbad, CA, United States). Rhizosphere genomic DNA extraction was performed following the protocol provided by the manufacturer, and DNA was stored at −80°C.



Suppression Assay

Rhizoctonia solani AG-8 culture was cultured on potato dextrose agar (PDA) for one week. Pearl millet was autoclaved (121°C for 45min) twice, on consecutive days and was inoculated with PDA cubes of R. solani, grown for three weeks. The pearl millet inoculum was air-dried overnight on a kraft paper in a sterile laminar flow hood and was ground using a coffee grinder specifically used for R. solani AG-8. Ground pearl millet was then sieved using 2mm and 0.5mm sieves, and particles retained on the 0.5mm sieves were kept as inoculum. Inoculum was then enumerated on Rhizoctonia selective medium (Paulitz and Schroeder, 2005). Loosely bound soils from the third cycle of the 160-day growth chamber cycling experiment were used for the suppression assay. Half of the soil from each pot was inoculated with 100 propagules per gram (ppg) of the inoculum, while the other half was set aside for uninoculated control. Growth cones (Stuewe and Sons. Inc., Oregon, United States) were filled with 130g of soil (inoculated and uninoculated). Cones were then watered with 24ml of deionized water, covered with kraft paper, and allowed to reach equilibrium at 15°C for one week. Surfaced-sterilized seeds of the Alpowa spring wheat cultivar were pre-germinated (as described in the growth chamber cycling section) for two days, when the radicles from the seeds were 3–5mm long. Each cone was planted with two seeds and was covered with uninoculated soil (approximately 12mm layer). Plants were watered with 12ml of deionized water on alternate days. After 14days, when seedlings had at least two fully emerged leaves, shoot length and shoot weight were measured, and root disease severity was scored using a 0 to 8 scale described by Kim et al. (1997).



Microbiome Sequencing and Data Analysis

Rhizosphere soil gDNA samples were sent to Molecular Research (MRDNA, Shallowater, TX, United States) for sequencing. The 16S rDNA gene (V1-V3 region) was amplified using barcoded forward (5′-AGRGTTTGATCMTGGCTCAG-3′) and reverse (5′- GTNTTACNGCGGCKGCTG −3′) primers (Lane, 1991; Kumar et al., 2011). Using the HotStart Taq Plus Master Mix Kit (Qiagen, United States), amplification was performed under the following conditions: 94°C for 3m, followed by 30cycles of 94°C for 30s, 53°C for 40s, and 72°C for 1m, with a final elongation step at 72°C for 5m. PCR products (amplicons) were checked for desired size and the relative intensity on 2% agarose gel. Samples were pooled together in equal proportions and were purified using calibrated Ampure XP beads (Illumina, San Diego, CA, United States). The DNA library was prepared using the pooled and purified PCR product and sequencing was done on Illumina MiSeq (Illumina, San Diego, CA, United States) following the manufacturer’s protocol. Raw sequence data were converted to. fastq files and de-multiplexed using the MR DNA software (MR DNA, Shallowater, TX, United States).

To directly compare operational taxonomic unit (OTU) IDs with that of Mahoney et al. (2017), raw sequence data from that study were processed along with the sequence data generated in the current study. Paired-end reads were processed in MICrobial Community Analysis (MICCA, version 1.6; Albanese et al., 2015). Merged and trimmed sequences were filtered by removing reads with an expected error rate of >0.5 and a length<400bp. Sequences were assigned to OTUs using an open-reference approach and the Greengenes reference database (ver.13.5) at 97% identity, and chimeric sequences were removed. Consensus classifier was used to classify OTU sequences using the Greengenes taxonomic references and was then aligned using nearest alignment space termination (NAST). These output files were then used to generate a. biom file (McDonald et al., 2012) for downstream analysis.

Analysis and visualization of microbiome data were performed in R statistical software (R Core Team, 2017) using the Phyloseq (McMurdie and Holmes, 2013) and ggplot2 (Wickham, 2009) packages. Non-bacterial OTUs and sequences that were classified as chloroplast or mitochondrial were removed from further analysis. The plot_richness function (Phyloseq) was used to assess alpha diversity. Furthermore, relative abundance of rarefied data was used to determine Bray-Curtis distances and ANOVA was performed to determine differences, and ordination was performed using CAP (Canonical Analysis of Principal coordinates; Anderson and Willis, 2003) in Phyloseq to determine genotype effects on the beta diversity of microbiome.

Significant differences in the microbiome of different wheat genotypes were assessed using relative abundance of unrarefied data was log(x+1) transformed and multivariate analysis of variance with permutation (PERMANOVA; Kelly et al., 2015) using a Bray–Curtis dissimilarity matrix (999 permutations) with PRIMER (v7, PRIMER-E, Plymouth, UK). Pairwise tests in PRIMER were performed after significant differences were determined among microbiomes of the six winter wheat genotypes. To further investigate genotype-specific effects on the microbiome, identification of differentially abundant (DA) OTUs was done using data from growth chamber cycling experiments that exhibited genotypic differences. Differentially abundant OTUs were identified through the Wald test of the DESeq2 package in R (Love et al., 2014). Unrarefied OTU data were filtered to remove low abundance taxa (<10 total counts) and those that have less than five counts in three samples after normalization based on geometric means. Differences in the abundance of OTUs were evaluated at α=0.1 using Benjamini-Hochberg adjusted values of p. Abundance of differential OTUs was then plotted in a heatmap using DESeq2 normalized log(x+1) transformed counts.

To determine whether the microbiome found in the growth chamber is comparable to the microbiome of the six wheat varieties in the field (Mahoney et al., 2017), dissimilarity matrices of growth chamber data sets and field data set (Mahoney et al., 2017) were generated using Bray-Curtis distance in the vegan package in R. A Mantel test (Legendre and Legendre, 2012) was then performed using Spearman correlation coefficients with 999 permutations.

Microbiome network analysis was performed using sparse inverse covariance estimation for ecological association inference (SPIEC-EASI; Kurtz et al., 2015). The top 205 taxa were selected using relative abundance and rarefied OTU tables, while the ecological network was calculated using unrarefied OTU tables (as required by SPIEC-EASI). SPIEC-EASI parameters were as follows: method=“mb” (Meinshausen and Bühlmann, 2006), lambda.min.ratio=1e-2, nlambda=100, and rep.num=100. Graphical interpretations of networks were visualized using the Fruchterman-Reingold layout. To highlight the strongest correlations between taxa, edges with an absolute weight<0.1 were removed. To directly determine network modularity and roles of differentially abundant OTUs in P160, relative abundance of all differentially abundant OTUs identified from DESeq2 were used for network analysis as well. Modularity within networks was examined via the rnetcarto package in R (Doulcier and Stouffer, 2015). Roles in the network structure were assigned to nodes belonging to specific modules (Guimerà and Amaral, 2005) with slight modification (Olesen et al., 2007) after generating consensus results from 20 iterations. The ggnet2 package was used to visualize the networks.1

Data obtained from the suppression assay were then tested for normality using a Shapiro–Wilk test (Shapiro and Wilk, 1965), and homogeneity of variance was examined using Levene’s test (Levene, 1960) through the car 2.1–6 package (Fox and Weisberg, 2011) in R. Since the data did not satisfy the assumptions of ANOVA, statistical significance among treatment means was determined using the non-parametric Kruskal-Wallis test (Kruskal and Wallis, 1952) with the agricolae 1.2–8 package (de Mendiburu, 2009) in R. Multiple comparison of treatment means was then done using kruskal function (Conover, 1999) using Fisher’s least significant difference criterium with α=0.05. To identify bacterial OTUs correlated with plant growth (shoot length and shoot weight) and reduced root disease, a correlation and linear regression test of the top 50 differentially abundant OTUs (absolute abundance) with shoot length, shoot weight, and root disease score were done in R (Wilkinson and Rogers, 1973; Chambers, 1992).




RESULTS


Rhizosphere Microbiome and Wheat Genotypes

The 16S rDNA (V1-V3) sequencing generated 19,358,470 total reads for all data sets. After quality filtering, chimera removal, and removal of sequencing reads assigned to non-bacterial operational taxonomic units (OTUs), the remaining 14,662 OTUs were identified at 97% similarity.

Alpha diversity of the rhizosphere microbiome of the different wheat genotypes varied across different growth chamber cycling lengths (Supplementary Figure 1; Supplementary Table 1). There were significant differences in the alpha diversity among different growth chamber cycling experiments (p=<0.0001). On the other hand, there were no significant differences in the alpha diversity among genotypes except for the 160-daycycles (p=0.032).

Rhizosphere bacterial microbiome of the six wheat genotypes grown in Pullman soil for the 28-daycycles (P28) did not show any significant differences (p=0.196) and no obvious clustering of the microbiome in the CAP ordination plots (Figure 1A). In contrast, the two different trials of 35-daycycles in Pullman soil, namely, P35a (p=0.002) and P35b (p=0.001), both exhibited significant differences in the microbiome among six winter wheat genotypes. Distinct separation of microbiomes of Eltan from Lewjain was observed in CAP plots for the two trials of 35-daycycles (Figures 1B,C). Pairwise PERMANOVA showed that there were statistical differences between Eltan and Lewjain in both P35a (p=0.038; Similarity=68%) and P35b (p=0.052; Similarity=65.46%; Supplementary Tables 2, 3). Furthermore, extending growth chamber cycles to reproductive stage at 160-daycycles (P160) resulted in clearly differentiated microbiome among wheat genotypes (Figure 1D; Supplementary Figure 2). In this trial, wheat genotypes accounted for 23% of variation in the composition of the microbiome based on the constrained ordination plot. There were significant differences in microbiome composition among the wheat genotypes (p=0.001) and obvious clustering of the ordination by genotype. Among 15 pairwise comparisons in PERMANOVA (Supplementary Table 2C), all pairwise comparisons done against the two ALMT1 isogenic lines (PI561725 and PI561727) were significantly different (Supplementary Table 2C). However, these two isogenic lines were not significantly different from each other (value of p=0.4; Similarity=65.71%).
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FIGURE 1. CAP plots of Bray-Curtis distances among bacterial communities of six winter wheat genotypes grown in Pullman soil under different growth chamber cycling lengths. (A-D) 28-, 35- (Trial 1), 35- (Trial 2), and 160-day cycle.


After filtering out OTUs with <0.001 relative abundance across all data sets, 4,593 bacterial OTUs belonging to 29 phyla were observed (Supplementary Figure 3). Among the bacterial OTUs, those belonging to Proteobacteria were predominant in all four growth chamber cycling trials (Supplementary Figure 3; Supplementary Table 4), followed by Bacteroidetes and Actinobacteria. Variation in abundance of specific bacterial phyla is evident among different wheat genotypes. For instance, at P28, Actinobacteria is more abundant in Eltan (26.1%) compared to the rest of the genotypes. However, as growth cycle length progressed, relative abundance of Actinobacteria decreased not only in Eltan, but among other wheat genotypes as well (Supplementary Table 4). As for Acidobacteria, abundance of this phyla increased as growth cycle length progressed. At P160, variation in the relative abundance of Acidobacteria among genotypes was apparent, with the two ALMT1 isogenic lines (PI561725 and PI561727) having significantly lower abundance (10.1% average) while the rest of the genotypes averaged 14.4%. Conversely, Proteobacteria were consistently dominant across all four growth chamber cycling experiments and declined in relative abundance with increased growth chamber cycling length (from 47% in P28 to 33% in P160).

Differentially abundant (DA) OTUs among different wheat genotypes were identified in trials P35a, P35b and P160. However, differential OTUs for each wheat genotype were generally inconsistent between experiments and even between the two trials of 35-daycycles (P35a and P35b). Abundance of REF3578 (Oxalobacteraceae) was differentially increased in PI561725 compared with Eltan in both P35a and P160 (Supplementary Table 5; Supplementary Figure 4) but was not differential in P35b. In P35a, another bacterial OTU (REF2162) belonging to Oxalobacteraceae was differentially higher in PI561727 and lower in Lewjain, but in P35b this same OTU was differentially higher in Eltan compared to Hill81. The abundance of REF6703 (Sphingomonadaceae) had the opposite trend in P35a and P35b; it was differentially lower in PI561725 compared to Eltan in P35a but was higher in PI561725 than Eltan in P35b.

Several DA OTUs belonging to the same bacterial families exhibited differential enrichment in the rhizosphere of specific wheat genotypes. For instance, eight (DENOVO1204, DENOVO1885, DENOVO2591, DENOVO787, REF5077, REF591, REF6907, REF994) out of 14 DA OTUs belonging to Chitinophagaceae were differentially higher in Eltan than most of the winter wheat genotypes (Supplementary Table 5). Meanwhile, three DA OTUs belonging to Burkholderiaceae were consistently higher in PI561725 compared with Hill81 (REF2457) and Lewjain (DENOVO37, REF5019) in P35a. OTUs belonging to Sphingobacteriaceae (REF6072, REF7015, REF4083) were more enriched in PI561725 compared with Eltan (P35a) and Hill81 (P35b). Notably, four out of eight DA OTUs from Oxalobacteraceae (genus Janthinobacterium) were differentially higher in PI561725 than Eltan, Hill81, Lewjain, and Madsen in P35a, P35b and P160 (Supplementary Table 5; Supplementary Figure 4).

The separation of the microbiome of the two ALMT1 isogenic lines, PI561725 and PI561727, from the rest of the winter wheat genotypes in the extended cycle (P160) was attributed to 27 differentially abundant OTUs (Supplementary Table 5; Figure 2). In comparison with the rest of the wheat genotypes, five Sphingobacteriaceae OTUs were differentially higher in the ALMT1 isogenic lines. Bacterial OTUs from Oxalobacteraceae (REF3578) and Comamonadaceae (REF4717) were more abundant in the two ALMT1 lines compared with other four winter wheat genotypes. A streptomycete (REF4166) was differentially enriched in PI561725 and PI561727 compared to Eltan, Lewjain, and Madsen. On the other hand, Anaeroplasmataceae (DENOVO2959, REF6743), Actinospicaceae (DENOVO81), Chitinophagaceae (REF3713), and Sphingobacteriaceae (DENOVO266) were less abundant in the ALMT1 lines compared with the other genotypes.
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FIGURE 2. Abundant bacterial OTUs in six winter wheat genotypes grown on Pullman soil for three 160-daycycles. (A) Relative abundance of most abundant families. (B) Heatmap of normalized log (x+1) transformed counts of the top 50 differentially abundant OTUs across wheat genotypes generated from DESeq2.




Comparison of Growth Chamber and Field Rhizosphere Microbiome Composition

The microbiomes of each of the four growth chamber experiments were compared to that of the microbiomes described in the field experiments of Mahoney et al. (2017). The collective microbiome of the six winter wheat genotypes derived from the field study was significantly different from all growth chamber cycling experiments (value of p=0.001; Supplementary Table 2; Supplementary Figure 2). As wheat roots were harvested in P160 at the same growth stage as that of the field experiment, it was assumed that most likely the microbiome of the wheat genotypes in P160 and field would be more correlated. However, correlation analysis showed a low correlation with P160 (Spearman r=0.03; value of p=0.41). When microbiomes from the individual cycling experiments were individually compared to the field microbiomes, all four comparisons showed low similarities ranging from 33.45% for P35b to 31.79% for P28.

Microbiomes of the six winter wheat genotypes were also compared among different growth chamber cycling experiments. Pairwise PERMANOVA tests have shown that all growth chamber cycling experiments have significantly different microbiomes (value of p=0.001), even between the two trials of 35-daycycles (Supplementary Table 2, 3).



Network and Network Roles in Different Wheat Genotypes

Analysis of the 205 OTUs with the highest relative abundance showed that Proteobacteria and Bacteroidetes generally dominated the ecological networks across all cycle lengths, and in the field (Supplementary Figure 5). Additionally, Acidobacteria were found to cluster throughout the networks, and Actinobacteria composed a larger cluster in the 35-day Trial 1 ecological network. Other phyla were present throughout the networks, including Armatimonadetes, Chloroflexi, Cyanobacteria, FBP, Fibrobacteres, Gemmatimonadetes, Planctomycetes, Tenericutes, TM7, and Verrucomicrobia. The highest number of edges were observed in the networks of the 35-daycycles (before and after edge filtering), with the 28-daycycle and the two-yearcycle resulting in the lowest number of edges before filtering (Supplementary Table 6). The lowest number of edges after filtering was observed in the 160- day cycle followed by the 28-daycycle. Both before and after edge filtering, ecological networks of all cycle lengths and the field were dominated by positive associations. After edge filtering, positive correlations were a higher percentage of the total edges compared to before edge filtering. In the growth chamber studies, the 28-daycycle had the lowest number of positive associations after edge filtering, and all networks from the growth chamber had a higher percentage of positive associations than the field study (before and after edge filtering).

Because a clear genotype-driven differentiation was observed between microbiomes in the 160-daycycle, the ecological networks were compared across genotypes using only the differentially abundant taxa (the top 205; Supplementary Figure 6). The same phyla that dominated the ecological networks of the rhizosphere microbiome when compared by cycle length also dominated the ecological networks of the rhizosphere microbiome when assessed by genotype. However, there were genotype-dependent differences in the number of phyla present in the ecological network and in the percentage of positive associations. Madsen had the most diverse networks in terms of number of phyla in the network, while Hill81 and the two isogenic lines had less diverse ecological networks. In terms of positive associations, the Madsen and PI561725 rhizospheres had the highest, and the Lewjain rhizosphere had the lowest, compared with all other genotypes (prior to edge filtering; Supplementary Table 7). After edge filtering, a similar trend was observed in terms of the percentage of positive associations, with PI561725 rhizospheres having the highest, and the PI561727 rhizosphere having the lowest, compared with all other genotypes.

To better understand the interactions within the microbiome assemblage in each genotype network, differentially abundant OTUs in P160 were partitioned to different modules and were assigned to different network roles Guimerà and Amaral (2005); Olesen et al. (2007). Assemblage of OTUs in network modules varied among different wheat genotypes (Supplementary Table 7) and assumed unique roles within and among modules (Supplementary Figure 7). The individual genotype network structure was partitioned to six roles, namely, module hub, peripheral hub, connectors, peripheral, ultra-peripheral, and kinless nodes (Supplementary Table 7). For module hubs, characterized by nodes linking OTUs within each module, only few were found. Module hubs in Lewjain, namely DENOVO37 (Proteobacteria) and REF4973 (Acidobacteria) were found (Supplementary Figure 7c). While REF115 (Fibrobacteres) was the only module hub in PI561725 (Supplementary Figure 7E; Supplementary Table 7). For the rest of the genotypes, there were no OTUs that had enough links within a module to be considered as a module hub (>2.5 within module degree; Poudel et al., 2016). On the other hand, connector nodes, those that have more links to OTUs from other module (Guimerà and Amaral, 2005), were detected among different individual genotype networks. These connector nodes are important to network coherence as they connect modules together (Olesen et al., 2007). Among the six wheat genotypes, PI561725 had the most connector nodes, while PI561727 and Lewjain had the least (Supplementary Figure 7; Supplementary Table 7). Most of the OTUs in the networks were either classified as peripheral nodes which are characterized by most links within same module or ultra-peripheral nodes which are only linked to nodes within the same module (Guimerà and Amaral, 2005). Both PI561725 and PI561727 had the least number of ultra-peripheral nodes, while Madsen had the greatest number of ultra-peripheral nodes (Supplementary Table 7). Furthermore, some of the differentially abundant OTUs included in the network had exhibited different roles among the individual network of the six wheat genotypes (Table 1).



TABLE 1. Summary of the suppression assay after the third cycle of the 160-day growth cycle.
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Microbiome and Wheat Disease Suppression

To determine whether the wheat varieties showed differences in their abilities to recruit microbes that contribute to disease suppression, soils from one of the cycling experiments were used in a disease suppression assay. Soils from the experiment with longest (160-day) cycles were used because the microbiomes of different genotypes had differentiated better than in the shorter cycling experiments and suppressive soils generally take time to develop in field soils. Soils cultivated with the six winter wheat genotypes had variable effects on plant health when inoculated with R. solani and planted with the cultivar Alpowa (Table 1). Cultivation of Alpowa for 14days likely altered the microbiome to some extent but difference between the treatments should be due to the legacy effects of the genotypes used in the cycling experiment. There were significant differences in shoot length (value of p=0.018) and less impact on shoot weight (value of p=0.105) and root disease (value of p=0.051). Significant differences were also found in shoot length (value of p=0.008) and shoot weight (value of p=0.004) when Alpowa was planted in these soils without inoculum added. Based on post hoc tests, the soils previously cultivated with the ALMT1 isogenic lines PI561725 and PI561727 outperformed most of the winter wheat genotypes except for Lewjain, in terms of shoot length and reduced root disease (Table 2). Soils cultivated with Madsen performed most poorly when inoculated with the pathogen.



TABLE 2. Differentially abundant OTUs correlated with traits in suppression assays and with relevant network roles.
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Correlation analysis of shoot length, shoot weight, and root disease score with abundance of DA OTUs revealed specific bacterial orders associated with these traits in inoculated and uninoculated soils (Table 2). In soils inoculated with R. solani AG-8, REF3578 (Oxalobacteraceae) and REF4717 (Comamonadaceae), both of which belong to order Burkholderiales, were associated with both reduced root disease score, higher shoot length and shoot weight. In addition, these OTUs were also positively correlated with higher shoot length and shoot weight in uninoculated soils. In contrast, abundance of REF1650 (Comamonadaceae) was positively correlated with disease severity (Spearman r=0.31) and negatively correlated with shoot length (Pearson r=−0.48; Supplementary Table 8). Similarly, low abundance of REF2166 (Sphingomonadaceae) and REF8601 (Xanthomonadaceae) was associated with higher disease scores and lower shoot length. Higher shoot length was positively correlated with abundance of five OTUs from Sphingobacteriaceae, one Streptomycetaceae and one Koribacteraceae in inoculated soils (Supplementary Table 8). However, abundance of OTUs belonging to Rhizobiaceae (REF4027) and Weeksellaceae (DENOVO828) was only positively correlated with higher shoot length and shoot weight under uninoculated soils.




DISCUSSION

Microbes of the microbiome have drawn a great deal of attention in recent years, and studies have begun focusing on manipulating these microbiomes in order to strengthen sustainable agricultural systems. Factors, such as soil type (Qiao et al., 2017), plant growth stage (Chaparro et al., 2014; Yuan et al., 2015; Qiao et al., 2017; Walters et al., 2018), root system architecture (Saleem et al., 2018), and genotype (Micallef et al., 2009; Mahoney et al., 2017), have been documented to strongly influence the composition and function of the microbiome. In order to effectively manage the microbiome, we must first understand the plant factors that help control the assemblage and function of the microbiome. These factors include a complicated and dynamic role of host genotype and plant physiological stage of development. Our study has taken strides toward a greater understanding of the impacts of both factors in the recruitment of wheat rhizosphere microbiomes. Further, we were able to associate these factors with varying degrees of root disease suppression and severity, caused by the pathogen R. solani AG-8.

Rhizosphere microbiome recruitment of six winter wheat genotypes under growth chamber conditions were found to be genotype-specific, in agreement with what has been demonstrated in the field study conducted by Mahoney et al. (2017). In the current study, the most abundant phyla (Proteobacteria, Bacteroidetes, and Actinobacteria) among all growth chamber experiments were the same as the top three phyla in the wheat core rhizosphere microbiome identified by Mahoney et al. (2017). However, at lower taxonomic levels of OTUs, the microbiome composition of the wheat genotypes in the growth chamber cycling experiments was different when compared with the field study. This held true despite obtaining soils from the site where the field study was conducted. Additionally, different trends in genotype-specific microbiome selection were observed in the field compared with the growth chambers. For instance, the microbiome of PI561725 was distinctly different from PI561727 in the field (Mahoney et al., 2017), but this was not observed in any of the cycling experiments in the growth chamber. This distinctness of the microbiome found between the field and growth chamber cycling experiments might be explained by the seasonal variations in the soil microbiome (Li et al., 2020) during the time of soil collection or even the general difficulty in replicating field studies in controlled environments (and vice versa). In addition, these isogenic wheat lines had grown in the field for seven months, allowing more time to recruit distinct microbiomes compared with the same wheat isolines grown in the growth chamber cycles for only 160days in each cycle prior to rhizosphere soil collection. Thus, a variety of spatio-temporal, climatic, and plant physiological variables likely account for the observed differences in the microbiome described in the field versus those recruited from the same soils but described under controlled, greenhouse growth chamber conditions. This would seem to highlight the intrinsic difficulties in attempting to replicate field studies under controlled conditions. However, the data from the current study were compelling in many ways more closely related to the fundamental aspects of soil disease suppression.

In this study, we were able to directly relate rhizosphere microbiome recruitment specificity with the length of the cultivation cycles and/or physiological stage of the plant. With increasing growth chamber cycling lengths, greater differentiation of rhizosphere microbiomes across the six winter wheat genotypes was clear. In rhizosphere soils collected from the 28-daycycles (P28), the microbiome of the six wheat genotypes did not show any significant differences. However, genotype-specific recruitment of the rhizosphere microbiome became significant in the 35-daycycles for both trial 1 and trial 2. Genotypic effects are most notable in P160 when wheat genotype accounted for 23% of microbiome variation (Figure 1). In the 160-day cycling experiments, most of the wheat genotypes reached reproductive stage, and the ALMT1 isogenic lines were already in the grain filling stage. Edwards et al. (2015) have demonstrated that genotypes significantly impact rhizosphere microbiome and showed that changes in the microbiome are correlated with developmental stages in rice. Similarly, rhizosphere microbiome was strongly influenced by plant age, followed by field, and then plant genotype in maize (Walters et al., 2018). Furthermore, the trend observed in our study agrees to what Schlemper et al. (2017) observed in the rhizosphere microbiome of sorghum where genotypic effects became more significant as plant transitions from vegetative to reproductive stage. This observation was similar to several reports that the reproductive stage of the plant has stronger selective influence on the rhizosphere microbiome compared to vegetative stage (Smalla et al., 2001; Inceoğlu et al., 2010; Walters et al., 2018).

Additionally, in the P160 cycling experiment, the two ALMT1 (aluminum-activated malate transporter) isogenic lines (PI561725 and PI561727) clustered in the opposite plane of the other four winter wheat varieties (Figure 1). Although these two isogenic lines appear to be distinct from the rest of the wheat genotypes, there are no significant differences in the rhizosphere microbiomes of PI561725 and PI561727. These two lines differ in aluminum (Al) toxicity tolerance, PI561725 being tolerant, while PI561727 is susceptible (Carver et al., 1993). Houde and Diallo (2008) have characterized these lines to identify candidate genes underlying tolerance, and the ALMT1 gene was a major gene associated with tolerance. With 50μm (~13ppm) of Al, malic acid excretion increased in Al tolerant lines (Delhaize et al., 1993) and gene expression of the ALMT1 gene was observed in this concentration of Al (Sasaki et al., 2004). Accounting for the Al concentrations in the Pullman soil (14.87ppm DTPA extractable Al) based on soil test, concentrations in Pullman soil are slightly elevated. But accounting other edaphic factors in Pullman soils, taken together may have confounding effects, making this level of aluminum not enough to induce differentiation of the rhizosphere microbiome between isogenic lines. Despite the insignificant difference in taxonomic composition of these isogenic lines, looking closely at the assemblage of microbiome networks between these two isogenic lines, PI561725 selects for a greater percentage of positive associations among OTUs in the rhizosphere compared with PI561727. This suggests that taxa composition together with the assemblage of network structure may provide more meaning on how the genotype-specific microbiome function as a whole.

Despite significant differences in the rhizosphere microbiome composition in wheat genotypes between the two trials of 35-daycycles, soils previously cultivated with PI561725 in the suppression assays (data not shown) consistently bested the rest of the genotypes as observed in P160. This highlights the possibility that, despite the variation in the taxonomic composition of genotype-specific rhizosphere microbiome among experiments, there might be some community function that is being maintained regardless of the taxonomic shifts. Microbiome studies on bromeliads (Louca et al., 2016), bioreactors (Fernandez et al., 1999), and the human gut (The Human Microbiome Project Consortium, 2012) have shown that despite taxonomic variation, functional structure at the community level is relatively constant. Hence, it is important to account for the community function being maintained in studies that involved comparison of temporal variations in the microbiome.

Our study also confirmed differential recruitment of bacterial OTUs at the family level among wheat genotypes. Differences in the most abundant bacterial families in different growth chamber cycling lengths and wheat genotypes reflect the succession of microbial communities in each plant growth stage and differential recruitment of the microbiome of wheat genotypes. Identification of DA OTUs of wheat genotypes between different growth chamber cycling experiments demonstrated that each wheat genotype has a distinct set of DA OTUs, specific to plant physiological development and environmental conditions. However, looking at the family level of the DA OTUs in each wheat genotype, specific bacterial families are differentially recruited by specific wheat genotypes. For instance, eight DA OTUs belonging to Chitinophagaceae were differentially higher in Eltan, while the majority of the DA OTUs belonging to Burkholderiaceae and Oxalobacteraceae were differentially higher in PI561725 among different experiments.

The microbiome of each wheat genotype became more tightly regulated and conserved as plant maturity advanced. Alpha diversity and microbial network associations decreased as growth cycling length increased. Among the three growth chamber cycling lengths used in our study, P160 has the lowest alpha diversity indices. This observation was similar to what Shi et al. (2015) reported, where alpha diversity in the rhizosphere microbiome of Avena fatua decreased gradually through time as plant growth progressed. One explanation is that the more diverse non-rhizosphere soil population takes time to transform as bacteria acclimate to rhizosphere conditions. It is also apparent that rhizosphere conditions change as the plant matures. Chaparro et al. (2014) observed high sugar levels in the root exudates of Arabidopsis during the vegetative stage, which declines at the reproductive state, at which point, exudate concentrations of amino acids and phenolics increased. Thus, during early stages of growth, the plant attracts a wider range of metabolically diverse microorganisms in the soil compared to later growth stages (Chaparro et al., 2014). Furthermore, network analysis showed that the total number of edges and the percentage of positive associations was highest in the 35-daycycles. After edge filtering, the lowest total number of edges was observed in the 160-daycycles. Together these results suggest that the dynamics within the microbial community lead to an increased total number of associations early on in plant development, but that a lower number of associations reflects a narrowing niche with fewer available substrates at or near the seed-filling stage.

When challenged with the root rot pathogen R. solani AG-8, the above-described differential recruitment of specific bacterial OTUs by specific wheat genotypes translated to very specific plant responses in terms of plant growth and disease severity. Soils previously cultivated with the ALMT1 isogenic lines (Carver et al., 1993) exhibited higher shoot length, shoot weight, and reduced root rot disease, while the opposite was observed in Madsen-cultivated soils. Correlation analysis of abundance of DA OTUs and traits measured in the suppression assays identified OTUs that were positively correlated with reduced root disease, increased shoot length and shoot weight, strongly suggesting organisms within these OTUs may play a role in disease suppression or resistance. Five OTUs belonging to Sphingobacteriaceae, one Streptomycetaceae, and one Koribacteraceae were positively correlated to higher shoot length and were differentially more abundant in the rhizosphere soils of both isogenic lines. Plant growth promotion, especially in inoculated soils, is an important microbial function for biological control agents. Sphingobacteriaceae (Morais et al., 2019) and Strepto-mycetaceae (Dias et al., 2017; Vurukonda et al., 2018) have been previously reported to exhibit plant growth promotion. Multiple mechanisms have been postulated for plant growth promotion, including phosphate solubilization (Rodríguez and Fraga, 1999; Compant et al., 2010), iron sequestration through siderophore production (Scagliola et al., 2016), and phytohormone modulation (de Garcia Salamone et al., 2005; Glick et al., 2007). Additionally, several bacterial OTUs were identified to play dual roles in plant disease suppression and plant growth promotion. Two OTUs belonging to order Burkholderiales were positively correlated with greater shoot length and shoot weight, and reduced root disease score. REF3578 (Oxalobacteraceae) and REF4717 (Comamonadaceae) were positively correlated with these traits and were differentially higher in PI561725 and PI561727 compared to the other four wheat genotypes. Recently, Yin et al. (2021) identified a species of Janthinobacterium from wheat rhizosphere soil associated with seedling tolerance to R. solani AG-8 after 5–6 growth cycles in the greenhouse. This genus was the same as the genus of REF3578 that was identified in our study associated with disease suppression and plant fitness. Bacterial species belonging to the Burkholderiales order have been reported to be associated with damping-off pathogen suppression in tomato and soybean (Benítez and Gardener, 2009). In addition to suppression, Burkholderiales species were considered plant growth-promoting, phosphate-solubilizing rhizobacteria (Goldstein, 1986; Rodríguez et al., 1996).

The identification of DA OTUs correlated with plant growth and reduced root disease leads to another question. What roles do the organisms within each of these OTUs play in the microbiome dynamics in each genotype? To further understand these interactions, network roles were determined (Guimerà and Amaral, 2005; Olesen et al., 2007). From the standpoint of ecological network structure, network hubs, connectors, and module hubs are network nodes that may have importance in maintaining a network (Poudel et al., 2016). Among the correlated DA OTUs in question, there were no network hubs, only module hubs and connectors. A module hub (REF115) in PI561725 network was detected and has been positively correlated with increased shoot length and shoot weight in uninoculated soils. Another important module hub in Lewjain was DENOVO37, which positively correlated with reduced root disease. The detection of these module hubs solidifies the roles of these correlated OTUs in the function of the microbiome network in terms of better plant growth and reduced root disease. These module hubs may facilitate the stable occurrence of other taxa and may serve as keystone taxa that support the co-occurrence of other organisms with desirable functional attributes (Poudel et al., 2016). Moreover, traits correlated OTUs identified as connector nodes were detected. Among the 40 connector nodes in PI561725, REF3578 (Oxalobacteraceae) was differentially higher in PI561725 and was correlated with better plant growth and reduced root disease. Most of the OTUs identified to be connectors were correlated with two or three traits in the suppression assays. Connector taxa are important to network structure as they provide links to other modules (Guimerà and Amaral, 2005) and may represent multi-functional taxa (Poudel et al., 2016). These results suggest that these OTUs are relevant in maintaining a specific function in the wheat microbiome and may be good candidates for more downstream functional analyses.

The current study demonstrated that the wheat microbiome involved in plant growth promotion and disease suppression can be recruited with three, consecutive 160-daycycles in the growth chamber. This rapid development of suppressiveness has previously been observed in greenhouse experiments (Lucas et al., 1993; Yin et al., 2013). If wheat genotypes can be identified that can speed the process it will be valuable since it takes years to naturally develop in no-till cropping systems. Progression of suppressiveness against R. solani AG-8 took five to ten years in Avon, South Australia (Roget, 1995), while it took eight to eleven years of no-till wheat monoculture in Ritzville, WA (Schillinger and Paulitz, 2014). If this progression could be enhanced by use of specific wheat genotypes, these varieties could be particularly important in transitioning to sustainable disease management systems, such as those involving reduced tillage. Our study identified genotype-specific microbiomes that are correlated with better plant growth and reduced root disease caused by R. solani AG-8. Differential abundance of Burkholderiales OTUs, specifically the genus Janthinobacterium in PI561727 and PI561725 cultivated soils was associated with reduced root disease and better growth. This same genus was recently reported by Yin et al. (2021) to exhibit antagonism against R. solani AG-8 from disease-suppressive soil. Thus, it can be inferred that these Burkholderiales OTUs could be a putative biological control agent against R. solani AG-8 as it has been associated with disease-suppressive soils (Mendes et al., 2011; Carrión et al., 2018) and that they can be recruited by specific wheat genotypes. These results were different from the wheat cycling experiments performed by Mazzola and Gu (2002), where suppression of R. solani AG-5 and AG-8 were associated with the differences in the composition of fluorescent pseudomonad population in orchard soils. However, taken together, wheat genotypes have the capability to recruit different bacterial taxa responsible for better plant growth and disease suppression, in a given soil type and agroecosystem. With this, use of specific wheat genotypes to recruit suppressive microbiome holds promise in furthering efforts to manipulate rhizosphere microbiomes to manage root rot disease caused by R. solani AG-8.



CONCLUSION

In this study, wheat genotype and physiological stage shaped the microbiome, which was able to significantly alter soil suppression of R. solani AG-8. Longer growth cycles resulted in stronger genotype-specific recruitment of the microbiome and reduced the number of edges in ecological networks. Despite differences between the microbiomes associated with field- and growth chamber-grown plants, the conclusions remain that genotype-specific rhizosphere recruitment may be observed in both systems. This is fundamental to our approach in future studies examining the phenomenon of developing suppressive soils in shorter time periods. Furthermore, the wheat genotype-specific recruitment of particular bacterial taxa correlated with better plant growth in R. solani AG-8 inoculated soils and reduced root disease, which demonstrates that disease-suppressive soils can be attained with fewer growth cycles. Thus, using the appropriate wheat genotype to manipulate the rhizosphere microbiome could provide a sustainable approach to manage soil-borne disease. However, further validation is needed to strengthen the importance of taxa associated with these significant OTUs in soil disease suppression.
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Stripe rust (caused by Puccinia striiformis f. sp. tritici) is one of the most severe diseases affecting wheat production. The disease is best controlled by developing and growing resistant cultivars. Chinese wheat (Triticum aestivum) landraces have excellent resistance to stripe rust. The objectives of this study were to identify wheat landraces with stable resistance and map quantitative trait loci (QTL) for resistance to stripe rust from 271 Chinese wheat landraces using a genome-wide association study (GWAS) approach. The landraces were phenotyped for stripe rust responses at the seedling stage with two predominant Chinese races of P. striiformis f. sp. tritici in a greenhouse and the adult-plant stage in four field environments and genotyped using the 660K wheat single-nucleotide polymorphism (SNP) array. Thirteen landraces with stable resistance were identified, and 17 QTL, including eight associated to all-stage resistance and nine to adult-plant resistance, were mapped on chromosomes 1A, 1B, 2A, 2D, 3A, 3B, 5A, 5B, 6D, and 7A. These QTL explained 6.06–16.46% of the phenotypic variation. Five of the QTL, QYrCL.sicau-3AL, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-5AL.1 and QYrCL.sicau-7AL, were likely new. Five Kompetitive allele specific PCR (KASP) markers for four of the QTL were converted from the significant SNP markers. The identified wheat landraces with stable resistance to stripe rust, significant QTL, and KASP markers should be useful for breeding wheat cultivars with durable resistance to stripe rust.

Keywords: wheat landraces, resistance, stripe rust, GWAS, KASP markers


INTRODUCTION

Stripe rust (also called yellow rust), caused by Puccinia striiformis f. sp. tritici (Pst), is a serious disease of wheat worldwide. The fungal pathogen produces yellow to orange-colored uredinia mainly on leaf blades, but also on leaf sheaths, stems, glumes, awns and young kernels of susceptible plants (Chen et al., 2014). After seedling stage, uredinia tend to form in stripes, but whole leaves can be covered by uredinia. When leaves are covered by uredinia, photosynthesis is seriously reduced and the continual production of urediniospores sucks water and nutrients from host plants, reducing plant growth, the numbers of tillers and grains per spike and test weight. The disease can cause up to 100% loss of grain yield in fields planted with highly susceptible cultivars under extremely stripe rust favorable weather conditions (Chen, 2005). As Pst urediniospores are capable of long-distance dispersal by wind, stripe rust can cause large-scale epidemics. The fungal pathogen evolves fast through mutation, somatic hybridization and even sexual recombination in some regions of the world (Chen and Kang, 2017), producing new races that may overcome race-specific resistance genes deployed in wheat cultivars. Thus, stripe rust is a continual threat to wheat production in all wheat-growing regions of the world (Stubbs, 1985; Chen, 2005; Wang and Chen, 2015; Cheng et al., 2016). Planting resistant cultivars and timely applying fungicides are two major methods for control of stripe rust. However, the former is more economical, easier for farmers and more friendly for the environment (Chen, 2005).

In China, 34 formally named Pst races (CYR1 - CYR34) and several dozens of informally named races, so-called “pathotypes” (e.g., Luo-10, Luo-13, Hybrid, Gui-22, and Su-ll), have been identified since the 1950s (Zhan et al., 2011). On average, a new Pst race appears in about 1.6 years, while developing a new wheat cultivar needs eight or more years. Since 1950, major wheat cultivars have been replaced eight times in China, mainly because their stripe rust resistances were overcome by new Pst races (Liu et al., 2017). Due to the long-term use of a limited number of major genetic stocks in breeding programs, the recent cultivars have a low level of genetic diversity because of their narrow genetic background. The small number of race-specific resistance genes in the current cultivars quickly puts selection pressure on Pst for developing new races. For example, wheat cultivar Fan-6 and its derivative cultivars have been widely used in breeding and production in Sichuan province for 30 years, and the emergence of Pst race CYR32 and related “pathotypes” have overcome the resistance in the Fan-6 series, leading to several outbreaks of stripe rust. More than 90% of the cultivars with Fan-6 in their pedigrees became susceptible to stripe rust, resulting in yield losses of 120 million kg wheat grain (Li, 2015). More recently, the increase of race CYR34 in the Pst population in China, especially in Sichuan province, has circumvented the Yr26 resistance in many cultivars (Liu et al., 2017). It is urgent to identify new resistance resources and use them in breeding programs for developing resistant cultivars with diverse resistance for sustainable control of stripe rust.

In recent years, genome-wide association studies (GWAS) have been successfully used to provide insights into genetic architecture for phenotypes and to identify quantitative trait loci (QTL) that are significantly associated with stripe rust (Zegeye et al., 2014; Bulli et al., 2016; Zhou et al., 2017; Yao et al., 2019; Liu et al., 2020). Compared to the traditional QTL mapping using bi-parental populations, GWAS can analyze allelic diversity and recombination events present in diverse population panels and identify and map trait-associated QTL in a relatively effective way. To get accurate association loci of interested traits, like stripe rust resistance, using the GWAS approach, it is important to genotype the population using a high-density and high-coverage marker array, as well as to obtain multiple sets of accurate phenotypic data.

Simple sequence repeat (SSR), diversity array technology (DArT) and single-nucleotide polymorphism (SNP) are the main marker technologies commonly used for genotyping (Boukhatem et al., 2002; Chen, 2005; Lan et al., 2010; Zhou et al., 2017; Yao et al., 2020). Compared to other types of markers, SNP markers have relatively high density, capability for high-throughput and commercialization and flexibility, and relatively low cost as they can be easily arranged into arrays or platforms (Sun et al., 2020). To date, the widely used wheat SNP arrays include the Illumina 9K iSelect array (Cavanagh et al., 2013), Illumina 90K iSelect array (Wang et al., 2014), 15K array (Boeven et al., 2016), Axiom 660K array, 55K array, Axiom HD 820K array (Winfield et al., 2016), Breeders’ 35K Axiom array (Allen et al., 2017) and 50K Triticum Trait Breed array (Rasheed and Xia, 2019). In comparison of the seven widely used wheat SNP arrays (excluding the 50K array) in terms of their SNP number, distribution, density, associated genes, heterozygosity and application, Sun et al. (2021) reported that the 660K SNP array contains the highest percentage (99.05%) of genome-specific SNPs with reliable physical positions. The 660K SNP array has been widely used in GWAS and QTL mapping (Wu et al., 2018; Zhou et al., 2018). Thus, we used this array in the present study.

The objectives of this study were to (1) screen Chinese wheat landraces for resistance to stripe rust, (2) map QTL significantly associated with stripe rust resistance using the GWAS approach and the Wheat 660K SNP array and (3) develop KASP markers that can be used for marker-assistant selection (MAS).



MATERIALS AND METHODS


Plant Materials

The wheat panel used in this study consisted of 271 Chinese landrace accessions obtained from the Chinese Academy of Agricultural Sciences. The accessions were originally from 10 wheat production zones of China, as shown in Supplementary Figure 1. The information on name, identification and origin of province and wheat production zones for the landraces, as well as their subpopulations and stripe rust response data obtained in this study, is provided in Supplementary Table 1. Two susceptible lines, Avocet S and SY95-71, from Triticeae Research Institute, Sichuan Agricultural University, were included as susceptible checks in both greenhouse and field tests and also as stripe rust spreaders in the field experiments.



Field Evaluation of Stripe Rust Resistance at the Adult-Plant Stage

To evaluate the stripe rust response of the wheat landrace panel at the adult-plant stage, field experiments were conducted under artificial inoculation in the 2015–2016 (16CZ), 2016–2017 (17CZ), and 2017–2018 (18CZ) growing seasons in Chongzhou (CZ, 30°32′N, 103°39′E) and in the 2015–2016 (16MY) growing season in Mianyang (MY, 31°48′N, 104°73′E), Sichuan province. All 271 accessions were planted in a randomized block design with three replications at each environment. About 20 seeds were sown in rows of 2.0 m long and 0.3 m apart. Avocet S and SY95-71 were planted every 20 rows as susceptible checks and surrounding the nursery for increasing stripe rust pressure. The mixture of eight Pst isolates representing races CYR34, CYR33, CYR32, CYR31, G22-14, Sull-4, Sull-5, and Sull-7 each with an equal quantity of urediniospores was used for inoculating the fields when the plants grew to the fourth leaf stage (Zadoks growth stage 23) (Zadoks et al., 1974). The avirulence/virulence formulae of the isolates are provided in Supplementary Table 2. Disease severity (DS) were recorded three times starting at the boot stage (Zadoks 45) with 7-day intervals as described in our previous study (Yao et al., 2020). Stripe rust infection type (IT) was estimated using the 0–9 scale (Line and Qayoum, 1992). DS was assessed as the percentage of infected leaf, and the final DS at the milk stage (Zadoks 11) was used for various analyses. The area under the disease progress curve (AUDPC) value was calculated for each accession using the three sets of DS data according to the formula: AUDPC = Σi[(xi + xi+1)/2]ti, where xi is the severity value on date i and ti the time in days between dates i and i + 1 (Lin and Chen, 2007). The IT data of the greenhouse seedling tests and the final IT and DS data together with the AUDPC data calculated from the three sets of DS data of adult-plant stages in the field tests for the 271 Chinese wheat landraces were provided in Supplementary Table 1.



Greenhouse Evaluation of Stripe Rust Response at the Seedling Stage

The evaluation of the seedling response to stripe rust was carried out in the Gansu Academy of Agriculture Sciences. Two Pst races, CYR32 and CYR34, were used in the seedling tests. For each accession, 10–15 seeds were planted in plastic pots of 10 cm in diameter and 10 cm in height and grown in a rust-free growth chamber. After 10–14 days, plants were inoculated with fresh urediniospores mixed with 2% Tween 20 (Sigma-Aldrich, St. Louis, MO, United States) water solution and put in a dew chamber in darkness for 24 h and then transferred to a growth chamber at 14 ± 3°C with 10–14 h of light (660 μmol/m2/s) daily. After 18–22 days when Pst was fully sporulating on susceptible checks, IT was recorded using the same method as described for the field tests. The resistant accessions with IT 0–3 were re-tested with the same isolate to validate the responses.



Phenotypic Data Analysis

To display the distribution of stripe rust responses (DS, IT, and AUDPC), violin plots were drawn using the ggplot2 package in the R program V3.6.2 (Wickham et al., 2016). The maximum (Max), minimum (Min), mean, standard deviation (Stdev) and coefficient of variation (CV) values were calculated for each environment. The best linear unbiased estimator (BLUE) value for each trait was calculated using the data across all environments when genotype was considered as a fixed effect in the model using QTL IciMapping (Meng et al., 2015). Pearson correlation coefficients for DS, IT and AUDPC between and across environments were calculated and graphed using the corrplot package in the R program (Wei et al., 2017). The broad-sense heritability (H2) values of stripe rust responses were estimated for all environments using PROC MIXED COVTEST in SAS V8.0 (SAS Institute Inc., Cary, NC, United States) and formula: H2 = σ2G/[σ2G + σ2E×G/n + σ2e/rn], where σ2G is the variance of genotypes, σ2G×E the variance of the interaction between genotype and environment, σ2e the variance of residuals, n the number of environments and r the number of replicates per environment. Genotype, environment and the genotype × environment interaction were treated as random factors (Piepho and Möhring, 2007).



DNA Extraction and Genotyping

Genomic DNA of the 271 accessions were extracted from seedlings using a modified cetyltrimethylammonium bromide method as described in our previous study (Yao et al., 2019). Genotypic characterization used the Axiom R Wheat 660K SNP array (Affymetrix, Santa Clara, CA, United States). A total of 630,517 probes from the Wheat 660 SNP array (Winfield et al., 2016) were used for genotyping. Markers with 10% missing value were excluded, and only those with minor allele frequencies (MAF) ≥ 0.05 were used for further analyses (Zhou et al., 2017, 2018).



Population Structure and Linkage Disequilibrium Analyses

The population structure of the wheat panel was analyzed using the compressed mixed linear model as described in the previous study (Zhou et al., 2018), K-values ranging from 1 to 10 with a burn-in of 50,000 iterations and 100,000 Monte Carlo Markov chain (MCMC) replicates for the 271 accessions with the selected SNP markers and the Bayesian clustering algorithm in program STRUCTURE V2.3.4 (Pritchard et al., 2000; Falush et al., 2003; Hubisz et al., 2009). The optimal alignment was calculated from Delta K (ΔK) statistics using STRUCTURE HARVESTER1 (Earl and VonHoldt, 2012). A neighbor-joining tree (NJ-tree) was constructed using software Tassel V3.0 and MEGA7 and visualized using the iTOL website2.

After quality control, one marker of every 100 SNP markers were used for LD analysis. LD was measured as squared allele frequency correlations (r2) among pairs of SNP markers using software TASSEL 3.03 (Bradbury et al., 2007). The pattern of LD decay was then visualized by plotting pairwise r2 values against the genetic distance (Mb) across the whole genome. Locally weighted polynomial regression curves were fitted into the scatter plot. The physical distance at which the LD decay curve intersects with the critical r2 value (the point at which the regression curve turns) was used as a threshold to determine the confidence interval of significant QTL (Bulli et al., 2016; Yao et al., 2019).



Identification of Stripe Rust Resistance Quantitative Trait Loci Using Genome-Wide Association Study

Genome-wide association studies were conducted between the SNP markers and seedling response (IT) and adult-plant response (DS, IT, and AUDPC) of the 271 Chinese wheat landraces. To reduce false-positive associations, a unified mixed linear model (Q + K, MLM) with the Q matrix as the fixed factor and the K matrix as the random factor was implemented in TASSEL 3.0. The exploratory threshold −log10(P) ≥ 4.00 (P ≤ 0.0001) was used to identify significant marker-trait associations (MTAs) (Zhu et al., 2019). Only MTAs significant in at least three environments were considered for further analyses. MTAs positioned with LD ≥ 0.3 were considered in the same QTL region. Manhattan plots were drawn using the CMplot package in the R program4.



Comparison of Quantitative Trait Loci With Previously Reported Genes and Quantitative Trait Loci for Resistance to Stripe Rust

The physical positions of the QTL detected in the present study were compared with the previously reported Yr genes and QTL for resistance to stripe rust using their markers. Their marker positions were referred to the ‘Chinese Spring’ physical map in IWGSC RefSeq V1.0.



Development and Evaluation of Kompetitive Allele Specific PCR Markers

To make the stripe rust resistance QTL identified in this study more useful in wheat breeding programs, primers for KASP markers representing the significant SNP markers associated with the stable or novel QTL were designed using the PolyMarker software (Ramirez-Gonzalez et al., 2015) and synthesized by TSINGKE Biology Co., Ltd. (Chengdu, China). The KASP markers were validated by testing with 188 accessions selected from the 271 landraces based on their stripe rust phenotypes and presence/absence of the associated SNP marker favorable alleles. The PCR amplification was conducted in a BIO-RAD CFX96 qPCR system using the procedure described in Long et al. (2021). Data analysis was performed manually using the inbuilt BIO-RAD CFX96 Manager v3.1. To determine the polymorphisms of the KASP markers in contemporary cultivars, 94 wheat cultivars from Sichuan province were tested using the same procedure.




RESULTS


Seedling and Adult-Plant Resistance of Stripe Rust in the Wheat Landraces

All phenotypic data are provided in Supplementary Table 1 and summarized in Table 1 while the distributions of the seedling and adult-plant responses are shown in Figure 1. At the seedling stage, the stripe rust response (IT) ranged from 0 to 9 in both tests with races CYR32 and CYR34 in the greenhouse. At the adult-plant stage, the DS values of the 271 Chinese wheat landraces ranged from 0 to 100%, IT 0 to 9 and AUDPC 0 to 14.00, with the mean DS 34.70%, IT 6.08 and AUDPC 2.96. These data indicated significant differences in stripe rust response among the 271 Chinese wheat landraces. The H2 of final DS (0.90) in the five environments was higher than both IT (0.74) and AUDPC (0.66) (Table 1), indicating the final DS values were relatively stable across environments compared to the IT and AUDPC values.


TABLE 1. The stripe rust response summary of the 271 Chinese wheat landraces at the adult plant stagea.
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FIGURE 1. Phenotypic distribution of the 271 Chinese wheat landraces. (A) Disease severity (DS, %), (B) infection type (IT), and (C) area under the disease progress curve (AUDPC). For the environments combined with years and locations, 16 = 2016, 17 = 2017, 18 = 2018; CZ, Chongzhou; MY, Mianyang; and BLUE, best linear unbiased estimator using the data of all environments. CYR32 and CYR34 are races used in the seedling tests.


The correlation coefficients among stripe rust responses (DS, IT and AUDPC) for different environments were calculated. The correlation coefficients between seedling and adult-plant stages were low (0.19) as the majority accessions were susceptible in the seedling stage but resistant in the field tests, indicating that the majority landraces have adult-plant resistance. A mean correlation (0.64) between different field environments indicated the relatively consistent stripe rust data across the different growing seasons and locations (Figure 2). Thirteen landraces (Pushanbamai, Liangganbai, Pushanba, Lushanmai, Huayangxiaomai, Zimai, Hongxumai, Qianqianmai, Tiekemai, Huakemai, Mangmai, Laobaimai, and Baichunmai) with stable resistance (IT ≤ 3 and DS ≤ 40%) were identified from the field tests across the five environments (Supplementary Table 1).
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FIGURE 2. Heatmap of Pearson correlation coefficients among stripe rust response. Positive to negative correlations are displayed in blue to red colors. Color intensity and the scale of the pie chart are proportional to the correlation coefficients. For the environments combined with years and locations, 16 = 2016, 17 = 2017, 18 = 2018; and CZ, Chongzhou; MY, Mianyang; BLUE, best linear unbiased estimator using the data of all environments. IT, infection type; DS, disease severity; and AUDPC, area under the disease progress curve. The IT data were from the seedling tests with races CYR32 and CYR34 of Puccinia striiformis f. sp. tritici. The P-values of the Pearson’s correlation coefficients among the adult-plant stage and between the seeding stage are smaller than 0.001 (P < 0.001), while the P-values among the seeding stage and adult-plant stage are smaller than 0.05 (P < 0.05).




Population Structure and Linkage Disequilibrium of the Landrace Panel

After selection, 178,803 SNP markers with MAF ≥ 5% and a missing rate ≤ 10% were obtained (Supplementary Table 35). The highest number of markers distributed on the B genome (88,293), the lowest number of markers on the D genome (15,229), and the A genome (75,281) in between (Supplementary Table 4). All 178,803 SNP markers were used for the NJ-tree construction and GWAS.

The 271 landraces were grouped into five sub-populations: Sub-1 (92), Sub-2 (59), Sub-3 (53), Sub-4 (45), and Sub-5 (23). Sub-1 mainly included landraces from Zone II (55.4%) and Zone I (33.7%). Sub-2 mainly included landraces from Zone III (64.4%), Zone IV (18.6%), and Zone II (10.2%). Sub-3 mainly included landraces from Zone V (44.2%), Zone III (28.8%), and Zone II (17.3%). Sub-4 mainly included landraces from Zone IX (68.9%), Zone VIII (13.3%), and Zone V (11.1%). Sub-5 mainly included landraces from Zone II (26.1%), Zone I (21.7%), Zone V (21.7%), Zone III (13.0%), and Zone IX (13.0%) (Supplementary Table 1). A similar grouping was obtained in the NJ-tree (Figure 3).
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FIGURE 3. The Neighbor-joining phylogenetic tree showing the phylogenetic relationships of 271 Chinese wheat landraces. Colors of branches corresponding to the five sub-populations: blue (sub-1), purple (sub-2), orange (sub-3), green (sub-4), and red (sub-5). The circle of the colored gradients outside the tree presents the stripe rust response data (BLUE_IT, BLUE_AUDPC, and BLUE_DS). R, resistance and S, susceptible to stripe rust.


In total, 1,795 markers (one marker from every 100 markers covering all chromosomes) were selected for the LD analysis. The pairwise measure of LD was estimated based on the squared allele frequency correlations (r2) between every two markers on the same chromosome with their physical distances. At the whole genome level, the LD decay below the critical r2 = 0.30 was estimated for distances greater than 6.11 Mb (Figure 4), which was used as the confidence intervals to identify significant marker-trait associations. Therefore, the map distance at which LD fell below the LD threshold (r2 ≥ 0.30) was used to define the confidence intervals of QTL detected in the GWAS analysis, similar to the thresholds reported in previous studies (Bulli et al., 2016; Yao et al., 2019).
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FIGURE 4. Linkage disequilibrium decay in the Chinese wheat landrace panel. The red curve represents the model fitting the LD decay. The horizontal blue dashed line indicates the standard critical r2 = value (0.30).




Quantitative Trait Loci for Resistance to Stripe Rust

With the threshold −log10(P) ≥ 4.00, a total of 354 significant MTAs were identified for stripe rust resistance, of which 155 MTAs were detected in more than two environments or located within the LD decay distance (6.11 Mb) (Supplementary Table 5). The 155 MTAs were mapped in 17 genomic regions that were named as 17 QTL: QYrCL.sicau-1AL, QYrCL.sicau-1BL, QYrCL.sicau-2AL, QYrCL.sicau-2DS, QYrCL.sicau-3AL, QYrCL.sicau-3BS.1, QYrCL.sicau-3BS.2, QYrCL.sicau-3BS.3, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-3BL.6, QYrCL.sicau-5AL.1, QYrCL.sicau-5AL.2, QYrCL.sicau-5AL.3, QYrCL.sicau-5BL, QYrCL.sicau-6DL, and QYrCL.sicau-7AL. The 17 QTL were located on 10 chromosomes (1A, 1B, 2A, 2D, 3A, 3B, 5A, 5B, 6D, and 7A) and explained phenotypic variation from 6.06 to 16.46% for DS, IT, or AUDPC. The 17 QTL were detected with three to 36 MTAs. To simplify, only two (at the ends of intervals) or three (at both ends plus one at the middle of the interval) significant markers are presented for each QTL in Table 2. Among the 17 QTL, eight were detected in both seedling and adult-plant stages, and thus considered for all-stage resistance (ASR). The other nine QTL were detected only in the field tests and thus considered for adult-plant resistance (APR). The Manhattan plots in Figure 5 show the significant loci detected in the adult-plant stage BLUE_DS (A), BLUE_IT (B), BLIE_AUDPC (C) and the seedling stage CYR32_IT (E) and CYR34_IT (F).


TABLE 2. Stripe rust resistance QTL identified in the 271 Chinese wheat landraces at seedling and adult-plant stages.
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FIGURE 5. Manhattan plots of –log10(P) values for markers associated with stripe rust resistance response detected in multiple field experiments. The red dash line had the threshold –log10(P) value of 4.0 (P = 0.0001). Significant associated markers are shown above the lines. (A) BLUE_DS, (B) BLUE_IT, (C) BLUE_AUDPC, (D) CYR32_IT, and (E) CYR34_IT.




Comparison With the Previously Reported Yr Genes and Quantitative Trait Loci

Through comparing with the previously reported Yr genes and QTL in physical position, five QTL (QYrCL.sicau-3AL, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-5AL.1, and QYrCL.sicau-7AL) were presumably determined to be novel loci for stripe rust resistance (Supplementary Table 5). The remaining twelve were likely the same or tightly linked to previously reported genes or QTL for resistance to stripe rust.



Distributions of Favorable Alleles of Identified Quantitative Trait Loci in the 271 Chinese Wheat Landraces

We detected 2–14 favorable alleles for stripe rust response (DS, IT, and AUDPC) at the adult-plant stage distributing in the 271 entries (Figure 6 and Supplementary Table 6). With the increase of the favorable allele numbers, the DS, IT, and AUDPC values decreased, indicating that pyramiding more resistance alleles could increase resistance to stripe rust (Figure 6). The 13 stably resistant landraces each had a high number of favorable alleles (7–14) (Supplementary Table 6).
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FIGURE 6. Regression of best linear unbiased estimator (BLUE) using the response to stripe rust in all environments against the number of favorable alleles in 271 Chinese wheat landraces. (A) Disease severity (DS), (B) infection type (IT), and (C) area under the disease progress curve (AUDPC).




Kompetitive Allele Specific PCR Markers for Stable and Novel Quantitative Trait Loci

Five SNP markers (AX-109477203, AX-108747357, AX-109409794, AX-95168494, and AX-111108248) associated with four stable QTL (QYrCL.sicau-3AL, QYrCL.sicau-3BS.1, QYrCL.sicau-5AL.1, and QYrCL.sicau-7AL), all of which were presumably new except the first one, were successfully converted to KASP markers (Table 3) and used to test 188 landraces from the GWAS panel and 94 cultivars grown in Sichuan province. The genotyping data are provided in Supplementary Table 7. In the 188 landraces, 90.32–97.33% of the 540 KASP marker data points were consistent to the corresponding SNP data points, indicating that these KASP markers were highly reliable. The frequencies of resistant alleles (60.43 and 76.47%) of AX-109477203 and AX-108747357 were higher than those of the susceptible alleles (8.56 and 5.88%, respectively) in the tested landraces. In contrast, AX-109409794, AX-95168494, and AX-111108248 had low resistant allele frequencies (5.88, 6.42, and 14.97%, respectively). When the 94 Sichuan cultivars were tested with these five KASP markers, the frequencies of the resistant alleles for QTL on chromosome 3A, 3B, and 5A were very low (1.06–9.57%). These results showed that the resistance QTL were largely absent in the currently grown cultivars and the markers were highly polymorphic, indicating that the KASP markers could be used in MAS for incorporating the QTL into elite wheat cultivars.


TABLE 3. Primer squences of KASP markers developed from SNP markers significant associated with stable and novel QTL detected in this study.
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DISCUSSION

Stripe rust occurs throughout the wheat growing regions of the world. In China, the climatic conditions in northwestern Sichuan province and southeastern Gansu province are highly suitable for infection, growth and survival of Pst. Because of high stripe rust pressure, stripe rust resistance is a top priority of wheat breeding programs and wheat cultivars developed and grown in these regions are generally resistant to stripe rust at least when released. Due to the long-term selection under the high stripe rust pressure, more wheat landraces from these regions are resistant to the disease than other regions as demonstrated in this study. Among the 13 landraces with stable resistance, 10 originated from Sichuan, Gansu, Shaanxi, Guizhou, and Yunnan, where stripe rust occurs more frequently than in most of the other provinces (Liu et al., 2017).

As the primary gene pool, wheat landraces have high genetic diversity and are rich sources of useful traits including stripe rust resistance. Wheat landraces may have undesirable traits, especially low yield potential and low quality. However, landraces are much easier to use than alien species as they can be easily crossed with elite wheat cultivars. The breeding process can be accelerated by MAS or genomic selection. The 13 landraces with resistance to stripe rust identified in the present study and the markers, especially the KASP markers, can be used to incorporate or pyramid the resistance QTL into new wheat cultivars.

With the high-confidence threshold of −log10(P) ≥ 4.00, 17 QTL were identified on chromosomes 1A, 1B, 2A, 2D, 3A, 3B, 5A, 5B, 6D, and 7A associated with ASR or APR to stripe rust. These QTL explained a mean of 8.60% of the phenotypic variation. Compared with the previously reported Yr genes and QTL, five QTL on chromosomes 3A, 3B, 5A, and 7A were presumably identified as novel loci. The uniqueness or relationships of these QTL with previously reported genes or QTL for stripe rust resistance are discussed below.

QYrCL.sicau-1AL was identified as an ASR QTL as it was detected in both the seedling test with race CYR32 (CYR32_IT) and field tests at the adult-plant stage (16CZ/16MY/BLUE_AUDPC). This QTL was mapped between 587.93 and 593.76 Mb on the long arm of chromosome 1A. Bulli et al. (2016) reported a QTL (QYr.wsu-1A.2) associated with SNP marker IWA3215 at the 593.30 Mb position of chromosome 1A, overlapping with the confidence intervals of QYrCL.sicau-1AL. Therefore, these two QTL are likely the same. QYrCL.sicau-1BL was also identified as an ASR QTL, mapped between 664.08 and 665.31 Mb on chromosome 1B, overlapping with Qyrsicau-1BL.1 (670.37–670.59 Mb) and QYr.sun-1B with marker wPt-1770 at the 671.74 Mb position. As Qyrsicau-1BL.1 and QYr.sun-1B were considered to be Yr29 for APR (Bansal et al., 2014; Ye et al., 2019), whereas QYrCL.sicau-1BL conferred ASR in the present study, the latter should be different from Yr29. As many genes conferring ASR to stripe rust have been mapped to chromosome 1B (Wang and Chen, 2017), the relationships to previously reported genes/QTL on 1BL need further studies.

QYrCL.sicau-2AL was identified as an ASR QTL and mapped between 755.56 and 767.51 Mb on chromosome 2A, overlapping with QYR2 close to the SSR Xgwm356 marker locus (753.5 Mb) (Boukhatem et al., 2002). QYrCL.sicau-2DS was associated with 17CZ/BLUE_AUDPC and 16MY/18CZ_IT and mapped at 16.85-24.32 Mb on the short arm of chromosome 2D in the present study. QYr.caas-2DS was reported in the SSR marker interval Xcfd51-Xgwm261 on chromosome 2DS (Lu et al., 2009) and QYr.wpg-2D.1 identified with SNP marker IWA1939 (Naruoka et al., 2015), both on chromosome 2D. Based on the map locations using the reference sequence of Chinese Spring (IWGSC RefSeq v1.0), QYrCL.sicau-2DS is likely the same as QYr.caas-2DS (12.40–19.62 Mb) and QYr.wpg-2D.1 (20.77 Mb).

QYrCL.sicau-3AL was identified as an ASR QTL associated with 17CZ_DS/AUDPC and CYR34_IT and mapped to 719.9–724.5 Mb on chromosome 3AL. Few QTL have been reported on the long arm of chromosome 3A, and they are far away from QYrCL.sicau-3AL. QYrCL.sicau-3AL is likely a new locus for resistance to stripe rust. Considering the LD decay distance of 6.11 Mb, six QTL were identified on chromosome 3B, namely QYrCL.sicau-3BS.1, QYrCL.sicau-3BS.2, QYrCL.sicau-3BS.3, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, and QYrCL.sicau-3BL.6. These six QTL were mapped at the 0.34–0.93, 8.80–11.66, 40.91–43.09, 256.78–257.82, 357.24–361.45, and 573.40–578.59 Mb intervals of chromosome 3B, respectively. Previous studies reported several Yr genes and several QTL for resistance to stripe rust on chromosome 3B (Wang and Chen, 2017). SSR marker Xgwm389 positioned at 0.81 Mb on the distal of chromosome 3B was reported to be linked to QYrAlt.syau-3BS, QYr-3B and Yr57 on the short arm of chromosome 3BS (Zhao et al., 2012; Randhawa et al., 2015). XIWA195 (2.89 Mb on 3BS) was reported to be associated to QYrbr.wpg-3BS.1 (Case et al., 2014). Xgwm533 (6.67 Mb on 3BS) is linked to QYr.cim-3BS, QYr.nafu-3BS, QYr.inra-3BS, QYr.tam-3B, QYr.nafu-3BS, QYr.cim-3BS.2 and Yrns-B1 (Khlestkina et al., 2007; Dedryver et al., 2009; Yang et al., 2013; Basnet et al., 2014; Lan et al., 2014; Zhou et al., 2015a,b). Xbarc133 (7.61 Mb on 3BS) is linked to QYr.nafu-3BS, QYr.cim-3BS.2, QYr.ucw-3BS, and QYr.uga-3BS.1 (Hao et al., 2011; Lowe et al., 2011; Lan et al., 2014; Zhou et al., 2015b). IWB12253 (9.1 Mb on 3BS) was reported as a significantly associated marker for QYr.hbaas-3BS (Jia et al., 2020), and XwPt-3921 (13.97 Mb on 3BS) for QYrrb.ui-3B.1 (Chen et al., 2012). Based on the marker positions, these QTL are all close to QYrCL.sicau-3BS.1 and QYrCL.sicau-3BS.2, making it hard to distinguish among them. Further studies are needed to determine their relationships. QYrCL.sicau-3BS.3 appeared close to QYrcl.sicau-3B.5 at position 35.52 Mb on the chromosome 3BS (Yao et al., 2020). QYrCL.sicau-3B.4 for ASR and QYrCL.sicau-3B.5 for APR were mapped far away from the previously reported Yr genes and QTL on chromosome 3B, and they are likely new loci for resistance to stripe rust. QYrCL.sicau-3BL.6 was identified as an ASR QTL but overlapped with QRYr3B.2 for APR (Jighly et al., 2015), and their relationship needs a further study.

Three QTL (QYrCL.sicau-5AL.1, QYrCL.sicau-5AL.2, and QYrCL.sicau-5AL.3) were mapped on the long arm of chromosome 5A. QYrCL.sicau-5AL.1 was detected at 622.55–622.56 Mb with four markers (AX-111070530, AX-109409794, AX-95168494, and AX-108874798) in the 2017–2018 field test at Chongzhou. QYrCL.sicau-5AL.2 was associated with 16CZ_AUDPC, 18CZ_AUDPC/DS, and BLUE_IT and was located at 663.07–671.19 Mb. QYrCL.sicau-5AL.3 was detected with AX-89474079 (680.86 Mb) and AX-111582891 (680.88 Mb) in five environments and explained the highest phenotype variation (13.59%) at the adult-plant stage among the QTL identified in the present study. The distance between QYrCL.sicau-5AL.2 and QYrCL.sicau-5AL.3 were greater than the LD decay distance of 6.11 Mb, and thus were designed as different loci. Several Yr genes and QTL were reported on chromosome 5AL. QYr.caas-5AL.2 was located between XwPt-1903 and XwPt-3334 (Ren et al., 2012). QYr.caas-5AL was a stable QTL located between Xwmc410 and Xbarc261 on chromosome 5AL (Lan et al., 2010). When comparing the physical positions of the markers of the previously reported QTL and the three QTL on the chromosome 5A identified in the present study, we found that wPt-1903 (666.69 Mb) and wPt-3334 (666.70 Mb) were close or within the interval of QYrCL.sicau-5AL.2 (663.07–671.19 Mb) and Xwmc410 (678.29 Mb) was close to the interval of QYrCL.sicau-5AL.3 (680.86–680.88 Mb). These results indicate that QYrCL.sicau-5AL.2 is likely the same as QYr.caas-5AL.2 and QYrCL.sicau-5AL.3 the same as QYr.caas-5AL. As QYrCL.sicau-5AL.1 is far away from the previously reported QTL and Yr genes, it is likely a new locus. QYrCL.sicau-5BL was detected in multiple environments (CYR34_IT, 17CZ_DS, 16MY_AUDPC, and BLUE_AUDPC/DS), identified as an ASR QTL and mapped to 545.94–551.54 Mb on chromosome 5B. Ye et al. (2019) reported an APR QTL, Qyrsicau-5BL.1, at 554.58 Mb on the long arm of chromosome 5B in some Chinese landraces. As this QTL is close to the interval of QYrCL.sicau-5BL within the LD decay threshold of 6.1 Mb, these two QTL are very likely the same.

QYrCL.sicau-6DL was identified with markers AX-108822201 (16MY_AUDPC) and AX-110991388 (17CZ_DS/AUDPC) between 467.03 and 467.04 Mb of chromosome 6DL. Zegeye et al. (2014) reported a QTL associated with marker wsnp_Ex_c62371_62036044 on chromosome 6D at 462.63 Mb less than 5 Mb away from QYrCL.sicau-6DL. Therefore, these QTL are likely the same.

QYrCL.sicau-7AL was identified with 13 MTAs in the 2017 field test at the Chongzhou location. After comparing its position with the previously reported QTL on 7AL referring to the “Chinese Spring” physical map (IWGSC Refseq V1.0), we concluded that QYrCL.sicau-7AL is a novel QTL for resistance to stripe rust.

As shown in Figure 6, the landraces with low numbers of resistance QTL had high levels of stripe rust (DS, IT, and AUDPC) while the landraces with high numbers of resistance QTL had low levels of stripe rust. This indicates that pyramiding multiple loci is necessary to achieve a high level of resistance (Jia et al., 2020). One of the challenges in breeding for stripe rust resistance is the lack of diverse effective resistance genes. In the present study, we identified 13 Chinese wheat landraces carrying known and unknown QTL for resistance to stripe rust. These landraces can be used in breeding programs for improving stripe rust resistance in modern high-yielding cultivars. As reported in the previous studies, the combination of multiple resistance genes with minor or intermediate effects in a cultivar may provide a higher level of resistance to stripe rust (Basnet et al., 2014; Bulli et al., 2016; Liu et al., 2018, 2019, 2020; Mu et al., 2020). This is also confirmed by the present study. Wheat landraces Pushanbamai (S115), Liangganbai (S112), Pushanba (S96), Lushanmai (S104), Hongxumai (S14), Huayangxiaomai (S67), Zimai (S85), Qianqianmai (S66), Tiekemai (S126), Huakemai (S159), Mangmai (S189), Laobaimai (S201), and Baichunmai (S251) showed stable resistance to stripe rust in all field environments. These landraces were found to have most of the favorable alleles.

As usually at high level and often controlled by single major genes, ASR is easy to use in breeding programs, while APR is relatively difficult to use as it is often controlled by QTL with small effects and provides partial resistance. However, APR is more durable than ASR (Chen, 2005). Combining the ASR and APR QTL detected in the present study should be a good approach for developing wheat cultivars with adequate and durable resistance to minimize the damage caused by current and new races of Pst. The stable QTL, such as QYrCL.sicau-2AL, QYrCL.sicau-3BS.1, QYrCL.sicau-3BS.2, QYrCL.sicau-3BL.6, QYrCL.sicau-5BL, and QYrCL.sicau-7AL, identified in the present study can be used in the breeding programs. The markers for these QTL could be used in MSA. To develop easy-to-use markers, we converted the significantly associated SNP markers of QYrCL.sicau-3AL (AX-109477203), QYrCL.sicau-3BS.1 (AX-108747357), QYrCL.sicau-5AL (AX-109409794 and AX-95168494), and QYrCL.sicau-7AL (AX-111108248) to KASP markers. These KASP markers were found to be highly polymorphic in the modern wheat cultivars, making the markers useful in breeding programs. KASP markers can be developed for the other QTL in further studies. With more flexibility than the original SNP markers, the KASP markers can be more easily used in MAS for incorporating and pyramiding genes into new wheat cultivars with durable resistance to stripe rust.



CONCLUSION

In this study, wheat landraces from ten wheat production zones in China were tested to identify stripe rust resistance loci using the GWAS approach. From the 271 landraces tested, 13 with stable resistance were identified in all field experiments inoculated with a mixture of multiple races at the adult-plant stage. The resistant responses of the 13 landraces in the field environments contrast to the generally susceptible reactions in the greenhouse seedling tests with two predominant races indicate APR, which is usually durable. Combing the high throughput 660K SNP array with the stripe rust phenotypes, we identified 17 QTL associated with stripe rust resistance. Five of them are potentially new. Five KASP markers for four of the QTL were developed by converting from their significant SNP markers. The KASP markers were validated by testing a subset of the landrace panel and showed high polymorphisms among modern wheat cultivars. This study provides wheat breeding programs with diverse resistant stocks and user-friendly markers, which should facilitate the transfer of multiple genes for stripe rust resistance into elite breeding lines for developing new cultivars with durable resistance to achieve sustainable control of the devastating disease.
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Stripe rust caused by the biotrophic fungus Puccinia striiformis Westend. is one of the most important diseases of wheat worldwide, causing high yield and quality losses. Growing resistant cultivars is the most efficient way to control stripe rust, both economically and ecologically. Known resistance genes are already present in numerous cultivars worldwide. However, their effectiveness is limited to certain races within a rust population and the emergence of stripe rust races being virulent against common resistance genes forces the demand for new sources of resistance. Multiparent advanced generation intercross (MAGIC) populations have proven to be a powerful tool to carry out genetic studies on economically important traits. In this study, interval mapping was performed to map quantitative trait loci (QTL) for stripe rust resistance in the Bavarian MAGIC wheat population, comprising 394 F6 : 8 recombinant inbred lines (RILs). Phenotypic evaluation of the RILs was carried out for adult plant resistance in field trials at three locations across three years and for seedling resistance in a growth chamber. In total, 21 QTL for stripe rust resistance corresponding to 13 distinct chromosomal regions were detected, of which two may represent putatively new QTL located on wheat chromosomes 3D and 7D.

Keywords: stripe rust, Yr genes, MAGIC population, simple interval mapping, QTL


INTRODUCTION

The biotrophic fungus Puccinia striiformis Westend. f. sp. tritici Eriks. is the causal agent of stripe rust and is one of the most important foliar diseases of wheat, which accounted for 25% of global cereal crop production in 2018 (Food and Agriculture Organization of the United Nations (FAO), 2020). Particularly prevalent in the temperate and maritime wheat growing regions, stripe rust can cause yield losses up to 70% mainly by reducing photosynthesis and taking assimilates from the host plant (Chen, 2005; Jagger et al., 2011; Rosewarne et al., 2012). In agricultural production systems, the application of fungicides, as well as the growing of resistant cultivars are currently used to control stripe rust, of which the latter is the most economically safe and environmentally friendly approach to avoid yield losses. To date, about 82 stripe rust resistance genes (Yr genes) have been unequivocally identified, but a lot more temporary designated genes and quantitative trait loci (QTL) have been reported and mapped across the whole wheat genome (McIntosh et al., 2019; Yang et al., 2019a). Of these, Yr5, Yr7, Yr10, Yr15, Yr18, Yr36, Yr46, and YrSP have already been cloned and characterized as intracellular nucleotide-binding leucine-rich-repeat receptors (Yr5, Yr7, and YrSP), putative kinase-pseudokinase protein (Yr15), transporters (Yr18 and Yr46), or wheat kinase start 1 (Yr36) (Fu et al., 2009; Krattinger et al., 2009; Liu et al., 2014; Moore et al., 2015; Klymiuk et al., 2018; Marchal et al., 2018). In addition, resistance genes, such as YrAS2388R derived from Aegilops tauschii and YrU1 derived from Triticum urartu have recently been cloned, encoding a nucleotide oligomerization domain-like receptor (NLR) and a coiled-coil-NBS-leucine-rich repeat protein with N-terminal ankyrin-repeat and C-terminal WRKY domains, respectively (Zhang et al., 2019; Wang et al., 2020).

Mainly two different types of resistance are described based on criteria, such as inheritance, specificity, plant growth stage, and temperature (Chen, 2013; Liu et al., 2018). The so-called all-stage resistance is detected at the seedling stage and is therefore also referred to as seedling resistance. Nevertheless, seedling resistance is in general expressed throughout all growth stages, leading to resistance in the seedling stage as well as in adult plants. It is monogenetically inherited, qualitatively expressed, and the underlying major genes are only effective against a subset of races (Chen, 2005; Feng et al., 2018). Thus, it mainly follows the gene-for-gene concept, in which the resistance depends on a specific genetic interaction between the host-resistance genes and the avirulence genes of the pathogen (Flor, 1971). Effectors produced by the pathogen are recognized by nucleotide binding site-leucine rich repeat (NB-LRR) proteins, predominately encoded by corresponding plant resistance genes (Flor, 1956; Juliana et al., 2018). This results in an effector-triggered immunity that usually initiates a hypersensitive response leading to a localized programmed cell death preventing further colonization, e.g., in the case of Yr5, Yr7, Yr10, and YrSP (Heath, 2000; Jones and Dangl, 2006). The use of race-specific resistance in plants is common in wheat, leading to a breakdown of major resistance genes according to the so-called boom-and-bust cycles (McDonald and Linde, 2002a). To date, most race-specific resistance genes against stripe rust, e.g., Yr10, Yr24, and Yr27 have been overcome by virulent races leading to the demand for more durable resistance (Kolmer, 2005; Hovmøller et al., 2017; Wang and Chen, 2017). Adult plant resistance (APR), effective at later growth stages, is quantitatively inherited and based on minor genes encoding various resistance responses, which are not restricted to specific pathogen races (Krattinger and Keller, 2016). Thus, APR does not follow the gene-for-gene interaction and is generally considered as durable. A special type of APR to stripe rust is the high-temperature adult plant (HTAP) resistance that is additionally affected by temperature (Chen, 2013). However, the mechanisms of such durable resistances include an increased latency period, reduced uredinia size, reduced infection frequency, and reduced spore production to inhibit fungal infestation (Rosewarne et al., 2013). To improve the general stripe rust resistance in commercial cultivars, more genes and useful genetic markers are needed for increasing the level and durability of resistance by combining HTAP resistance with seedling resistance.

In the context of detecting new resistance genes and QTL, molecular markers are no longer the limiting factors due to the availability of high-throughput marker systems (Mammadov et al., 2012; Chen et al., 2014; He et al., 2014; Bayer et al., 2017; Cui et al., 2017), but rather the genetic variation present in the respective experimental populations that merge genomes of diverse founders via designed crosses (Asimit and Zeggini, 2010; Gibson, 2012). Such experimental populations are traditionally derived from crosses of two contrasting parents. Thus, only two alleles at a given locus segregate in such bi-parental populations (Han et al., 2020). In contrast, the strategy of multiparent advanced generation intercross (MAGIC) populations is to interrogate multiple alleles to achieve increased recombination and mapping resolution (Cavanagh et al., 2008). Prior to developing such MAGIC populations, founder lines have to be selected based on genetic and/or phenotypic diversity. The development itself includes three steps: (1) Selected parents are crossed with each other to form a broad genetic base. (2) To increase recombination events, advanced intercrosses among the mixed lines are performed. (3) Recombinant inbred lines (RILs) are created via single seed descent or by doubled haploid production (Huang et al., 2015). This procedure results in a high number of recombination events enhancing the mapping resolution (Han et al., 2020).

The Bavarian MAGIC wheat population (BMWpop) is one of the only two German MAGIC wheat populations, which are mainly based on adapted German elite cultivars (Sannemann et al., 2018; Stadlmeier et al., 2018). It captures 71.7% of the allelic diversity present in the German wheat breeding gene pool (Stadlmeier et al., 2018). Thus, the BMWpop provides a greater potential to detect new QTL for resistance to important fungal pathogens as has been shown for powdery mildew, septoria tritici blotch, tan spot, leaf rust, and additional important agronomic traits (Stadlmeier et al., 2018, 2019; Rollar et al., 2021). The objectives of the present study were to (i) phenotype the BMWpop for quantitative and qualitative stripe rust resistance in multi-environment field trials and an extensive seedling test and to (ii) map QTL for these resistances to develop closely linked molecular markers suitable for marker-assisted selection (MAS).



MATERIALS AND METHODS


Plant Material

The study is based on the multiparental BMWpop comprising eight elite wheat cultivars (Stadlmeier et al., 2018). It consists of 394 diverse F6 : 8 RILs, which were derived from a simplified eight founder MAGIC mating design with additional eight-way intercrosses. The founders “Event”, “Bayp4535”, “Potenzial”, “Bussard”, “Firl3565”, “Format”, “Julius”, and “Ambition” originated from German and Danish wheat breeding programs and were selected on the criteria described by Stadlmeier et al. (2018). Detailed information about the development and the genetics of the BMWpop were described by Stadlmeier et al. (2018).



Phenotypic Assessment of Stripe Rust Resistance in Field Trials

Six field trials were performed, each using a randomized incomplete block design with two replications at three locations in Germany: Quedlinburg (QLB, 51° 46′ 21.45 ″N 11° 8′ 34.8″ E) in Saxony-Anhalt, Soellingen (SOE, 52° 5′ 45.506 ″N 10° 55′ 41.711″ E) and Lenglern (LEN, 51° 35′ 47.53 ″N 9° 51′ 39.118″ E) in Lower Saxony. The 394 RILs, the eight founders, and the susceptible standard “Akteur” were evaluated for stripe rust resistance in double rows under natural disease epidemics in SOE (2017 and 2018) and LEN (2018 and 2019). In QLB, entries were sown in 2016/2017 and 2017/2018 in double rows of 1 m length with 30 plants per row and a spacing of 0.2 m between rows. Additional spreader plots with susceptible varieties were sown in regular intervals of every third plot. To ensure uniform infestation, the spreader plots were artificially inoculated in spring at the time of stem elongation (BBCH30, Meier, 2018) using the highly virulent Puccinia striiformis isolate Warrior + YR27 (Supplementary Table 1). For this, a spore suspension of 10 mg uredospores in 100 ml Isopar M (ExxonMobil Chemical Company, USA) was applied in a total amount of 10 ml suspension per m2, using a hand-held spinning disc sprayer (Bromyard, UK). Phenotyping of the trials was carried out by scoring the average percentage of infected leaf area of the second and third youngest leaf in two rows at two to four subsequent dates according to Moll et al. (2010). Scoring started at the time of clearly visible disease symptoms on spreader plots and/or when leaves of the susceptible standard “Akteur” showed ≥10% diseased leaf area and was conducted in 1-to-2-week intervals.



Phenotypic Assessment of Stripe Rust Resistance in Seedlings

All RILs, the parental lines, and the susceptible standard “Akteur” were evaluated for resistance at the seedling stage in a detached leaf assay (Lück et al., 2020). Seedlings were grown in 77-cell propagation trays with mixed potting soil (Gebr. Patzer GmbH Co KG, Germany) using a randomized complete block design with four replications. Water agar (7 g L−1) containing 45 mg L−1 benzimidazole (Sigma-Aldrich Chemie GmbH, Germany) for delaying senescence of leaf segments, was dispensed in 4 x 10 mL aliquots into non-sterile 4-well polystyrene plates (8 × 12 × 1 cM, Greiner Bio-One GmbH, Germany). Ten days after sowing, when the second leaf was fully developed, 2.5 cM sections were cut from the middle of the primary leaves and placed into the plates according to the initial randomization. White polytetrafluoroethylene frames (eMachineShop, NJ, USA) were used to fix the leaves. Inoculation was performed by an infection tower with the swirling duration of 3 s and settling time of 3 min (Melching, 1967). Due to space restrictions, the plates were divided into two infection groups per replication. Each group was inoculated with stripe rust isolate Warrior + YR27 using a mixture of 50 mg uredospores and white clay (1:1 w/w, VWR International GmbH, Bruchsal, Germany) after the application of a 0.01% Tween 20 (Sigma-Aldrich) solution to support adhesion. For the first 24 h of incubation, the plates were covered by wet cotton paper, and placed into a climate cabinet at 7°C to support spore germination. Next, inoculated leaf segments were incubated in a growth chamber at night/day temperatures of 16°C/18°C with additional lighting (16 h/8 h day/night) for 15 days. Quantitative scoring was conducted using the high-throughput phenotyping platform “Macrobot” (Lück et al., 2020). Digital images with a resolution of 20 megapixel and four wavelengths between 315 nm and 750 nm (UV, blue, green, and red) were taken automatically from every plate. Subsequently, the leaf area was calculated and compared to the area of uredospore pustules for analyzing the percentage of infected leaf area (Pi) using the software HawkSpex® (Fraunhofer IFF, Germany). Additionally, all entries were visually evaluated for infection type (IT) using a 0–4 scale (McIntosh et al., 1995). To generate metric data, original IT data were converted to a 0–10 linear disease scale, modified according to Zhang et al. (2014), as below: 0, 0, N, −1, 1, +1, −2, 2, +2, −3, 3, +3 were coded as 0, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively. The values IT −4 and 4 were coded as 10.



Data Analysis

The multiple scorings of the percentage of Pi in field trials were taken to calculate the area under the disease progress curve (AUDPC) and the average ordinate (AO) (Moll et al., 1996) for each RIL according to Rollar et al. (2021). For subsequent statistical analysis, only the AO values were used. Different year-location combinations of all trials were referred to as “environment”. The analyses of all phenotypic data were carried out using proc mixed of the software package SAS 9.4 (SAS Institute Inc., NC, USA). To apply a mixed linear model, a log10 data transformation of the AO, IT, and Pi values was performed. The factors, such as genotype, environment, and the genotype × environment interaction of field data, were set as fixed effects, while the design effects of replication and block were set as random. To obtain variance components for calculation of the broad-sense heritability, all model parameters were set as random. Heritability was estimated on a progeny mean basis using the formula according to Hallauer et al. (2010):
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Where VG is the genotypic variance, VE is the environmental variance, VGE is the genotype × environment variance, and r and e are the number of replicates and environments, respectively. For analyzing IT and Pi scores from the seedling test, the following formula was used:
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Where yijk is the trait observation, μ is the overall mean, gi is the fixed effect of the genotype, rj is the fixed effect of the replication, lk is the random effect of the infection group nested in the replication, and eijk is the random residual error. Variance components were obtained by setting the genotype as random to calculate the repeatability as the ratio of the genotypic variance and the sum of the genotypic and the residual error variance divided by the number of replications. For each trait, least square means (ls means) were calculated and used for subsequent QTL analysis.



QTL Mapping

The BMWpop and the parental lines were genotyped using the 15K + 5K Infinium® iSelect® array (TraitGenetics, Germany) containing 17,267 single nucleotide polymorphisms (SNPs). The preparation of genotypic data and the construction of the linkage map used for QTL mapping were described in detail by Stadlmeier et al. (2018). QTL mapping was performed using the R (x32 3.2.5) package mpMap V2.0.2 (Huang and George, 2011; R Core Team, 2017). To conduct simple interval mapping (SIM), founder probabilities were calculated using the function “mpprob”. To determine the parental origin of an allele, the threshold was set to 0.7. For SIM, a genome-wide significant threshold of α < 0.05 was calculated for each trait. The thresholds were obtained from permutation of phenotypic data with 1,000 simulation runs (Churchill and Doerge, 1994). QTL detection was performed using the function “mpIM”, implemented in the mpMap package (Huang and George, 2011). Phenotypic variance explained by individual QTL and additive QTL effects were estimated separately using the categorical allele information of the founders. A QTL support interval (SI) was defined as the map interval surrounding a QTL peak at a -log10(p) drop of one unit.

To compare QTL identified in the present study with previously described QTL, overlapping QTL were merged based on the support interval. Databases of the Triticeae Toolbox (https://triticeaetoolbox.org/wheat/genotyping/marker_selection.php), GrainGenes (https://wheat.pw.usda.gov/GG3/), as well as CerealsDB (https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/axiom_download.php) were used to obtain marker information. Physical positions were obtained by nucleotide BLAST (BLAST-n) of the marker sequences against the reference sequence RefSeq v1.0 (Appels et al., 2018) using the database of 10+ Genome Project (https://webblast.ipk-gatersleben.de/wheat_ten_genomes/, Deng et al., 2007). BLAST hits were considered as significant if the percent identity was greater than 95% and only the best hit was taken if multiple BLAST hits were detected (Gao et al., 2016). The start and end positions of peak marker sequences preceded by the chromosome name were taken to the URGI database to obtain functional gene annotations available from IWGSC (https://wheat-urgi.versailles.inra.fr/Seq-Repository/Annotations). Furthermore, a fixed chromosomal region of ± 500 kb on both sides of the QTL peak markers was examined for additional gene annotations and the output retrieved from URGI database was listed. Sequences of the closest related species, Triticum urartu (A-genome donor) and Aegilops tauschii (D-genome donor), were considered for the detection of orthologous genes.




RESULTS


Phenotypic Assessment

Stripe rust infestation of field trials was highly correlated between the year-location combinations (Supplementary Figure 1). Pearson's correlation calculations between the different environments showed only slight differences with high correlations between r = 0.75 and r = 0.86 (p < 0.001). A high heritability of h2 = 0.94 was calculated (Table 1). The mean phenotypic distribution of AOs was right skewed with 266 RILs showing an AO smaller than 5% (Figure 1A). However, the mean distribution ranging between 0.4 and 58.1% (mean 8.0%) diseased leaf area and single maximum AO scores up to 98.1% were observed within the population (Figure 1A, Table 1). Six of eight founders showed mean AOs below 5%, resulting in a nonsignificant difference (p < 0.05) from the progeny mean. Founders “Bayp4535” and “Event” were identified as the most resistant (0.7%) and most susceptible (15.1%) parental lines to stripe rust, respectively. The analysis of variance showed significant differences concerning the genotype, environment, and the interaction between genotype and environment (Table 2).


Table 1. Descriptive statistics of raw data and heritability/repeatability for field trials (AO) and seedling test (IT and Pi).
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FIGURE 1. Averaged phenotypic distribution of resistance to Puccinia striiformis for field trials (A) and seedling test (B,C). Performance of the parental lines and the susceptible standard cv. “Akteur” is shown as vertical dashed lines.



Table 2. Analysis of variance of log10-transformed data for leaf rust severity evaluated in field trials (AO) and seedling test (IT and Pi).
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For IT and Pi assessed in the seedling inoculation test, the phenotypic data revealed a high degree of resistance (Figures 1B,C). Phenotypic distributions of IT and Pi were strongly right skewed, with 287 and even 388 RILs showing IT values smaller than 2 and Pi values below 5%, respectively. The average IT ranged from 0.1 to 7.8 (mean 1.7). For Pi, the disease severity was on average between 0 and 11.1% (mean 0.9%). Maximal scores of 10 (IT) and 25% (Pi) were observed (Table 1). The population mean for IT was not significantly different from the mean of the parental lines, while a significant difference between the population and founder mean for Pi was observed. For IT and Pi, respectively, the parental lines “Potenzial” and “Bayp4535” turned out to be the most resistant. “Firl3565” was the most susceptible founder in the seedling inoculation test. Pearson's correlation displayed a high correlation coefficient between both traits (r = 0.82; Supplementary Figure 2C). The traits IT and Pi and the scoring of AO showed moderate correlations of r = 0.63 and r = 0.46 (Supplementary Figures 2A,B). For both traits, a significant effect of the genotype was observed. Repeatability of IT was high with rep(IT) = 0.76, while a moderate repeatability for Pi was calculated (rep(Pi) = 0.58, Table 1).



QTL Mapping

Overall, SIM revealed 21 QTL located on chromosomes 1A, 1D, 2A, 2B, 2D, 3B, 3D, 6A, and 7D. Eight of these were detected based on field data averaged over six environments, seven QTL were found for IT, and six QTL for Pi (Table 3, Supplementary Table 2).


Table 3. QTL for resistance to Puccinia striiformis in the BMWpop detected in field trials (AO) and seedling tests (IT and Pi).
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The phenotypic variance (R2) explained by the individual QTL detected in field trials ranged between 1 and 29%, with SI from 6 cM to 81 cM. The three strongest QTL, explaining 23, 20, and 29% of R2, were located on chromosomes 1A and 2B with peak markers at 16 cM, 106 cM and 172 cM, respectively. “Ambition”, “Potenzial”, and “Bayp4535” contributed to the largest allelic effects of these QTL, reducing disease severity (AO) by 2, 1.5, and 1.3%. Another QTL detected on chromosome 6A (at 259 cM) explained 16% of the phenotypic variance with “Julius” as the most resistant founder line, reducing the Pi by 2.6%. On chromosomes 1A, 3B, and 7D, additional three QTL were detected at positions 62, 218, and 20 cM, respectively. The QTL accounted for 6% to 8% of stripe rust variation, while cv. “Bussard”, “Julius”, and “Potenzial” contributed to the largest allelic effects reducing the Pi by 1.8, 2.2, and 2.0%, respectively. The remaining QTL on chromosome 3D (4 cM) explained 1% of the phenotypic variance with “Firl3565” contributing to the highest allelic effect (-1.1%). All QTL detected over the mean of six environments were also identified by analyzing each environment separately (Supplementary Table 2). Hence, QTL located on chromosomes 1A, 1D, 2B, 3B, 3D, 6A, and 7D were identified in five (1A), two (1D), four (2B), five (2B), three (3B), four (3D), six (6A), and three (7D) environments, respectively (Table 3). However, on chromosome 4A, a QTL with a support interval (SI) between 159 cM and 200 cM was detected in LEN19, QLB18, QLB19, and SOE19, which was no longer significant when mean AO values across all environments were used (Supplementary Table 2).

For IT, the phenotypic variance explained by the seven QTL ranged from 1 to 16% with SIs between 5 and 34 cM (Table 3). QTL on chromosomes 2B and 6A accounted for the highest R2, i.e., 16% each with peak markers at 164 cM and 260 cM, respectively. The founders “Bayp4535” and “Julius” reduced disease severity by 0.8 and 1.7 IT scores, respectively, contributing to the largest allelic effects. On chromosome 2D, one QTL was detected at 162 cM, explaining 9% of the phenotypic variance. A maximum effect of −1.1 IT scores was detected for the allele derived from cv. “Julius”. Furthermore, two QTL were detected on chromosome 1A explaining 11% (at 12 cM) and 6% (at 211 cM) of the phenotypic variance. The cv. “Ambition” and “Julius” contributed to the highest allelic effect (−0.9 and −0.8 IT scores). Two QTL located on chromosomes 4D explained only 1% of the phenotypic variance each and were mapped at 1 cM and 32 cM.

QTL analysis of Pi values revealed six individual QTL with R2 ranging from less than 1 to 12%. The SIs varied between 7 and 33 cM. QTL regions on chromosomes 1A, 2A, 2B, 2D, and 6A overlapped with QTL regions detected for IT (Table 3). The R2 values of 12% (2B), 7% (2D), 10% (6A), 8% (1A), and <0.1% (2A) were calculated for individual QTL. The maximum reducing effects of each QTL for Pi ranged from 0.2 to 1.4%, contributed from different founders. Additionally, one QTL was detected on chromosome 2B at 198 cM, accounting for 5% of the phenotypic variance. A maximum effect of −0.5% was detected for the allele derived from the cv. “Bayp4535”.

Based on SIs of 21 QTL detected in total for AO, IT, and Pi, 13 main QTL regions were derived, i.e., those detected for all estimated traits (Supplementary Figure 3, Table 4). In silico annotations of peak markers revealed seven genes with known functions partly involved in resistance. Marker wsnp_Ex_c6488_11266589 on chromosome 1A referred to CRS1-YhbY of A. thaliana, belonging to the chloroplast RNA splicing and ribosome maturation (CRM) domain-containing proteins. A dehydrogenase E1 component and a serine carboxypeptidase-like 19 were identified for peak markers for QYr.jki-2A.1 and QYr.jki-2A.2 on chromosome 2A. Markers RAC875_c1226_652 and AX-94388449 on chromosome 2B referred to BST_chr2B_nlr_143 and a formin-like protein 3, respectively. For the peak markers for QYr.jki-2D on chromosome 2D and QYr.jki-3B on chromosome 3B, GATA transcription factor 28 and a dual specificity phosphatase-catalytic domain were annotated. In addition, a fixed chromosomal region of ± 500 kb around each peak marker was examined. In silico annotations revealed additional gene annotations of different function on both sides of each QTL peak marker (Supplementary Table 4). On average, 24 gene annotations were identified within an interval of ± 500 kb on each side of the peak markers, including leucine-rich repeats for peak markers AX-95080900 and RAC875_c38756_141 of the QTL QYr.jki-1A.1, wsnp_Ex_c28149_37293173 of QTL QYr.jki-1A.2, and BobWhite_c13373_250 of QYr.jki-2A.1. In addition, NB-ARC domains were detected in the interval of peak markers AX-95080900 and wsnp_Ku_c23598_33524490 of QTL QYr.jki-1A.1, wsnp_Ex_c6488_11266589 of QTL QYr.jki-1A.2, BobWhite_c13373_250 and wsnp_Ku_c23598_33524490 of QYr.jki-2A.1, AX-95177447 of QYr.jki-2A.2, RAC875_c1226_652 of QTL QYr.jki-2B.2, AX-94734962 of QYr.jki-2D, and TA005377-1076 of QYr.jki-7D. Furthermore, protein kinase domains and/or ABC transporters were identified in the vicinity of peak markers AX-95080900 and RAC875_c38756_141 of QTL QYr.jki-1A.1, BobWhite_c13373_250 and wsnp_Ku_c23598_33524490 of QYr.jki-2A.1, and AX-94526138 for QTL QYr.jki-6A. However, a minimum of four different resistance related gene annotations were identified in the interval of peak marker AX 94388449 of the QTL QYr.jki-2B.3, while the maximum of 43 respective annotations were detected for BobWhite_c13373_250 being the peak marker of QTL QYr.jki-2A.1 (Supplementary Table 4).


Table 4. Quantitative trait loci (QTL) resistance to Puccinia striiformis merged over all evaluated traits.
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DISCUSSION

Stripe rust occurs worldwide and is one of the most important pathogens in wheat cultivation. Known stripe rust resistances are present in many cultivars; however, their effectiveness is limited to certain races within the rust population in accordance with the gene-for-gene hypothesis (Flor, 1971). The emergence and selection of virulent pathotypes and their broad distribution results in considerable intraspecific variations in rust populations (Zetzsche et al., 2019). This in general causes the breakdown of qualitative resistances just a few years after their release (McDonald and Linde, 2002b; Kolmer, 2005). Thus, a continuous effort in wheat breeding programs is required to obtain a high degree of resistance to stripe rust by combining qualitative resistance genes with major effects and more durable APR. In this respect, the use of MAGIC populations in various QTL mapping studies turned out to be a powerful tool to detect both qualitative and quantitative resistance genes to different pathogens and other economically important traits (Pascual et al., 2015; Sallam and Martsch, 2015; Sannemann et al., 2015; Stadlmeier et al., 2019; Rollar et al., 2021).

In this study, more than 68% of the 394 RILs showed resistance to Pucchinia striiformis. A possible explanation for this can be found in the nature of the founder lines, of which almost all showed a high level of resistance to P. striiformis (Figure 1) suitable for the registration of varieties. Phenotypic data with many 0-values can lead to non-normally distributed residuals and thus affect the estimation of QTL effects in a regression-based QTL analysis. However, in this study, the phenotypic data were log10-transformed to ensure a normal distribution of the residuals for interval mapping. Thus, the right skewed distribution of the original phenotypic data did not affect the QTL detection results. With an average correlation coefficient of r = 0.82, minor differences between the disease severities in the six analyzed environments were observed. Additionally, a high broad-sense heritability of h2 = 0.94 was calculated, which is in the range of previously published studies (Feng et al., 2018; Liu et al., 2018; Ma et al., 2019; Yang et al., 2019a). These results indicate that stripe rust resistance is highly heritable and that QTL detected in the different environments were less affected by the occurrence of different P. striiformis races and/or different environmental conditions (Feng et al., 2018). Correlation between field data and seedling test results were as follows: r = 0.63 for IT and r = 0.46 for Pi, which are higher than the already reported correlations for leaf rust (Gao et al., 2016; Rollar et al., 2021). However, this observation may indicate similar scorings for seedling and adult plant resistance.

A method for linkage mapping in a MAGIC population was applied first by Xu (1996) based on the regression methods of Haley and Knott (1992). This method was used and subsequently improved based on parent probabilities by Mott et al. (2000), resulting in HAPPY. On this base, Huang and George (2011) finally developed the “mpMap” package, which was used in this study, by following a mixed-model context and including environmental and pedigree effects in the analysis. There are two main advantages of MAGIC populations: (1) Due to the crossing design of MAGIC populations, an increased genetic variation and recombination rate are achieved and (2) due to the increased genetic variation, QTL detection can be performed with increased precision and resolution (Cavanagh et al., 2008; Bandillo et al., 2013; Holland, 2015; Stadlmeier et al., 2019; and Rollar et al., 2021). This also comes along with smaller linkage blocks, a higher accuracy, and smaller SIs (Li et al., 2005; Stadlmeier et al., 2019). Overall, simple interval mapping in this study detected 21 QTL, of which only one QTL showed SI ≤ 5 cM. Nevertheless, Stadlmeier et al. (2019) successfully demonstrated the detection of QTL with small SIs in the BMWpop, which was supported by similar findings in other advanced intermated populations (Balint-Kurti et al., 2007; Huang et al., 2010). In the present study, 19% of the detected QTL showed SIs < 10 cM, and an average SI of 23 cM was calculated. Compared to double haploid (DH) lines, MAGIC populations are not completely homozygous. This residual heterozygosity can lead to problems, as heterozygotes for some markers cannot be distinguished in genotyping (Huang et al., 2015). This is particularly the case for polyploids and genotyping-by-sequencing (GBS) approaches (Elshire et al., 2011; Cavanagh et al., 2013). However, the mean proportion of heterozygous allele calls per RIL was described as 0.8% in the BMWpop (Stadlmeier et al., 2018).

The 21 QTL detected for AO, IT, and Pi correspond to 13 distinct chromosomal regions (Table 4, Supplementary Figure 3). QTL identified using the ls means across the six environments were also identified in the analyses of single environments (Supplementary Table 2). Additionally, a QTL for AO on chromosome 4A was detected in LEN19, QLB18, QLB19, and SOE19, describing 6% of phenotypic variance on average. Although this QTL was no longer significant by analyzing mean AO values across all environments, it may be of importance since there seems to be a relation to a QTL for leaf rust (QLr.jki-4A.2) mapped in a previous study (Rollar et al., 2021). At 13 distinct chromosomal regions, each of the five QTL was detected at the adult plant and seedling stages only. In contrast, three QTL were common to both growth stages, indicating the presence of effective all-stage stripe rust resistance genes. In total, the 13 QTL regions were located on wheat chromosomes 1A, 1D, 2A, 2B, 2D, 3B, 3D, 6A, and 7D.

Peak markers of QTL were partially annotated to genes, known to be involved in resistance mechanisms of plants. It was described that several serine carboxypeptidase-like proteins (QYr.jki-2A.2) catalyze the production of plant secondary metabolites involved in herbivory defense and UV protection (Fraser et al., 2005). Mugford et al. (2009) also reported a possible contribution of serine carboxypeptidase-like proteins in the synthesis of acylate plant defense compounds (avenacins) in oats. Peak marker wsnp_Ex_c6488_11266589 for QYr.jki-1A.2 was annotated to CRS1-YhbY, with a CRM protein domain. It was shown that CRM domain-containing proteins isolated from maize contribute to RNA binding activity (Barkan et al., 2007). Such RNA binding proteins are involved in various important cellular processes and in posttranscriptional regulation of gene expression, respectively. Thus, the RNA binding proteins play an important role in plant immune response regulation against pathogens, as they allow for a quick response to biotic and abiotic stress stimuli (Woloshen et al., 2011). A similar finding is the GATA transcription factor 28 for marker AX-94734962 on chromosome 2D. The GATA gene family is one of the most conserved families of transcription factors, playing a significant role in different aspects of cellular processes, e.g., in the abiotic stress signaling pathways (Gupta et al., 2017). The pyruvate dehydrogenase (E1) complex annotated for BobWhite_c13373_250 on chromosome 2A is involved in two interacting levels of control in plant cells. The first level is subcellular compartmentation contributing to tricarboxylic acid cycle and fatty acid biosynthesis, while the second level is the control of gene expression (Tovar-Méndez et al., 2003). The mean linkage disequilibrium (LD) decay for the genome in the BMW population is 9.3 cM, thus, considering a fixed interval of ± 5 Mb on both sides of a peak marker resulted in an excessive number of gene annotations (Stadlmeier et al., 2018). In this study, the fixed interval was reduced to ± 500 kb (1 Mb) based on several other studies in which the region on either side of the peak marker of a QTL was reduced to 100 kb (flax) (You and Cloutier, 2020), 2 kb (wheat) (Juliana et al., 2018), 2 kb (wheat) (Muqaddasi et al., 2020), or 100 kb (rice) (Hussain et al., 2020). However, examination of this interval led to the annotation of several leucine-rich repeats, NB-ARC domains, kinase domains, and ABC transporters. While leucine-rich repeats and NB-ARC domains are mainly involved in race-specific resistance responses, quantitative race unspecific resistance genes appear to encode different proteins, such as ABC transporters, protein kinases, and hexose transporters (Ellis et al., 2014; Moore et al., 2015; and Periyannan et al., 2017).

For the majority of the QTL detected in this study, the effect magnitudes were rather small as a high fraction of the population was highly resistant indicating that major stripe rust QTL were common to the founder lines. Two QTL were detected on chromosome 1A based on both field and seedling test data (QYr.jki-1A.1) and on seedling test data (QYr.jki-1A.2) only. QYr.jki-1A.1 is physically located in a region between 1.3 Mb and 12.5 Mb (Supplementary Table 3). To date, only one QTL for all-stage resistance to stripe rust was previously described in a similar region (Liu et al., 2018). QYrMa.wgp-1AS was mapped to the distal part of chromosome 1AS with the closest markers at 7.3 Mb (IWB57448) and 9.1 Mb (IWB5441). IWB57448 was also detected as peak marker for QYr.jki-1A.1 in this study (Table 4, Supplementary Table 3). Thus, the two QTL seem to be identical. QYr.jki-1A.2 was physically located at the distal end of chromosome 1AL between 540 Mb and 593 Mb. In the same region, there are two QTL (QYr.caas-1AL, QRYr1A.1) for APR to stripe rust (Ren et al., 2012; Rosewarne et al., 2012). These QTL were mapped at around 551 Mb and 575 Mb, respectively, but both were inconsistently detected across several environments. Another QTL (QYr.wsu-1A.2) detected at the adult plant stage and associated with marker IWA3215 was closely mapped to the distal end of QYr.jki-1A.2 around 593 Mb (Bulli et al., 2016). However, Jighly et al. (2015) described a QTL for seedling resistance that corresponds to QRYr1A.1 detected by Rosewarne et al. (2012) based on the linked DArT marker wPt-6005. Although QYr.jki-1A.2 was only detected in the seedling test, relationships between the aforementioned QTL previously described and QYr.jki-1A.2 based on physical positions might be possible.

On chromosome 1D, QYr.jki-1D was mapped in a large physical interval between 33 Mb and 366 Mb. However, the peak marker was located at 262 Mb. Furthermore, four QTL have been described at the distal end of chromosome 1DS, but none of these have been physically mapped near the region of QYr.jki-1D (Zwart et al., 2010; Vazquez et al., 2012; Hou et al., 2015; Naruoka et al., 2015). Maccaferri et al. (2015) reported the QTL QYr.ucw-1 D as a novel QTL independent of the aforementioned QTL. Its linked marker IWA980 is physically mapped at 36.3 Mb and is thus within the SI of QYr.jki 1D, but still far away from our peak marker (Supplementary Table 3). Ren et al. (2012) identified a QTL (QYr.caas-1D) flanked by markers Xgwm353 and Xgdm33b on chromosome 1DS in cv. “Naxos”, but no physical marker information is available for a closer comparison (Supplementary Table 3). The resistance gene Yr25 was mapped on chromosome 1D and is one of the common Yr genes identified in European cultivars (McIntosh, 1988; Hovmøller, 2007). The stripe rust race Warrior + Yr27 used for inoculation in this study is virulent to Yr25 (Supplementary Table 1). This may give hint that QYr.jki-1D does not refer to this resistance gene.

QYr.jki-2A.1 and QYr.jki-2A.2 were both detected on chromosome 2AS based on the seedling test. To date, three designated Yr genes (Yr17, Yr56, and Yr69) and several QTL have been described on the short arm of chromosome 2A (Bariana and McIntosh, 1993; Hao et al., 2011; Lowe et al., 2011; Agenbag et al., 2012; Vazquez et al., 2012; McIntosh et al., 2014; Hou et al., 2016; Liu et al., 2018). QYr.jki-2A.1 was mapped between 3.1 Mb and 4.2 Mb, with peak markers at 3.4 Mb (Pi) and 3.9 Mb (IT, Table 4, Supplementary Table 3). Liu et al. (2018) located QYrMa.wgp-2AS around 2.7 Mb, corresponding to the region of Yr17, which was introgressed from Aegilops ventricosa to the hexaploid wheat line “VPM1” (Bariana and McIntosh, 1993). Based on the physical distance to our peak markers, it seems likely that QYr.jki-2A.1 corresponds to QYrMa.wgp-2AS and/or Yr17, respectively (Table 4, Supplementary Table 3). The second QTL QYr.jki-2A.2 was different from QYr.jki-2A.1 as the peak marker was mapped at 18.2 Mb. Nevertheless, QYr.jki-2A.2 was mapped in a large physical region from 5.7 Mb to 36.1 Mb, showing relationships with three QTL (QYr.ufs-2A, QYr.uga-2AS, QYr.ucw-2AS), as described previously. QYr.ufs-2A detected by Agenbag et al. (2012) was located in a region similar to QYr.ucw-2AS (Lowe et al., 2011) and QYr.uga-2AS (Hao et al., 2011). QYr.ucw-2AS was detected in an RIL population (“UC1110” × “PI610750”) and is flanked by markers wPt-5839 and Xwmc177, of which the latter was mapped at 33.7 Mb (Lowe et al., 2011). QYr.uga-2AS, which was derived from cv. “Pioneer26R61”, was flanked by SSR markers Xbarc124 (3.9 Mb) and Xgwm359 (28.2 Mb) (Hao et al., 2011). Hence, all three QTL previously described are located in the chromosomal region of QYr.jki-2A.2, but further investigation is needed (Supplementary Table 3).

On chromosome 2B, QTL were detected based on field (QYr.jki-2B.1) and seedling test data (QYr.jki-2B.3) only, but also based on both data sets (QYr.jki-2B.2). QTL QYr.jki-2B.1 was mapped to a large physical region between 69 Mb to 407 Mb, including the second QTL QYr.jki-2B.2 (110.9 - 216.5 Mb). However, as the peak marker RAC875_rep_c109207_706 was located at 69.0 Mb, QYr.jki-2B.1 was designated separately and is assumed to be independent of QYr.jki-2B.2 (Table 4, Supplementary Table 3). Chromosome 2BS is known to carry HTAP resistance that was detected in several wheat backgrounds (Ramburan et al., 2004; Guo et al., 2008; Carter et al., 2009; Chen et al., 2011). Chen et al. (2011) found QYrid.ui-2B.1, which was flanked by the markers wPt-9668 and Xgwm429. The latter was physically mapped at 4.6 Mb proximal to the peak marker for QYr.jki-2B.1. As described by the authors, QYrid.ui-2B.1 corresponds to two previously reported QTL: QYr.sgi-2B.1 derived from cv. “Kariega” with the closest marker Xgwm148 at 100.8 Mb (Ramburan et al., 2004) and QYrlu.cau-2BS1 flanked by Xwmc154 (36.4 Mb) and Xgwm148 (100.8 Mb) (Guo et al., 2008). Based on these physical positions, QYrid.ui-2B.1, QYr.sgi-2B.1, and QYrlu.cau-2BS1 appear to be located in the same region as QYr.jki-2B.1 (Supplementary Table 3). For QYr.jki-2B.2, a similar conclusion can be drawn. In the study by Chen et al. (2011), a second QTL (QYrid.ui-2B.2) was identified, which was located in the same region as QTL QYrlu.cau-2BS2Q (Guo et al., 2008) and Yrlo.wgp-2BS (Carter et al., 2009). Together, the three QTL spanned a region from around 73.6 Mb to 448.7 Mb. The peak marker for QYr.jki-2B.2 was mapped at 157.7 Mb, and thus is within the region of the three QTL described previously (Supplementary Table 3). The third QTL on chromosome 2BL (QYr.jki-2B.3) was detected for Pi values between 519 Mb and 724.5 Mb. Till date, there are seven designated Yr genes located on chromosome 2BL, of which Yr5, Yr7, and YrSP were already cloned between 615.8 Mb and 773.1 Mb (McIntosh et al., 2014; Marchal et al., 2018). Additionally, several QTL are described to be located at the long arm of chromosome 2B. One QTL was detected in the RIL population, “Camp Remy” × “Michigan Amber”, and flanked by SSR markers Xgwm47 (685.8 Mb) and Xgwm501 (672.1 Mb) (Boukhatem et al., 2002). Another QTL (QYraq.cau-2BL) derived from cv. “Aquileja” was mapped between the markers Xwmc175 and Xwmc332 corresponding to 670.6–739.4 Mb (Guo et al., 2008). Guo et al. (2008) described that QYraq.cau-2BL corresponds to QTL which were previously detected by Mallard et al. (2005) and Christiansen et al. (2006). These QTL in turn were assigned to the first-mentioned QTL detected by Boukhatem et al. (2002) and to resistance genes Yr5 and Yr7, respectively (Supplementary Table 3). Although QYr.jki-2B.3 seems to correspond to the aforementioned regions, the peak marker was mapped at 576.1 Mb, a physical distance of 94.5 Mb to the closest marker interval (Table 4, Supplementary Table 3). Thus, the relationship between QYr.jki-2B.3 and the previously described QTL has still to be discussed. Furthermore, it is not clear whether QYr.jki-2B.3 is related to the Yr5, Yr7, and YrSP.

QYr.jki-2D was mapped at the distal end of chromosome 2DL with the peak marker at 636.6 Mb. To date, there are six Yr genes (Yr8, Yr16, Yr54, Yr55, Yr37, and YrCK) known to be located on chromosome 2D. Unfortunately, no information on the physical positions is available for precise comparison. However, the APR gene Yr16 was located in the centromeric region of chromosome 2D (Worland and Law, 1986; Ren et al., 2012), suggesting that this gene is different from QYr.jki-2D. Ren et al. (2012) reported a QTL on chromosome 2DL, flanked by the SSR marker Xgwm539 (513.1 Mb) and Xcfd44 (608.6 Mb). The authors assumed that this QTL is linked to two QTL as described previously, where both are closely linked to the marker Xgwm349 (Suenaga et al., 2003; Melichar et al., 2008). This SSR marker is 7 bp apart from the peak marker of QYr.jki-2D. Hence, all three QTL may correspond to QYr.jki-2D (Supplementary Table 3).

On chromosome 3B, one QTL (QYr.jki-3B) was detected based on field trial data. The QTL SI spans a physical region from 581.3 Mb to 665.3 Mb, and is located on the long arm of chromosome 3B. There are many QTL previously reported that are partly summarized by Rosewarne et al. (2013) and Chen and Kang (2017). However, most of these are located on the short arm of chromosome 3B and do not correspond to QYr.jki-3B. In addition, the resistance genes Yr4, Yr30, and Yr57 were mapped on chromosome 3BS. Two QTL are detected on the long arm of chromosome 3B, QYrex.wgp-3BL (Lin and Chen, 2009) and QYrid.ui-3B.2 (Chen et al., 2011). For both QTL, the SSR marker Xgwm299 was reported as a flanking marker physically mapped at 804.8 Mb and does not correspond to the identified region of QYr.jki-3B (Supplementary Table 3). Recently, another QTL (QYr-3BL) was discovered in the durum wheat RIL population “Stewart” x “Bansi” flanked by the marker IWB9451 (660.3 Mb) (Li et al., 2020). The authors associated this QTL with Yr80, a gene that is flanked by markers KASP65624 and KASP53113 spanning a physical region between 550.3 Mb and 605.4 Mb (Nsabiyera et al., 2018). Based on the physical positions, QYr.jki 3B may correspond to the resistance gene Yr80.

The quantitative trait locus QYr.jki-3D was mapped based on field data only. It is located at the distal end of chromosome 3DS between 19.8 Mb and 22.0 Mb. The two resistance genes Yr49 linked to Xgwm161 at 7.1 Mb, and Yr66 linked to IWB47165 at 2.6 Mb, as well as five QTL are described to be located on the arm of this chromosome (McIntosh et al., 2011, 2014; Basnet et al., 2013; Rosewarne et al., 2013). However, less marker information of QTL locations is available for precise comparison between QYr.jki-3D and QTL identified on chromosome 3DS by Boukhatem et al. (2002), Singh et al. (2000), and Basnet et al. (2013). Dedryver et al. (2009) found one QTL in cv. “Recital” flanked by the markers Xbarc125 (174.8 Mb) and Xgwm456 (282.5 Mb). Another QTL was mapped between 309.9 Mb and 357.1 Mb, far away from the region identified in this study (Yang et al., 2013). Thus, neither the QTL nor the Yr genes correspond to QYr.jki-3D, which therefore seems to be novel.

Based on the field and seedling test data conducted in this study, a QTL (QYr.jki-6A) was detected on chromosome 6AL, with peak markers at 606.4 and 608.5 Mb. There are three regions conferring resistance to stripe rust which are all closely linked to SSR marker Xgwm617 (William et al., 2006; Lillemo et al., 2008; Vazquez et al., 2012), which is 2.1 and 4.2 Mb away from our peak markers. William et al. (2006) reported the presence of QYr.cimmyt-6A, which corresponds to the QTL found by Lillemo et al. (2008), both contributed by the cv. “Avocet”. It is likely that this QTL was derived from Agropyron elongatum due to a translocation in cv. “Avocet” (Lillemo et al., 2008). However, the third QTL (QYrpl.orr-6A) previously reported by Vazquez et al. (2012) was found in the RIL population “Stephens” × “Platte” and was also assigned to the QTL detected by Lillemo et al. (2008). A close relationship between these QTL and QYr.jki-6A can be assumed (Supplementary Table 3). Several additional QTL and major genes are reported to be located on chromosome 6A, including the resistance genes Yr38, Yr42, and Yr81 (Marais et al., 2006, 2009; Prins et al., 2010; Cao et al., 2012; Rosewarne et al., 2012; Gessese et al., 2019). Unfortunately, the information provided was not sufficient to allow for further comparison.

The quantitative trait locus QYr.jki-7D based on data from field trials was located on the short arm of chromosome 7D. The QTL was physically mapped between 5.4 Mb and 29.4 Mb, with a position of the peak marker at 13.3 Mb. The five closest QTL already reported were linked to the SSR marker Xgwm295 (53.6 Mb), which is 40.3 Mb apart from our peak marker (Ramburan et al., 2004; Navabi et al., 2005; Bariana et al., 2010; Yang et al., 2013). Xgwm295 was found to be the closest microsatellite marker to the resistance complex Lr34/Yr18 (Suenaga et al., 2003). In addition, Jighly et al. (2015) identified a QTL on chromosome 7DS linked to DaRT marker wPt-668026. The authors associated this QTL with the 7DS locus near the marker Xbcd1438 described by Singh et al. (2000), which in turn was again associated with Lr34/Yr18 (Jighly et al., 2015). This resistance gene has been functionally characterized and is already sequenced (Krattinger et al., 2009). However, due to the large distance between these QTL and the one detected in the present study, QYr.jki-7D seems to be a novel QTL (Supplementary Table 3).

The aim of this study was to use the Bavarian MAGIC wheat population to identify new sources of resistance to stripe rust, a fungal disease that causes devastating yield losses in wheat worldwide. The analyses resulted in 21 stripe rust resistance QTL that were confined to 13 distinct chromosomal regions. Eleven of these regions corresponded to QTL already described in previous studies. The increasing information on the physical map position of many stripe rust QTL, helped to infer the identity of the QTL found in the present study. Two putatively new QTL were identified on chromosomes 3D (QYr.jki-3D) and 7D (QYr.jki-7D). SNP markers linked to these regions may be converted into KASP markers suitable for MAS in wheat breeding programs (Wu et al., 2017; Yang et al., 2019b). This will enable stacking of the detected resistance loci to breed new varieties with an improved resistance to stripe rust. Additionally, data and information generated in the present study can be used for weighted selection (Bernardo, 2014).
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Supplementary Figure 1. Pearson's correlation of stripe rust severity between different field trials. Diagonals are histograms for each environment (Lenglern LEN 2018-2019, Quedlinburg QLB 2017 2018, Söllingen SOE 2017 2018). *** denotes significance at α = 0.001.

Supplementary Figure 2. Pearson's correlation (r) between averaged infection type (IT), infected leaf area (Pi) of seedling test and average ordinate (AO) of field trials (A,B), as well as correlation between IT and Pi (C). *** denotes significance at α = 0.001.

Supplementary Figure 3. Simple interval mapping of resistance to Puccinia striiformis in field trials (A) and seedling test (B,C). The x-axis shows the 21 wheat chromosomes. Positions are based on the genetic map, and the -log10(p) values of each marker are displayed on the y-axis (black line). The red horizontal line represents the significance thresholds. The seed index (SI) of the significant QTL detected in this study are colored in blue.

Supplementary Table 1. List of virulences and avirulences of Puccinia striiformis isolate, Warrior + Yr27 used in field trials and seedling test. Brackets indicate ambiguous results due to the differing symptom ratings between replications or moderate susceptibility (based on Zetzsche et al., 2019).

Supplementary Table 2. Complete information of the quantitative trait loci (QTL) for stripe rust resistance in BMW population, evaluated in field trials (AO) and seedling test (IT and Pi).

Supplementary Table 3. Comparison of the physical positions of the QTL identified in the present study (bold) with those reported previously.

Supplementary Table 4. List of gene annotations for peak markers ± 500,000 bp, shown as output retrieved from URGI database (https://wheat-urgi.versailles.inra.fr/Seq-Repository/Annotations).
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The hexaploid spring wheat cultivar, Carberry, was registered in Canada in 2009, and has since been grown over an extensive area on the Canadian Prairies. Carberry has maintained a very high level of leaf rust (Puccinia triticina Eriks.) resistance since its release. To understand the genetic basis of Carberry’s leaf rust resistance, Carberry was crossed with the susceptible cultivar, Thatcher, and a doubled haploid (DH) population of 297 lines was generated. The DH population was evaluated for leaf rust in seven field environments at the adult plant stage. Seedling and adult plant resistance (APR) to multiple virulence phenotypes of P. triticina was evaluated on the parents and the progeny population in controlled greenhouse studies. The population was genotyped with the wheat 90 K iSelect single nucleotide polymorphism (SNP) array, and quantitative trait loci (QTL) analysis was performed. The analysis using field leaf rust response indicated that Carberry contributed nine QTL located on chromosomes 1B, 2B (2 loci), 2D, 4A, 4B, 5A, 5B, and 7D. The QTL located on 1B, 2B, 5B, and 7D chromosomes were observed in two or more environments, whereas the remainder were detected in single environments. The resistance on 1B, detected in five environments, was attributed to Lr46 and on 7D, detected in seven environments to Lr34. The first 2B QTL corresponded with the adult plant gene, Lr13, while the second QTL corresponded with Lr16. The seedling analysis showed that Carberry carries Lr2a, Lr16, and Lr23. Five epistatic effects were identified in the population, with synergistic interactions being observed for Lr34 with Lr46, Lr16, and Lr2a. The durable rust resistance of Carberry is attributed to Lr34 and Lr46 in combination with these other resistance genes, because the resistance has remained effective even though the P. triticina population has evolved virulent to Lr2a, Lr13, Lr16, and Lr23.
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INTRODUCTION

Wheat (Triticum aestivum L.) is the most widely cultivated crop globally, and it is a major source of calories and protein for the world population (Shiferaw et al., 2013; Shewry and Hey, 2015). Significant constraints to increased wheat production in Canada and internationally are the rust diseases, such as leaf rust (Puccinia triticina Eriks.), stem rust (Puccinia graminis Pers.: Pers. f. sp. Tritici Eriks. & E. Henn.), and stripe rust (Puccinia striiformis Westend. f. sp. tritici) (Mcintosh et al., 1995; Kolmer, 2005; McCallum et al., 2007). Historically, leaf rust had caused major crop losses in North America (Peturson, 1958; Kolmer, 2005; McCallum et al., 2007). Leaf rust was abundant in the Prairie Provinces of Canada in 1953, 1954, and 1955, and it was prevalent and well established in the region somewhat later than stem rust (Peturson, 1958). Considerable rust damage was caused in all 3 years but particularly in 1954, when both leaf and stem rusts were heavy throughout most of Manitoba and Saskatchewan and in a considerable area in the east-central Alberta. Corresponding wheat yield reduction in the Western Canada due to leaf rust and stem rust was estimated at about 45 million bushels in 1953, 150 million bushels in 1954, and 9 million bushels in 1955. Leaf rust was also a production problem in the 1980s when the cultivar AC Barrie was the dominant wheat cultivar in the western Canada (McCallum and DePauw, 2008). Leaf rust can still pose a serious threat to wheat production if breeding for resistance and other management practices are relaxed (Aboukhaddour et al., 2020).

Over time, improved resistance to leaf rust was achieved in western Canada by developing cultivars with additional genes for resistance (McCallum and DePauw, 2008). For example, a hard red spring wheat cultivar, Thatcher was susceptible to leaf rust, although it was the first significant stem rust resistant cultivar grown in Canada extensively over a long period of time extending from 1939 to 1968 (McCallum et al., 2007; McCallum and DePauw, 2008). Thatcher was selected from a double cross Marquis/Iumillo//Marquis/Kanred wheat in 1925 and released in 1935 (Hayes et al., 1936). The resistant durum variety, Iumillo, and the winter wheat variety, Kanred are the ancestors of Thatcher, from which it inherited some of its resistance (Hayes et al., 1936). However, Thatcher is generally very susceptible to leaf rust, except to a few races, and has been used as a universal susceptible genetic background to develop the Thatcher near isogenic wheat lines (McCallum et al., 2016). Using a cross of a Romanian wheat line Fundulea 900 and Thatcher, Zhang et al. (2017) reported a minor effect of leaf rust resistance QTL on chromosome 2DS, QLr.hebau-2DS contributed by Thatcher. Zhang et al. (2017) additionally indicated that Lr22b may confer residual resistance in field nurseries when challenged with isolates virulent on Lr22b, or another gene linked to Lr22b confers this resistance from Thatcher. Previously, Dyck (1979) indicated that Thatcher carries Lr22b which confers adult plant resistance (APR) to leaf rust to only a few virulence phenotypes.

Carberry is a semi-dwarf doubled haploid (DH), hard red spring wheat variety that is derived from the cross, Alsen by Superb made in 2000 at the Swift Current Research and Development Centre, AAFC, SK, Canada and registered in 2009 (DePauw et al., 2011). It was grown over 2.3 Mha in the years 2011--20191. Carberry was resistant to both leaf rust and stem rust at the time of its release (DePauw et al., 2011) and currently, it still has resistance to both rust diseases and moderate resistance to stripe rust. Superb has the resistance genes, Lr2a and Lr10 (McCallum and Seto-Goh, 2010), and Alsen is reported to have genes, Lr2a, Lr10, Lr13, Lr23, and Lr34 (Oelke and Kolmer, 2005).

Resistance has been and will continue to be the major means for controlling cereal rusts (Roelfs, 1988). Two classes of genes, namely all stage (seedling) resistance (ASR) and APR are known. ASR is expressed throughout the life of the plant, whereas APR is expressed only at later stages in the plant’s development (Ellis et al., 2014; da Silva et al., 2018). Most of the designated genes confer ASR against leaf rust and some QTL, reported in different genetic backgrounds, provide APR (McIntosh et al., 2014). Lr34 and Sr2 are APR genes that have been deployed in conjunction with other ASR and APR genes providing resistance in wheat cultivars widely grown over many years, therefore, demonstrating durable resistance (Ellis et al., 2014). ASR is governed by major or race-specific genes and is often characterized by its short longevity as compared to some APR genes. For example, the ASR gene, Lr10 became ineffective and Lr16 became partially ineffective within a few years of their deployment in Canadian wheat cultivar, Selkirk (da Silva et al., 2018). In Canada, improved leaf resistance has been achieved primarily due to the use of genes, such as Lr13, Lr14a, Lr16, Lr21, and Lr34 (McCallum and DePauw, 2008; McCallum et al., 2016).

Breeding for resistance has evolved with the advent of molecular mapping technologies and the development of markers linked with resistance genes. Identifying and mapping genes, and developing genetic markers for marker-assisted breeding is helpful to develop wheat varieties with an acceptable level of resistance. This study was conducted to understand the genetic basis of leaf rust resistance in Carberry through a cross with the susceptible variety, Thatcher.



MATERIALS AND METHODS


Plant Material

A DH population of 297 lines generated from F1 plants of a cross Carberry/Thatcher (CT) was used in this study. Carberry is resistant to leaf rust (DePauw et al., 2011), whereas Thatcher is susceptible (Dyck et al., 1966). The population was evaluated for ASR in the greenhouse and APR in the greenhouse and in the field.



Disease Evaluation


Seedling Leaf Rust Analysis

To determine the number and identity of the all stage (seedling) leaf rust resistance genes in Carberry, the parents and the CT population were inoculated at the seedling stage with multiple virulent phenotypes of P. triticina. Urediniospores of single purified isolates of P. triticina were used to inoculate this population at the two-leaf growth stage as described by McCallum et al. (2021). The isolates used included 1-1 BBBD, 96-12-3 MBDS, 128-1 MBRJ, 74-2 MGBJ, 11-180-1 TDBG, 06-1-1 TDBG, 77-2 TJBJ, 9-1 SBDG, 161-1 FBDS, 08-5-1 TDBB,19-129-1 TBTN, and 18-10-1 TBBS (McCallum et al., 2020). The race letter codes used in the isolate names define the virulence/avirulence formula of each isolate as described by Long and Kolmer (1989). Plants were rated to determine the infection type 12–14 days post-inoculation (McCallum et al., 2020). Host lines that produced infection types “;” (hypersensitive flecks), “1” (small uredinia with necrosis), and “2” (small to medium sized uredinia with chlorosis) were considered resistant, and those that produced infection types “3” (medium sized uredinia without chlorosis or necrosis) and “4” (large uredinia without chlorosis or necrosis) were considered susceptible.



Determination of Leaf Rust Resistance in Superb and Alsen, the Parental Lines of Carberry

From the initial seedling tests, Carberry appeared to have the resistance gene, Lr16, which was not reported in either of its parents, Superb and Alsen, and appeared to lack Lr10 that was reported to be present in both the parental lines (Oelke and Kolmer, 2005; McCallum and Seto-Goh, 2010). Seeds of the parental lines which were used to make the cross that resulted in Carberry were tested for seedling leaf rust resistance and the presence or absence of molecular markers associated with Lr16. Sixteen seeds of each parental line (Superb and Alsen) were planted in individual root trainers. The check lines, Carberry, Thatcher, the Thatcher near isogenic lines with Lr2a, Lr10, Lr16, and Lr23 and the standard set of 16 North American leaf rust differential lines were also planted. These plants were then inoculated with the isolate, 20-140-1 TBRD, which is virulent to Lr2a and Lr23 but avirulent to Lr10 and Lr16. Then a second set of plants, as described above, was inoculated with the isolate, 19-123-2 TBGJ which is virulent to Lr2a, Lr23, and Lr10, but avirulent to Lr16.

Leaf tissue was sampled from Superb, Alsen, and check lines, and the DNA was extracted. Carberry, Superb, Alsen, and check lines were genotyped with two Kompetitive Allele-Specific PCR (KASP) markers, kwm677 and kwm849 that are diagnostic of Lr16 (Kassa et al., 2017). KASP assays were performed as described by Kassa et al. (2017).



Lr13 Adult Plant Resistance Evaluation

To determine the presence or absence of Lr13 in Carberry, it was grown along with Thatcher and the CT population in square pots (15 cm) in the greenhouse, and one pot was inoculated with each of the Lr13 avirulent isolates 16-284-1 TGBQ and 17-358-1 TBBJ at the flag leaf stage, as described by McCallum et al. (2020). Both isolates were virulent to Lr2a and Lr23, but had intermediate (16-284-1 TGBQ) or avirulent (17-358-1 TBBJ) reactions to Lr16. Plants were rated 14 days later for the infection type produced and classified as resistant or susceptible as described above. Although both Lr34 and Lr46 APR genes were present in this population, the infection type for Lr13 was lower or more resistant than that produced by either of these genes, allowing for the identification of Lr13 in the presence of Lr34 and/or Lr46.



Hybrid Necrosis Test to Determine the Presence of Lr13 in Carberry

Leaf rust resistance Lr13 and progressive necrosis Ne2m are conditioned by a single pleiotropic gene (Zhang et al., 2016). When Lr13/Ne2m carriers are crossed with Ne1 carriers, the F1 progeny show the distinctive phenotype of progressive necrosis where leaves, starting with the first leaf, undergo necrosis and die-off as the plant develops. To confirm the presence of Lr13 in Carberry, Carberry was crossed with Kubanka, tetraploid wheat that is a carrier of Ne1. The F1 progeny were grown in conditions as described above and were observed for progressive necrosis once the third to the fourth leaves fully emerged. Zhang et al. (2016) mapped Lr13 and Ne2 using a DH population from the cross Thatcher/Thatcher-Lr13. DH lines were crossed with Kubanka in their study to confirm the cosegregation of Lr13 and Ne2. F1 progeny from these crosses with Kubanka were used as positive (Lr13 present) and negative (Lr13 absent) controls for the presence of progressive necrosis.



Field Trials

The field trials were conducted near Swift Current, SK in 2014, 2015, 2016, and 2018 and at Morden, MB in 2016, 2019, and 2020. Entries were planted in single 1 m rows in groups of five flanked by susceptible spreader rows. At Morden, the experiments consisted of two replications in a randomized complete block design, whereas the trials at Swift Current were planted as single entries with repeated parents and checks. Given the population size of nearly 300 lines, each allele at each locus is replicated roughly 150 times in the population that behaves as a diploid. The spreader rows were inoculated with a mixture of leaf rust races for ease of disease development and infection of entries as previously explained in Bokore et al. (2020). Briefly, the inoculum of P. triticina was generated by increasing the urediniospores of all races in the proportions they were found in the western Canada in the year prior to the field trial. Urediniospores of these multi-race mixtures were used to inoculate spreader rows susceptible to leaf rust at both Swift Current and Morden. For each year, all the isolates generated during the virulence survey of Manitoba and Saskatchewan were combined to generate this field inoculum. In each year, the same P. triticina race composition was used in Morden and Swift Current trials.

At the Morden location, urediniospores were suspended in light mineral oil (Soltrol, Chevron Phillips Chemical Company) and sprayed on the leaves of the spreader rows at early tillering. Subsequently, leaf rust developed on the spreader rows and urediniospores were windblown to the test lines to provide infection. At Swift Current, spreader rows of susceptible genotypes were needle inoculated with leaf rust urediniospores (Bokore et al., 2020). Irrigation misting was used to provide conditions suitable for the development and spread of leaf rust. Leaf rust severity was scored from 0 to 100% using the modified Cobb Scale (Peterson et al., 1948). Infection response (IR) was recorded as resistant (R), resistant to moderately resistant (RMR), moderately resistant (MR), mesothetic (X), moderately resistant to moderately susceptible (MRMS), moderately susceptible (MS), moderately susceptible to susceptible (MSS), and susceptible (S). To utilize the data for the analysis of main effect QTL, the epistatic effects, and the infection response scores were converted to numerical values as R = 1, RMR = 2, MR = 3, X = 4, MRMS = 5, MS = 6, MSS = 7, and S = 8. Simple means of two replications of each experiment were used for the QTL analysis at Morden, whereas single plot data was used for the QTL analysis at Swift Current.




Genotyping and Linkage Mapping

The DNAs of the parents and 297 lines were extracted from young leaves using the DNeasy 96 Plant Kit (QIAGEN Science, MD, United States). The lines and parents were genotyped with the wheat 90K iSelect single nucleotide polymorphism (SNP) genotyping array (Illumina Inc., San Diego, CA). The raw data were processed using GenomeStudio v2.0 software (Illumina). Of the 81,587 SNPs contained on the 90K iSelect SNP genotyping array, 8,360 high quality polymorphic SNPs were identified. The SNPs were identified by filtering to include only those with two major cluster frequencies displaying near 1:1 segregation expected for a DH population (each cluster containing >35 and <65% of total lines) with the third cluster containing a maximum 5% of total lines. SNPs were further filtered to include only cluster plots with a high (>0.6) GenTrain Score (the GenomeStudio clustering algorithm measuring SNP calling quality ranging from 0 to 1). Finally, only SNPs with a high (>90%) call frequency were accepted. The resulting SNP calls were then exported to MS Excel and converted to a binary mapping matrix by phasing the SNP calls corresponding to Thatcher as “A” and the SNP calls corresponding to Carberry as “B” for each SNP.

The genetic map was built using a two-step strategy as previously described by Fowler et al. (2016) and Perez-Lara et al. (2016). First, markers were clustered into linkage groups with a stringent cut off p-value of 1–10 and a maximum distance between markers of 15 cM, using the minimum spanning tree map (MSTMap) software (Wu et al., 2008). Next, the linkage groups were refined using the MapDisto version 1.7.5 software (Lorieux, 2012) using a cut off recombination value of 0.35, a minimum logarithm of odds (LOD) score of 3.0, and a Kosambi mapping function (Kosambi, 1944). The best order of markers was generated using both “AutoCheckInversions” and “AutoRipple” commands. Linkage groups were assigned to their belonging chromosomes based on the existing high density SNP maps of wheat (Cavanagh et al., 2013; Maccaferri et al., 2014, Wang et al., 2014).



Statistical Analysis

Pearson’s correlation coefficients, among disease data of different environments, were calculated using the CORR procedure of SAS v.9.3 (SAS Institute, Cary, NC, United States). Broad-sense heritability and narrow sense heritability of the disease resistance were calculated by QTLNetwork 2.0 (Yang et al., 2005, 2008). As the population used in the present study was DH, dominance gene effects were absent. Broad-sense heritability was calculated as the variance of genetic main effects divided by phenotypic variance [V(G)/V(P)], whereas narrow sense heritability was calculated as the variance of additive genetic effect divided by phenotypic variance [V(A)/V(P)]. The epistasis heritability was calculated as the variance of additive × additive divided by phenotypic variance [V(AA)/V(P)]. To compare single gene effects with combined gene effects, we performed the analysis of variance and Duncan’s Multiple Range Test (DMRT) with SAS software (SAS Institute, NC v.9.3). The comparison among gene combination effects focused on a pool of four genes Lr2a, Lr16, Lr34 and Lr46, present in Carberry. To perform the combined gene effect analysis, the DH lines were sorted into different classes based on markers that were associated with each gene. Lr13, while not effective on its own in the field, may have some degree of interaction and a background effect through its interaction with the many other resistance genes present in this population. As the number of interactions gets to be large, when these many effective genes are involved, Lr13 was not included in the combined analysis.



Detection of Main and Epistatic Quantitative Trait Loci Effects Using Field Data

The analysis of the main effect of QTL was carried out for each environment on DS and IR data, and on seedling infection response data by MapQTL 6 software, Kyazma (Van Ooijen, 2009). The QTL analysis performed based on the seedling infection response was used to compare with the QTL identified using the field data (results not presented). Simple interval mapping followed by multiple QTL mapping (MQM) approaches were conducted to detect the main effect of QTL. Cofactor markers were selected using automatic cofactor selection based on the backward elimination of markers and/or adjusted by selecting a set of markers manually. To determine the significant threshold of LOD values, a permutation test of 1,000 iterations was performed. The significance of each QTL was declared at 5% probability.

To determine the epistatic interactions between the main effect QTL, an epistasis analysis was performed by QTLNetwork 2.0, which was used to detect single-locus and epistatic QTL simultaneously (Yang et al., 2005, 2008). Mixed-model-based composite interval mapping (MCIM) within QTLNetwork 2.0 was selected for a one-dimensional (1D) genome scan to search for single-locus QTL. To determine epistatic effects, a two-dimensional (2D) genome scan procedure was used. The main effect QTL and epistatic interaction were declared significant at 5% probability.




RESULTS


Greenhouse Leaf Rust Reaction Analysis

All isolates tested were virulent on Thatcher and avirulent on Carberry (Table 1). The segregation ratio was consistent with a single resistance gene when the progeny lines were inoculated with 11-180-1 TDBG, 06-1-1 TDBG, 95-77-2 TJBJ, and 18-10-1 TBBS (Table 2). This resistance gene gave a ‘1+’ infection type, characteristic of the reaction of these isolates to the Thatcher-Lr16 line (Table 1). Each of the progeny lines was scored as having the resistant or susceptible allele for this gene and the results for each of these virulent phenotypes were mapped as QTL for seedling leaf rust resistance in the Lr16 region of chromosome 2BS. This gene was also effective against all the other virulent phenotypes consistent with their avirulent response to Lr16 [though both 95-74-2 MGBJ and 95-77-2 TJBJ had intermediate pustule types on lines with Lr16 (Table 1)].


TABLE 1. Puccinia triticina isolates used for seedling test and the reaction of known wheat lines against each isolate.
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TABLE 2. Reaction of the Carberry/Thatcher population against P. triticina isolates at the seedling stage.
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When 96-12-3 MBDS, 94-128-1 MBRJ, and 95-74-2 MGBJ were inoculated onto the progeny lines, the segregation ratios were consistent with two effective resistance genes, Lr16 and a second resistance gene thought to be Lr2a since it was effective against isolates avirulent to Lr2a and ineffective to isolates virulent to Lr2a (Table 2). This second gene had a very resistant infection type consistent with Lr2a (Table 1) which made the determination of the presence or absence of this gene possible in the presence of Lr16. All the progeny lines were scored for the presence or absence of this resistance gene and it was mapped as a QTL for seedling leaf rust resistance to the Lr2 region of chromosome 2DS.

The segregation ratio of the progeny lines to 9-1 SBDG also indicated the presence of two resistance genes, one of which was Lr16; however, this isolate is virulent to Lr2a, so a third seedling resistance gene was also present. This third resistance gene was ineffective against all the isolates tested except 9-1 SBDG and 161-FBDS, which were the only isolates avirulent to Lr23. When progeny lines were scored for the presence or absence of this resistance gene, the results also mapped to chromosome 2BS and is thought to be Lr23, which was reported to be present in Alsen, one of the parents of Carberry (Oelke and Kolmer, 2005). The population appeared to segregate three resistance genes to 161-1 FBDS, Lr16, Lr2a, and Lr23, fitting both a three and four gene ratio. This third gene (Lr23) also appeared to have some effect on 1-1 BBBD but this reaction could not be determined as consistently as it could when these lines were inoculated with 9-1 SBDG or 161-FBDS.

The seedling resistance gene, Lr10 was reported to be present in both the parents of Carberry (Oelke and Kolmer, 2005; McCallum and Seto-Goh, 2010). When isolates, 08-5-1 TDBB and 19-129-1 TBTN, both of which were avirulent on Lr10, were inoculated onto the progeny, the reactions were the same as to 11-180-1 TDBG, 06-1-1 TDBG, 95-77-2 TJBJ, and 18-10-1 TBBS, indicating the presence of Lr16, but with no additional resistance gene. From this, it appears that Lr10 is not present in Carberry.


Determination of Leaf Rust Resistance in Superb and Alsen, the Parental Lines for Carberry

When plants of the parental lines of Carberry (Superb and Alsen) were inoculated with the isolate 20-140-1 TBRD, which was virulent to Lr2a and Lr23 but avirulent to Lr10 and Lr16, all 16 Superb plants were resistant with a consistent infection type of “11+ 2−“ characteristic of Lr10. The Alsen plants, however, varied in their response to this isolate with 14 resistant plants and two susceptible plants. This demonstrates that at least some plants of Alsen did not have Lr10. When a second set of plants was inoculated with the isolate, 19-123-2 TBGJ, which was virulent to Lr2a, Lr23, and Lr10, but avirulent to Lr16, all the Superb plants were uniformly susceptible, but the Alsen plants again varied for their infection types with nine resistant and seven susceptible plants.

When these same plants were marker tested, marker alleles corresponded with resistance to races, 20-140-1 TBRD and 19-123-2 TBGJ. The data showed that Carberry carries Lr16, Superb lacks Lr16, and Alsen is heterogeneous for Lr16. The presence of Lr16 in the Alsen plants corresponded with a resistant infection type when inoculated with the P. triticina isolate, 19-123-2 TBGJ. The phenotypic and genotypic data confirm that Carberry carries Lr16 inherited from Alsen (Supplementary Table 1).



Lr13 Adult Plant Resistance Evaluation

When adult plants of Carberry, Thatcher, and each line in the CT population were inoculated at the adult plant stage with each of the isolates, 16-284-1 TGBQ and 17-358-1 TBBJ, Carberry was resistant and Thatcher was susceptible. The progeny lines segregated for resistance with similar reactions to both isolates. All progeny lines with Lr16 were resistant to both the isolates. Even though 16-284-1 TGBQ is classified as virulent on Lr16, the reaction is intermediate, and host plants were more resistant at the adult plant stage than at the seedling stage. For the progeny lines without Lr16, 50 were resistant and 87 were susceptible, which indicated the presence of another resistance gene, likely Lr13, but the results did not fit a single gene segregation ratio. Even though both Lr34 and Lr46 were present in this population, they did not affect the detection of Lr13 since plants with Lr13 had uniform infection types of “1” or ‘1–2,” whereas Lr34 and Lr46 produce infection types with mixtures of pustule types, including “3” or susceptible pustules.



Hybrid Necrosis Test to Determine the Presence of Lr13 in Carberry

Seedlings of the parental lines of Carberry, Thatcher, Thatcher-Lr13, and Kubanka grew normally with healthy green leaves all the way to early tillering. Similarly, hybrids between Thatcher/Thatcher-Lr13 DH lines that lacked Lr13 and Kubanka showed the same healthy growth pattern. Hybrids between Carberry and Kubanka and between Thatcher/Thatcher-Lr13 DH lines carrying Lr13 and Kubanka showed strong progressive necrosis (Figure 1). Necrosis of the first leaf became evident once the third leaf had fully emerged.
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FIGURE 1. Seedlings of Kubanka, Carberry, Thatcher Lr13 (Tc-Lr13) and F1 of Carberry × Kubanka, Tc-Lr13 × Kubanka and Thatcher (Tc) × Kubanka. Hybrid necrosis in the Carberry × Kubanka F1 generation lines confirms the presence of Lr13 in Carberry.





Disease Evaluation in the Field

The resistant parent Carberry conferred high resistance to leaf rust with low disease severity (DS) and IR ranging from R to MR across environments, whereas the susceptible parent Thatcher had high DS and IR ranging from MSS to S (Table 3). The disease severity of the CT population ranged from 0.0 to 90% across environments at Morden and from 0.5 to 80% across environments at Swift Current. Although Swift Current across years had lower disease scores than Morden, the disease pressure observed in each environment was sufficient for discriminating among the lines and mapping loci associated with quantitative resistance. A wide range of heritability values of disease response was observed in the population (Table 3). Broad sense heritability of DS ranged from 0.25 to 0.63, and of IR from 0.19 to 0.54 across environments. Furthermore, narrow sense heritability ranged from 0.22 to 0.61 for the DS and from 0.18 to 0.51 for the IR.


TABLE 3. Mean and range of the leaf rust severity and infection response scores for the Carberry/Thatcher doubled haploid (DH) population and parents and heritabilities from field nurseries near Morden (MD), MB for 3 years, and Swift Current (SC), SK for 5 years.
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Except at Morden in 2016 and 2019, which displayed bimodal distributions, the DS of the population was continuous with a preponderance of lines showing low-disease scores (Figure 2). When the most resistant (0 to <20%) and susceptible (>60 to <90%) portions of the distribution tails for leaf rust severity were considered, markers showed a disproportionate representation for Lr34 for the Morden 2019 and 2016 environments. In the Morden 2019 environment, out of 120 lines in the resistant mode, 99 of them carried the Lr34 resistance allele compared with 21 of the lines which did not carry the resistance allele. In the susceptible mode, only 6 out of 39 lines possessed the Lr34 resistance allele. The same trend was observed in the Morden 2016 environment in which 84 out of 103 lines in the resistant mode had the Lr34 resistance allele, while 19 lines did not. In the susceptible mode, from a total of 39 lines, only 6 lines had the Lr34 resistance allele. Correlation coefficients (Table 4) among environments for disease severity were highly significant and ranged from moderate to high (r = 0.54 to 0.90, P < 0.0001).
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FIGURE 2. Distributions of leaf rust severity for Carberry/Thatcher lines evaluated over multiple years in Morden, MB and Swift Current, SK locations. Arrows indicate the severity of the parents.


TABLE 4. Pearson correlation coefficients (r) of the relation between leaf rust severities of the DH lines of the Carberry/Thatcher population evaluated near Morden (MD) and Swift Current (SC) from 2014 to 2020.
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Linkage Map

The genetic map of the CT population consisted of 8,360 polymorphic SNP markers (Supplementary Table 2). The map covered 3645.8 cM of the wheat genome, corresponding to an average density of 0.44 cM per marker. All of the 21 wheat chromosomes, except 4D, were represented in 28 linkage groups.



Leaf Rust Resistance Quantitative Trait Loci Identified

Overall, nine QTL associated with field data were detected on chromosomes, 1B (designated QLr.spa-1B), 2B [2 loci (QLr.spa-2B.1; QLr.spa-2B.2)], 2D (QLr.spa-2D), 4A (QLr.spa-4A), 4B (QLr.spa-4B), 5A (QLr.spa-5A), 5B (QLr.spa-5B), and 7D (QLr.spa-7D) (Table 5 and Figure 3). Besides their effectiveness at the adult plant stage, QLr.spa-2B.1 and QLr.spa-2D were significant at the seedling stage. Four of the QTL located on 1B, 2B (2 loci), and 7D were detected in multiple environments, whereas the remaining were detected in one or a maximum of two out of seven test environments. Carberry contributed to the desirable alleles at all the detected loci, and no QTL was obtained from Thatcher. Based on the position of QTL- associated markers in a hexaploid wheat high density 90K SNP map by Wang et al. (2014), the identified QTLs were assigned with the chromosome arms, 1BL, 2BS (2 loci), 2DS, 4AS, 4BS, 5AL, 5BS, and 7DS.


TABLE 5. Quantitative trait loci (QTL), their chromosome arm location, peak associated marker and LOD, position on the chromosome in centiMorgans (cM), phenotypic value associated with the parental type allele, percent of phenotypic variation explained (PVE%), and additive effect associated with response to leaf rust disease severity and infection response detected in the Carberry/Thatcher population evaluated in field nurseries near Morden, MB, and Swift Current, SK.
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FIGURE 3. Quantitative trait loci (QTL) for leaf rust resistance identified in Carberry/Thatcher (CT) population evaluated in seven field environments at the adult plant stage near Morden (MD), MB and Swift Current (SC), SK, Canada. QTL detected in the population on chromosome 4A, 4B, and 5B were not presented in graphs. Note that 2B.1 stands for QLr.spa-2B.1, 2B.2 for QLr.spa-2B.2, and 2B.3 for QLr.spa-2B.3. QLr.spa-2B.3 was not detected by MapQTL and QTLNetwork as the main effect QTL, but it was revealed by epistasis analysis interacting with QLr.spa-2D. Disease traits, leaf rust severity (LRS) and leaf rust infection response (LRIR), and test locations Morden (MD) and Swift Current (SC) and the year of field evaluation. The Carberry/Thatcher (CT) population map was aligned with a hexaploid high density consensus map published by Bokore et al. (2020).


The QLr.spa-1B accounted for the percent of phenotypic variation explained (PVE) of up to 12.0% for DS and 8% PVE for IR and was associated with peak markers BS00000010_51 and RAC875_c3001_1236, and with a maximum LOD of 8.3 (Table 5). QLr.spa-1B was consistently detected in five of the seven environments. The QLr.spa-2B.1 QTL was detected in all test environments compared to QLr.spa-2B.2 which was detected in three out of seven environments. Based on the position of QTL-associated markers in the CT population linkage map, QLr.spa-2B.1 and QLr.spa-2B.2 were about 145.0 cM distance from each other. QLr.spa-2B.1 accounted for a PVE of 3.5 to 12.5% for DS and IR, whereas QLr.spa-2B.2 accounted for 2.6 to 6.7% PVE for both traits. A QTL analysis performed on the seedling data of avirulent races against Lr16 (11-180-1 TDBG, 06-1-1 TDBG, 95-77-2 TJBJ, and 18-10-1 TBBS) produced a significant QTL at the same location as QLr.spa-2B.1 identified with field data.

QLr.spa-7D was a major QTL detected at all environments and was associated with the peak marker, RAC875_c57622_77 with LOD values ranging from 7.4 to 28.0. The QTL accounted for PVE values of up to 44% for DS and 30% for IR. Minor QTL, such as QLr.spa-2D, QLr.spa-4B, and QLr.spa-5A were confined to single environments. QLr.spa-4B and QLr.spa-5A were significant for both DS and IR, whereas QLr.spa-2D was associated only with DS. A QTL from the analysis of phenotypic data of Lr2a avirulent races, 96-12-3 MBDS, 94-128-1 MBRJ, and 95-74-2 MGBJ coincided with QLr.spa-2D. The other minor QTL, QLr.spa-5B was detected at two environments associated with IR, but not with severity.



Epistatic Effect Quantitative Trait Loci

A total of five additive by additive epistatic interactions were detected by QTLNetwork analysis (Table 6). The interactions involved QTL that was also identified by MapQTL and an additional QTL on chromosome 2B, designated as QLr.spa-2B.3, which was not identified by MapQTL. Of the five interactions detected, positive epistatic effects with an enhanced level of disease resistance were observed between QLr.spa-1B (Lr46) and QLr.spa-7D (Lr34), QLr.spa-2B.1 (Lr16) and QLr.spa-7D (Lr34), and QLr.spa-2D (Lr2a) and QLr.spa-7D (Lr34). The QLr.spa-7D (Lr34) QTL showed the greatest epistatic effects with QLr.spa-1B (Lr46) and QLr.spa-2B.1 (Lr16) and less so with QLr.spa-2D (Lr2a). Negative epistatic effects were detected between QLr.spa-1B (Lr46) and QLr.spa-2B.1 (Lr16), and QLr.spa-2B.3 and QLr.spa-2D (Lr2a). The negative association between the alleles at QLr.spa-1B (Lr46) and QLr.spa-2B.1 (Lr16), revealed that the Lr16 interaction with Lr46 did not act as synergistically as expected. Furthermore, the heritability values for the additive × additive epistasis were very low from 0.01 to 0.05 (Table 6). The most common interaction was between QLr.spa-1B and QLr.spa-7D.


TABLE 6. Epistatic interactions between Carberry leaf rust resistance genes detected by QTLNetwork in the Carberry/Thatcher population evaluated at Morden, MB for 3 years and Swift Current, SK for 4 years.
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The ANOVA results for gene combination analysis using SAS aimed at investigating the effects of various gene combinations can be seen in Figure 4 and Supplementary Table 3. The results showed that the association of the Lr34 gene with Lr46, Lr16, or Lr2a generally increased the level of disease resistance. At the Morden location in both 2019 and 2020, the effect of Lr2a or Lr16 alone was marginal, whereas Lr46 was moderately effective and Lr34 was more effective (Figure 4). When Lr46 and Lr34 were combined in the same lines, these had a very good level of resistance, particularly when combined with Lr2a and/or Lr16.
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FIGURE 4. Effects of gene combinations on adult plant leaf rust response in the Carberry/Thatcher population evaluated near Morden, AB and Swift Current, SK in different years.





DISCUSSION

The variation from moderate to high correlation values observed in the leaf rust severity was consistent with the plotted distributions of the CT population across environments and suggested a partial differential response to the environment. These results were suggestive of a leaf rust resistance complex of genes in Carberry, which is supported by low to moderate heritability values. Genetic analysis confirmed the complex nature of leaf rust resistance in Carberry that has been expressed at a high level since its commercial release with the identification of three seedling genes (Lr2a, Lr16, Lr23) and three APR genes (Lr13, Lr34, Lr46). We also detected minor QTL on chromosomes, 2B, 4A, 4B, 5A, and 5B that contributed to Carberry’s leaf rust resistance. The analysis of two-way epistatic effects revealed interactions between Lr34 and Lr46, and Lr34 and Lr16, which significantly boosted the resistance of Carberry.

The roughly bimodal distributions of the population observed at Morden 2016 and 2019, could be due to the high expression of the 7D QTL (Lr34) behaving like a qualitative gene explaining up to 42% of the phenotypic variation in 2016, and 38% in 2019, and low or insignificant expression by other Carberry genes/QTL. The first mode of the DH lines expressed a low-disease severity similar to the resistant parent, Carberry, whereas the other group had high-disease severity which was similar to the susceptible parent, Thatcher. Besides having a large effect by itself, Lr34 also interacted with other genes forming two large groups, those with Lr34 and those without. However, there were also DH lines that could not be categorized into Carberry type or Thatcher type due to the presence of the minor effect QTL which was segregating in the population. For example, besides the 7D QTL, three other QTL with a cumulative phenotypic effect of 18% segregated in 2016, and four QTL which cumulatively explained 25% of the phenotypic variation segregated in 2019 (Table 5).

Of the two resistance QTL detected using the field data on the chromosome arm 2BS, QLr.spa-2B.1 corresponded with Lr16. The consistent expression of Lr16 in most of the field tests in the current study was irrespective of the presence of races partially virulent on the gene in Canada (Samborski, 1984; McCallum et al., 2016, 2020). Predictive markers for Lr16, such as SSR markers, wmc661, wmc764, and gwm210 were located nearby QLr.spa-2B.1 in a high-density consensus map published by Bokore et al. (2020), while SNP marker, BS00099465_51 mapped within the QLr.spa-2B.1 QTL interval (Kassa et al., 2017; Figure 3). The presence of Lr16 in Carberry was puzzling based on the gene determinations in the parental lines, Alsen and Superb, which did not detect Lr16 in either of the parents, Superb (McCallum and Seto-Goh, 2010) and Alsen (Oelke and Kolmer, 2005). However, our seedling leaf rust assays and the use of predictive KASP markers supported the QTL analysis that Carberry carries Lr16. The puzzle was solved with the testing of multiple parental plants and although all the Superb plants tested were negative for Lr16, the Alsen plants tested were heterogeneous for Lr16. Thus, Carberry inherited Lr16 from Alsen. Bokore et al. (2020) mapped the Lr16 in Carberry using different mapping populations. Many other Canadian wheat varieties are known to have Lr16 (McCartney et al., 2005; McCallum et al., 2016; Kassa et al., 2017; Toth et al., 2018).

Both of the parents of Carberry, Superb and Alsen, were reported to have the seedling leaf rust resistance gene, Lr10 (Oelke and Kolmer, 2005; McCallum and Seto-Goh, 2010). However, no QTL was detected for Lr10, and seedling testing with two Lr10 avirulent isolates indicated that the population did not segregate for Lr10 and that Carberry did not have Lr10. When seed stocks of the parents that were used to make Carberry were tested, Superb appeared to be uniformly resistant to an Lr10 avirulent isolate, but Alsen had a small proportion of susceptible plants demonstrating that these plants did not have Lr10. Therefore, it is likely that the Alsen plant that was crossed to produce Carberry had Lr16 but lacked Lr10.

The detection of the third 2BS gene, Lr23, with the seedling test, but not in field trials, suggested that the ineffectiveness of the gene in the field was attributed to virulent races or a weak expressivity of the gene on adult plants. The frequency of virulence to Lr23 varied from 37.5 to 56.1% from 2015–2019 in Canada (McCallum et al., 2021). Oelke and Kolmer (2005) reported one of Carberry’s parents, Alsen possesses Lr23. McIntosh and Dyck (1975) indicated the presence of an unknown gene in Thatcher that inhibits the expression of Lr23 under Canadian field conditions, and partially in Australian conditions. Originally believed to be derived from a durum wheat cultivar Gaza, Lr23 was later introgressed into hexaploid wheat (McIntosh and Dyck, 1975).

A third seedling gene identified in Carberry, Lr2a was determined by the seedling test and revealed by field data. Carberry was expected to carry Lr2a as both its parents, Alsen (Oelke and Kolmer, 2005) and Superb (McCallum and Seto-Goh, 2010) are reported to possess this gene. Lr2a is present in a wide range of North American wheat germplasm (Oelke and Kolmer, 2004; McCallum et al., 2016). Lr2a which corresponded with the field QTL, QLr.spa-2D showed a minor effect on DS and it was significant only in one environment. The effectiveness of the Lr2a gene in only one out of seven environments is consistent with the frequency of isolates virulent on the gene in the P. triticina population in western Canada dramatically keep increasing after the year 2000 (McCallum and Seto-Goh, 2010; McCallum et al., 2020). As the gene sometimes synergistically interacts with Lr34, it could still be valuable in resistance breeding.

Superb was reported not to have any APR genes (McCallum and Seto-Goh, 2010), and Alsen was reported to have Lr13 and Lr34 (Oelke and Kolmer, 2005). However, the current analysis demonstrated that Lr46 was an important component of the resistance in Carberry. Carberry’s QLr.spa-1B QTL is the same as the slow rusting or APR and the pleiotropic gene, Lr46, located on the chromosome arm 1BL (Singh et al., 1998; William et al., 2003; Lillemo et al., 2013). The QTL at QLr.spa-1B was also effective against stem rust (data not shown). Studies are limited in showing the presence of Lr46 in Canadian wheat germplasm. It was recently demonstrated that Superb has Lr46 (Lewarne, 2021), which would have been the donor parent for Lr46 in Carberry. Furthermore, recently published studies indicated a QTL on 1BL that was associated with multiple disease resistance in Carberry and Vesper that could be Lr46 (Bokore et al., 2017, Bokore et al., 2020). The detection of the QLr.spa-1B (Lr46) in five out of seven environments with the current study indicates the importance of this gene in resistance breeding.

The QLr.spa-7D QTL on 7DS represented the major slow rusting pleiotropic gene Lr34. As opposed to Lr46, Lr34 is common in many wheat varieties in Canada (McCallum and DePauw, 2008; McCallum et al., 2012, 2016) and several other countries (Singh et al., 2011; Lillemo et al., 2013). The presence of the Lr34 gene in Carberry has been documented in various reports (McCallum et al., 2012; Randhawa et al., 2013; Bokore et al., 2020), and it was transferred to Carberry from Alsen (Oelke and Kolmer, 2005).

The QTL on chromosome 2B, QLr.spa-2B.2, corresponding with APR gene Lr13. The detection of this gene in Carberry was expected as one of its parents, Alsen, possesses the gene (Oelke and Kolmer, 2005). Lr13 linked markers, Excalibur_c26042_260 and wsnp_Ku_c4042_7375890, reported by Zhang et al. (2016), were placed within 5.15 and 8.58 cM distance from the QLr.spa-2B.2 Carberry QTL peak marker, Excalibur_c45094_602, on the genetic map of the CT population (Figure 3). The gene is generally effective at the early postseedling stage (Dyck et al., 1966; Zhang et al., 2016). Lr13 is a recessive gene as described by Dyck et al. (1966) in a study made using a cross of Thatcher/Manitou, the Canadian variety Manitou, possessing the gene, was originally transferred from Frontana in which it behaved partially dominant. This gene has been widely deployed in the Canadian and American wheat germplasm (McCallum et al., 2016), including Alsen, the immediate parent of Carberry’s immediate parent Alsen (Oelke and Kolmer, 2005). Zhang et al. (2016) reported that Lr13 is the same gene as Ne2m, a gene known to govern hybrid necrosis in wheat. In indoor adult plant testing, we established the presence of Lr13 in the progeny of the population of Carberry/Thatcher. Given that hybrids between Carberry and Kubanka (Ne1 carrier) exhibited progressive necrosis, the presence of Lr13 in Carberry was confirmed. The gene, Lr13 is an example of an APR gene that has a race-specific response to leaf rust.

Carberry additionally has genes with relatively small effects on disease resistance identified on the chromosome arms, 4AS, 4BS, 5AL, and 5BS, which were significant in only one or a maximum of two out of seven environments. Despite the detection of several QTL in the resistant parent Carberry, we found that no QTL was contributed by the susceptible parent, Thatcher. The minor genes identified in Carberry may play a cumulative role in the resistance by acting in the synergy that is at a level that we could not detect in our epistasis analysis. Some of these minor QTLs were found to be close to genomic regions that are associated with other rust species on a hexaploid wheat consensus map (Bokore et al., 2020), making them useful regions to consider in resistance breeding. For example, the 4AS leaf rust QTL marker RAC875_rep_c70416_332 was placed only at 0.25 cM proximal to BobWhite_c20163_456, a marker for stripe rust resistance similarly reported in Carberry (Bokore et al., 2020). Additionally, BS00095286_51 associated with the 4BS leaf rust QTL was located at 31.5 cM proximal to wmc617, an SSR marker for resistance to stem rust race Ug99 in Carberry (Singh et al., 2013) and 37.2 cM proximal to Tdurum_contig27799_114, a marker for a stripe rust resistance QTL which was similarly reported in Carberry (Bokore et al., 2020).

Understanding the epistatic genetic effects of multiple leaf rust resistance genes is useful to develop wheat varieties with appropriate gene combinations and durable resistance. Results of the present study demonstrated that the strength of Carberry’s years of leaf rust resistance in the farmer’s fields in Canada may, in part, be attributable to the synergistic additive by additive epistatic effects of Lr34 with Lr46, Lr16, and/or Lr2a. For over 100 years, Lr34 has remained effective against the leaf rust pathogen. Lr34 has been cloned and encoded an ABC transporter protein unlike cloned all stage resistance genes, but how this protein confers resistance to rust pathogen is not known (Krattinger et al., 2009). Singh et al. (2011) indicated that gene combinations could minimize the development of virulent races on race-specific resistance genes. Also, wheat varieties having Lr34 in combination with other genes are more durable compared with varieties that lack Lr34 (Oelke and Kolmer, 2004; Singh et al., 2006, 2011). Singh et al. (2011) reported that combinations of 4 to 5 APR genes usually result in “near immunity” or high level resistance.

In conclusion, since its registration in Canada in 2009, the hexaploid spring wheat cultivar, Carberry, was grown over an extensive area in Canada for several years and maintained a high level of leaf rust (Puccinia triticina Eriks.) resistance. The present study characterized the genetic basis of what has turned out to be durable resistance in Carberry through several race-specific and non-specific race-resistance genes. Using the adult plant leaf rust response data, we identified nine QTLs located on chromosomes 1B, 2B.1, 2B.2, 2D, 4A, 4B, 5A, 5B, and 7D some of which represented previously documented genes. For example, the resistance on 1B corresponded with Lr46, 7D with Lr34, one of the QTL on 2B with Lr13, the other QTL on 2B with Lr16, and 2D with Lr2a. In addition to field studies, our seedling tests revealed race-specific genes, Lr2a, Lr16, and Lr23. Although Lr2a and Lr16 were also revealed using adult plant response data, Lr23 did not show any significant effect in adult plants due to the presence of gene-specific virulent races in recent years. Synergistic epistatic effects were revealed for Lr34 with Lr46, Lr16, or Lr2a with a combination of these genes contributing to higher resistance. Single events of negative interactions were detected between Lr16 and Lr46, and between Lr2a and an unknown QTL on chromosome 2B. However, these gene combinations had reduced the disease symptoms compared to each gene alone. Generally, the durability of leaf rust resistance in Carberry could be attributed to Lr34 and Lr46, because the resistance has remained effective even though the P. triticina population has evolved virulence to Lr2a, Lr13, Lr16, and Lr23.
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Wheat blast is an emerging threat to wheat production, due to its recent migration to South Asia and Sub-Saharan Africa. Because genomic selection (GS) has emerged as a promising breeding strategy, the key objective of this study was to evaluate it for wheat blast phenotyped at precision phenotyping platforms in Quirusillas (Bolivia), Okinawa (Bolivia) and Jashore (Bangladesh) using three panels: (i) a diversity panel comprising 172 diverse spring wheat genotypes, (ii) a breeding panel comprising 248 elite breeding lines, and (iii) a full-sibs panel comprising 298 full-sibs. We evaluated two genomic prediction models (the genomic best linear unbiased prediction or GBLUP model and the Bayes B model) and compared the genomic prediction accuracies with accuracies from a fixed effects model (with selected blast-associated markers as fixed effects), a GBLUP + fixed effects model and a pedigree relationships-based model (ABLUP). On average, across all the panels and environments analyzed, the GBLUP + fixed effects model (0.63 ± 0.13) and the fixed effects model (0.62 ± 0.13) gave the highest prediction accuracies, followed by the Bayes B (0.59 ± 0.11), GBLUP (0.55 ± 0.1), and ABLUP (0.48 ± 0.06) models. The high prediction accuracies from the fixed effects model resulted from the markers tagging the 2NS translocation that had a large effect on blast in all the panels. This implies that in environments where the 2NS translocation-based blast resistance is effective, genotyping one to few markers tagging the translocation is sufficient to predict the blast response and genome-wide markers may not be needed. We also observed that marker-assisted selection (MAS) based on a few blast-associated markers outperformed GS as it selected the highest mean percentage (88.5%) of lines also selected by phenotypic selection and discarded the highest mean percentage of lines (91.8%) also discarded by phenotypic selection, across all panels. In conclusion, while this study demonstrates that MAS might be a powerful strategy to select for the 2NS translocation-based blast resistance, we emphasize that further efforts to use genomic tools to identify non-2NS translocation-based blast resistance are critical.

Keywords: wheat, blast disease, genomic selection (GS), marker-assisted selection, pedigree selection, genotyping-by sequencing, Magnaporthe oryzae


INTRODUCTION

An emerging threat to wheat production that has the potential to cause substantial yield losses is the disease blast (Kohli et al., 2011; Islam et al., 2016; Chowdhury et al., 2017; Cruz and Valent, 2017; Sadat and Choi, 2017; Singh et al., 2021), caused by the fungus Magnaporthe oryzae pathotype Triticum Catt. (MoT) (anamorph Pyricularia oryzae Cavara) (Couch and Kohn, 2002; Tosa and Chuma, 2014; Zhang et al., 2016). The disease primarily affects the spikes which become partially or fully bleached, resulting in inferior quality of grains which are small, shriveled and have low test weight (Goulart et al., 2007; Urashima et al., 2009; Cruz and Valent, 2017). First identified in 1985 in Brazil (Igarashi, 1986), the disease spread to the major Brazilian wheat growing areas (Goulart et al., 1990; Igarashi, 1990; Picinini and Fernandes, 1990; Dos Anjos et al., 1996), and then moved to Bolivia, Paraguay and Argentina in 1996, 2002, and 2007, respectively (Barea and Toledo, 1996; Viedma and Morel, 2002; Cabrera and Gutiérrez, 2007; Perelló et al., 2015).

The first intercontinental jump of the MoT pathogen from South America to Asia was reported in 2016, when there was a blast outbreak in Bangladesh most likely caused by the South American lineage of MoT via wheat importation (Islam et al., 2016; Malaker et al., 2016; Ceresini et al., 2018). In addition, the warm and humid climate at heading time during that year was also a significant driver of the epidemic, as both high temperatures (between 25 and 30°C) and long wetting periods favor blast development (Cardoso et al., 2008; Islam et al., 2019). Another major intercontinental jump of the MoT pathogen to Africa was recently reported, when blast was observed in the Muchinga province of Zambia during the 2017–2018 rainy season (Tembo et al., 2020). Furthermore, about seven million hectares of wheat growing regions in India, Pakistan and Bangladesh and some states in the United States (Louisiana, Mississippi and Florida) were identified to be vulnerable to blast outbreaks, given their similar favorable environmental conditions (Cruz et al., 2016a; Mottaleb et al., 2018; Valent et al., 2021), indicating that further spread of the disease is possible.

Wheat blast management approaches like the use of fungicides, planting time alteration and discontinuation of wheat cultivation in disease-prone regions by declaring a wheat holiday have only been partly successful in combating the disease (Mottaleb et al., 2019b; Roy et al., 2021). This is because of limitations such as inefficient control with fungicides when the disease pressure is high, inability of poor farmers to afford fungicides, development of resistance to some fungicide classes in MoT populations and challenges of finding the appropriate profitable alternative wheat land use (Urashima et al., 2009; Kohli et al., 2011; Castroagudín et al., 2015; Cruz et al., 2015, 2019; Coelho et al., 2016; Cruz and Valent, 2017; Mottaleb et al., 2019a,b). Hence, the most sustainable, cost-effective and farmer-friendly approach to wheat blast control is developing and deploying blast resistant wheat varieties (Cruz and Valent, 2017).

Genetic resistance to wheat blast is known to follow the gene-for-gene interaction model in the seedling stage (Takabayashi et al., 2002), while field resistance is also known to be quantitative (Goddard et al., 2020; He et al., 2021). Among the five reported wheat blast resistance genes including Rmg2, Rmg3, Rmg7, Rmg8, and RmgGR119, only the genes Rmg8 and RmgGR119 are known to be effective against several recent MoT isolates (Zhan et al., 2008; Anh et al., 2015, 2018; Tagle et al., 2015; Cruz and Valent, 2017; Wang S. et al., 2018). Besides these genes, the 2NS translocation from the wild species, Aegilops ventricosa has been reported to confer a consistent and strong effect on blast resistance in several studies, although the resistance is sometimes background dependent and partial (Cruz et al., 2016b; Juliana et al., 2019, 2020a; He et al., 2020, 2021; Ferreira et al., 2021; Wu et al., 2021).

Breeding for wheat blast resistant genotypes first involves screening to find resistant germplasm and then identifying resistance genes. However, wheat breeding programs globally are constrained in their ability to screen a large number of lines for blast resistance, as phenotyping can only be done in the blast hot-spot locations and there is a limitation to the number of lines that can be handled, unless their phenotyping capacity is expanded. While this poses a huge challenge to accelerate development of blast resistant wheat varieties, it is an excellent case for the application of genomic selection (GS), an approach that was advocated to change the role of phenotyping in breeding (Heffner et al., 2009). Using GS, breeders can eliminate phenotyping and select genotypes based on their genomic-estimated breeding values (GEBVs) for traits, that are obtained from genome-wide markers (Meuwissen et al., 2001). In GS, a “training population” that includes lines that have been genotyped and phenotyped for the trait of interest is used to train prediction models that are then used to obtain the GEBVs of individuals (also known as “selection candidates” or “testing population”) that have been only genotyped. While GS has proved to be effective in predicting quantitative disease resistance (Ornella et al., 2012; Rutkoski et al., 2014; Juliana et al., 2019), it also has the potential to increase the accuracy of selection, reduce cycle time and cost, thereby leading to an increase in gain from selection (Heffner et al., 2010; Voss-Fels et al., 2019).

Given the potential of GS for wheat blast, the key objective of this study was to evaluate it in the following panels, assuming that a subset or half of them were phenotyped: (a) Diversity panel comprising diverse spring wheat lines and varieties that were developed over several years by the International Maize and Wheat Improvement Centre (CIMMYT) and South Asia partners, which is useful to understand if GS can be applied to select for blast resistance in unrelated lines or any set of existing historic germplasm. (b) Breeding panel comprising elite lines from CIMMYT’s international nurseries, which is useful to understand if GS can be applied to select advanced breeding lines for blast resistance. (c) Full-sibs panel comprising progenies from a cross between a resistant and a susceptible blast parent, which is useful to understand if selection for blast is effective within families, i.e., among sister lines in biparental populations. The other main objectives of this study were to:


(i)compare genomic prediction accuracies from the genomic best linear unbiased prediction (GBLUP) model that utilizes the genomic relationships between lines (de los Campos et al., 2013; Habier et al., 2013) and the Bayes B model that utilizes the estimated marker effects (Meuwissen et al., 2001) to generate GEBVs.

(ii)compare genomic prediction accuracies from both the genomic prediction models (GBLUP and Bayes B) with prediction accuracies from a fixed effects model, where a genome-wide association analysis for blast is first done in the training set, followed by selection of the best model (when adding a marker to the model no longer increases the prediction accuracy) and use of the selected marker(s) to estimate the breeding values, referred to as the estimated breeding values (EBVs).

(iii)compare prediction accuracies from the GBLUP model and the fixed effects model to the accuracies from the combined GBLUP and the fixed effects model (GBLUP + fixed effects).

(iv)compare genomic prediction accuracies with pedigree-based prediction accuracies, where pedigree-based relationships between the lines is used to obtain the EBVs, in a pedigree (additive)-best linear unbiased prediction model (ABLUP).

(v)compare selections made from the blast phenotypes (phenotypic selection, PS) with selections using the EBVs from the different models to understand what percentage of lines that are selected and discarded by PS, overlap with the breeding values-based selections.

(vi)test the hypothesis that GS would perform better than the selections based on EBVs from a fixed-effects model (which can be considered similar to marker-assisted selection, MAS) and the pedigree relationships-based model (pedigree selection).

(vii)compare prediction accuracies in subsets of lines with and without the 2NS translocation in the three panels using the GBLUP, Bayes B, fixed effects, GBLUP + fixed effects and ABLUP models.





MATERIALS AND METHODS


Panels, Blast Evaluation Sites, Crop Cycles, and Planting Time


Diversity Panel

The diversity panel comprised 172 diverse spring wheat genotypes including lines developed by CIMMYT and varieties released in South Asia (India, Bangladesh, and Nepal), some of which were directly introduced from CIMMYT. The diversity panel was phenotyped for blast in two planting dates that were about 14 days apart, indicated as first planting (FP) and second planting (SP) in the following blast precision phenotyping platforms and crop cycles:


(i)Quirusillas, Bolivia (18°20′S 63°57′W) during the 2017–2018 and 2018–2019 crop cycles (December to April) in two different planting dates and the datasets are referred to by the site followed by the harvest year and planting time as: Quirusillas 2018 FP, Quirusillas 2018 SP, Quirusillas 2019 FP and Quirusillas 2019 SP.

(ii)Okinawa, Bolivia (17°13′S 62°53′W) during the 2018 crop cycle (May to September) in two planting dates and the datasets are referred to as Okinawa 2018 FP and Okinawa 2018 SP.

(iii)Jashore, Bangladesh (23°10′N 89°10′E) during the 2017–2018 crop cycle (December to April) in two different planting dates and the datasets are referred to as Jashore 2018 FP and Jashore 2018 SP.





Breeding Panel

The breeding panel comprised 248 lines from CIMMYT’s international nurseries that included subsets of lines from the 50th International Bread Wheat Screening Nursery (IBWSN, 119 lines) and the 35th Semi-Arid Wheat Screening Nursery (SAWSN, 129 lines). The IBWSNs and SAWSNs comprise advanced breeding lines developed by CIMMYT’s global wheat program using the selected bulk-breeding scheme that are targeted to the irrigated and drought-prone target environments, respectively and are CIMMYT’s primary vehicles of germplasm dissemination globally (Rajaram et al., 1993; van Ginkel and Rajaram, 1993). From the set of 269 lines from the 50th IBWSN and 265 lines from the 35th SAWSN (Juliana et al., 2020a), subsets of lines were chosen after filtering out a large number of lines that had across-environment blast best linear unbiased estimates (BLUEs) of 0, and only some of those lines were retained to avoid a large number of lines with a blast index of 0 in the training and prediction populations. Similarly, only the environments where more than half the entries did not have a blast index of 0 were chosen. The selected environments where the breeding panel was phenotyped for blast included:


(i)Quirusillas during the 2017–2018 crop cycle (December to April) in the FP date and in the 2018–2019 crop cycle in two different planting dates and the datasets are referred to as: Quirusillas 2018 FP, Quirusillas 2019 FP and Quirusillas 2019 SP.

(ii)Okinawa during the 2018 crop cycle (May to September) where only the second planting was chosen (Okinawa 2018 SP), due to the high number of resistant lines in the FP.





Full-Sibs Panel

The full-sibs panel comprised 298 full-sibs or F2:7 recombinant inbred lines that were obtained by single seed descent from a cross between a resistant female parent Caninde#1 (with the 2NS translocation) and a susceptible male parent Alondra (without the 2NS translocation), as described in He et al. (2021). The full-sibs panel was phenotyped for blast in two planting dates in the following sites and crop cycles:


(i)Quirusillas during the 2017–2018 and 2018–2019 crop cycles (December to April) in two different planting dates and the datasets are referred to as: Quirusillas 2018 FP, Quirusillas 2018 SP, Quirusillas 2019 FP and Quirusillas 2019 SP.

(ii)Okinawa during the 2018 and 2019 crop cycles (May to September) in two planting dates and the datasets are referred to as Okinawa 2018 FP, Okinawa 2018 SP, Okinawa 2019 FP and Okinawa 2019 SP.

(iii)Jashore during the 2017–2018 and 2018–2019 crop cycles (December to April) in two planting dates and the datasets are referred to as Jashore 2018 FP, Jashore 2018 SP, Jashore 2019 FP and Jashore 2019 SP.





Blast Phenotyping—Field Experimental Design, Inoculation, Evaluation, and Analyses

In all the three sites, the lines were planted in double rows each of 1-m length with 20-cm spacing in between them. Blast inoculation in Quirusillas and Okinawa was done using isolates QUI1505, QUI1601, QUI1612, OKI1503, and OKI1704 and in Jashore it was done using isolates BHO17001, MEH17003, GOP17001.2, RAJ17001, CHU16001.3, and JES16001, all of which were collected locally and exhibited high pathogenesis. Inoculum was prepared according to He et al. (2020) by culturing the MoT isolates on oatmeal agar medium. Inoculum concentration was adjusted to 80,000 spores/mL and applied using a backpack sprayer at anthesis, followed by a second inoculation 2 days later, in all the environments.

Disease development after inoculation was favored using a misting system that was set up to provide 10 min of misting each hour, between 8 a.m. and 7 p.m. in the Bolivian sites and between 9 a.m. to 5 p.m. in Jashore. In addition to the panel lines, local checks were also planted and evaluated for blast, which included resistant check Urubo and susceptible check Atlax in Bolivia and resistant check BARI Gom 33 (Hossain et al., 2019) and susceptible check BARI Gom 26 in Jashore. Evaluation of wheat blast was done 21 days post the first inoculation on 10 spikes marked at anthesis, where the total number of spikelets and those infected were counted. Wheat blast index was obtained using the formula: index = incidence (proportion of spikes that had blast infection) × severity (average percentage of infected spikelets).

The BLUEs for blast in each of the panels were calculated using the ASREML statistical package (Gilmour, 1997) using the following mixed model:
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where yij is the observed blast index, μ is the overall mean, giis the fixed effect of the genotype, ej is the random effect of the environment (site-year-planting time) that was independent and identically distributed (IID) ([image: image]), and εij is the residual with IID [image: image]. Analysis of the blast indices in the different panels and environments was done and the mean, standard deviation, median, minimum and maximum blast indices were obtained in all the datasets. Visualization of all the results in this study was done using the “R” package “ggplot2” (Wickham, 2009). The narrow-sense heritabilities for blast across the different environments in each panel were obtained using the formula:
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where [image: image] was the additive genetic variance among the lines calculated using markers and [image: image] is the error variance. The heritabilities, genetic and error variances were obtained using the average information-restricted maximum likelihood algorithm (Gilmour et al., 1995) in the “R” package “heritability” (Kruijer et al., 2015).



Genotyping

The diversity panel was genotyped for genome-wide markers using the Illumina Infinium 15K BeadChip (TraitGenetics, Germany) and four sequence tagged site (STS) markers associated with the Yr17 gene in the 2NS translocation namely: Ventriup (Helguera et al., 2003), WGGB156 and WGGB159 (Wang Y. et al., 2018) and cslVrgal3 (Seah et al., 2001; He et al., 2021). The breeding panel was genotyped for genome-wide markers using the genotyping-by-sequencing (GBS) platform (Poland et al., 2012) and the TASSEL (Trait Analysis by aSSociation Evolution and Linkage) version 5 GBS pipeline (Glaubitz et al., 2014) was used to call the marker polymorphisms. Marker polymorphisms discovery, alignment to the reference genome assembly (RefSeq v1.0) of Chinese Spring (IWGSC, 2018) and tag filtering were done as described in Juliana et al. (2020a). The full-sibs panel was genotyped for genome-wide markers using the DArTseq platform (Genetic Analysis Service for Agriculture, CIMMYT, Mexico), the four STS markers mentioned above and also another marker IWB11136 tagging the 2NS translocation (Xue et al., 2018). The genome-wide markers in each panel and STS markers were filtered for those with less than 60% missing data, greater than 10% minor allele frequency and less than 10% heterozygosity resulting in 13,427 markers in the diversity panel, 8,072 markers in the breeding panel and 2,489 markers in the full-sibs panel. Marker imputation in all the panels was done using the linkage disequilibrium k-nearest neighbor genotype imputation method (Money et al., 2015) in TASSEL version 5 (Bradbury et al., 2007).



Blast Prediction

Blast prediction in all the panels was done using a twofold cross-validation approach, where each of the panels was divided into two random folds and one-half of the lines was used to predict the breeding values of the other half of the lines for blast within each panel. We have only evaluated twofold cross-validations, because across the panels, 15.8–62.5% of the lines had a blast index of zero and dividing them into smaller folds might result in some random folds having most of the lines with a blast index of zero. The sampling of the random folds was iterated 10 times, the prediction accuracy was calculated as the Pearson’s correlation between the observed blast index values and the breeding values in each iteration and the mean prediction accuracy across the 10 iterations was obtained for each of the datasets in the different panels using the following models:


(i)Fixed effects model



For the fixed effects model implemented in “R,” a stepwise least-squares approach was used which involved the following steps:


•Identification of markers significantly associated with blast in the training set using a genome-wide association analysis and calculation of marker p-values.

•Ranking of markers according to their p-values.

•Marker selection from the ranked markers was done with the following stepwise regression model:
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where y was the blast phenotype, μ was the mean, βiand βj were the effects of the ith and jth marker, and Xi and Xj were the ith and jth marker’s genotype matrix and ε was the error term. Here, for each iteration i through j, we added a marker to the model, starting from the marker that had the lowest p-value. We then calculated the twofold cross validation accuracy within the training set after each iteration and selected the model that had j-1 markers, when the accuracyj–1 was greater than the accuracyj.


•Estimation of marker effects was done from the selected markers, and the effects were subsequently used for obtaining the EBVs of lines in the testing populations for blast resistance.




(ii)Genomic-best linear unbiased prediction (GBLUP)



The GBLUP model was fitted using the “R” package “rrBLUP” (Endelman, 2011) and can be represented by the following mixed model:
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where y was the vector of blast indices, μ was the mean, u represented the additive genetic effects, Z was the design matrix for the random effects and ε was the error term. The joint distribution of u (the vector of additive genetic effects) was assumed to be multivariate normal i.e., [image: image], where G was the marker-based genomic relationship matrix calculated using the method of VanRaden (2008) [G = ZZ′/p, where Z was the centered and standardized marker matrix and p was the number of markers] and σ2g was the genetic variance]. The joint distribution of ε (error term) was also assumed to be multivariate normal i.e., MN (0, Iσ2e), where I was the identity matrix and σ2e was the residual variance.


(iii)Genomic-best linear unbiased prediction and fixed effects (GBLUP + fixed effects)



In the GBLUP + fixed effects model, in addition to modeling the markers as random effects in the GBLUP model, some loci were also modeled as fixed effects and the model can be represented as:
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where the terms are the same as described in (3) and (4).


(iv)Bayes B



In the Bayes B model (Meuwissen et al., 2001), a mixture distribution prior is used, where some marker effects are assumed to be zero with probability, π (the markers linked to regions of the genome that have no effect on the trait and hence zero effect), and some marker effects are assumed to be drawn from a scaled-t distribution with probability, 1-π (the markers linked to regions of the genome that have an effect on the trait). The Bayes B model was fitted in the “R” package “BGLR” (Pérez and de los Campos, 2014), using the default prior parameters and 10,000 iterations, while the first 1,000 iterations were discarded as burn-in.


(v)Pedigree-best linear unbiased prediction (ABLUP)



The ABLUP was a modified version of the GBLUP that was also implemented in the “R” package “BGLR,” where the marker-based genomic relationship matrix was replaced by the pedigree-based relationship matrix, that was calculated from the coefficient of parentage and the pedigree tracing back to five generations.

To compare the prediction accuracies obtained from the different models and to test if they were significantly different from each other, we performed paired-t-tests using the ‘‘JMP’’ statistical software1 and obtained the mean differences between the prediction accuracies from the different model pairs in each panel. We also obtained the p-values to test their significance at a threshold of 0.005 for three alternate hypotheses: the mean prediction accuracy of one model is significantly greater or less than the other model (two-tailed t-test), the mean prediction accuracy of one model is significantly greater than the other model (one-tailed t-test) and the mean prediction accuracy of one model is significantly lesser than the other model (one-tailed t-test).



Comparison of Genomic Selection With Marker-Assisted Selection and Pedigree-Based Selection

The BLUEs dataset in all the panels was used to select the most resistant blast lines using the phenotypes (PS) and compared to the following selections made using the EBVs for blast obtained from different models: (i) MAS using the EBVs obtained from the fixed effects model (ii) GS using the GEBVs obtained from the GBLUP (GS GBLUP) and Bayes B (GS Bayes B) models (iii) GS + MAS using the GEBVs obtained from the GBLUP + fixed effects model (iv) pedigree selection using the EBVs obtained from the ABLUP model. For PS, we selected the lines with blast indices less than 10 in the BLUEs dataset for all the panels and an equal number of lines were selected using the EBVs obtained from the different models.



Blast Prediction in Subsets of Lines With and Without the 2NS Translocation

Subsets of lines with and without the 2NS translocation were obtained using consensus data from the STS markers tagging the 2NS translocation in the diversity and full-sibs panels and using all the 2AS markers significantly associated with blast in the fixed effects model in the breeding panel. The lines where the presence or absence of the 2NS translocation could not be determined using all the markers (because of missing data or contrasting information from different markers) were excluded from predictions. Within the subsets of lines with and without the 2NS translocation, blast prediction was done using twofold cross-validations with the fixed effects, GBLUP, Bayes B, GBLUP + fixed effects and ABLUP models. The mean prediction accuracies obtained from the subsets with and without the 2NS translocation in each of the panels were compared using paired-t-tests.





RESULTS


Diversity Panel


Statistical Analysis of Blast Indices in the Diversity Panel

Statistical analysis of blast indices in the diversity panel (Supplementary Data 1 and Table 1) indicated that the mean blast indices were relatively higher in the Quirusillas 2019 FP (38.5 ± 35.1), Quirusillas 2018 FP (32 ± 25.5) and Okinawa 2018 SP (31.4 ± 22.9) datasets. The maximum blast index in the individual diversity panel datasets ranged between 48 and 100. We also observed that 23.3% (Jashore 2018 SP) to 43% (Quirusillas 2018 SP) of the lines in the different environments had a blast index of zero. The phenotypic correlations between the blast indices in the two plantings were high in Quirusillas 2019 (0.7), while they were moderate in Okinawa 2018 (0.58), Quirusillas 2018 (0.56), and Jashore 2018 (0.46). Across the sites of blast evaluation, we observed low to moderate correlations between the blast indices in Jashore and the Bolivian sites (ranged between 0.27 and 0.53), while moderate to high correlations (ranged between 0.47 and 0.67) were observed between the blast indices in Okinawa and Quirusillas. The narrow-sense heritability of blast across all the environments in the diversity panel was 0.38 ([image: image] = 190.1 and [image: image] = 308.2).


TABLE 1. Statistical analysis of blast indices in the diversity panel with 172 lines.
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Prediction Accuracies for Blast in the Diversity Panel

The mean prediction accuracies for blast across the different environments for all the lines in the diversity panel were: (i) 0.63 ± 0.14 using the GBLUP + fixed effects model (ii) 0.60 ± 0.15 using the fixed effects model (iii) 0.58 ± 0.05 using the Bayes B model (iv) 0.57 ± 0.05 using the GBLUP model and (v) 0.45 ± 0.03 using the ABLUP model (Figure 1). In the fixed effects model, one or two markers on chromosome 2AS (Supplementary Table 1) that were selected by association analysis and stepwise regression were used as fixed effects in the different datasets (except the Jashore 2018 FP and SP datasets). This included markers Tdurum_contig29983_490 (259,187 bps, 0 cM), Kukri_c22599_114 (397,565 bps, 0 cM), Tdurum_contig11802_864 (2,478,927 bps, 0 cM), Ventriup (3,965,255 bps, 0 cM), wsnp_Ku_c33374_42877546 (4,789,998 bps, 2.9 cM), Kukri_c31776_1621 (7,550,063 bps, 8.9 cM), AX-94629608 (14,327,985 bps, 8.9 cM) and AX-94684111 (27,276,097 bps, 9.8cM), that were located between 259,187 and 27,276,097 bps on the Refseq v1.0 (IWGSC, 2018) and between 0 and 9.8 cM on the Popseq map (Chapman et al., 2015).
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FIGURE 1. Twofold cross validation prediction accuracies for blast response in the diversity panel (172 lines) using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed), Bayes B, and pedigree best linear unbiased prediction (ABLUP) models. FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


With all the models, the blast BLUEs had the highest prediction accuracies (0.61–0.85) in the diversity panel, that were 34.2–45.5% higher than the mean prediction accuracies of the individual environments. Considering all the models, we observed that the mean prediction accuracy was the highest in Okinawa 2018 SP (0.66 ± 0.12) and the lowest in Jashore 2018 SP (0.44 ± 0.08) dataset. We observed that the mean differences in prediction accuracies were not significant in the two-tailed t-tests at a threshold of 0.005 for the following model pairs:


(i)GBLUP + fixed effects and Bayes B: Mean difference = 0.04, p-value = 0.21

(ii)GBLUP + fixed effects and GBLUP: Mean difference = 0.06, p-value = 0.09

(iii)GBLUP + fixed effects and fixed effects: Mean difference = 0.02, p-value = 0.03

(iv)Bayes B and GBLUP: Mean difference = 0.01, p-value = 0.17

(v)Fixed effects and Bayes B: Mean difference = 0.02, p-value = 0.57

(vi)Fixed effects and GBLUP: Mean difference = 0.03, p-value = 0.33



However, the prediction accuracies from all models were significantly higher than the prediction accuracies from the ABLUP model at a threshold of 0.005 (p-values for the one-sided t-test ranged from 4.03 × 10–6 to 2 × 10–3) and the mean differences in prediction accuracies between the ABLUP and other models ranged from 0.12 to 0.18.



Phenotypic Selection vs. Estimated Breeding Values Based Selection for Blast in the Diversity Panel

For PS, we selected 52 lines (30.2%) with blast indices less than 10 in the BLUEs dataset and an equal number of lines using the EBVs from different models (Figure 2). Considering the GS + MAS and MAS, we observed that among the 52 lines selected by PS, 94.2% were also selected by these two selection methods. Similarly, 90.4 and 76.9% lines were selected by GS, using the GEBVs obtained from the Bayes B and GBLUP models, respectively. Among the 120 lines that were discarded by PS, 97.5, 97.5, 95.8, and 90% were also discarded by GS + MAS, MAS, GS Bayes B and GS GBLUP, respectively. However, considering pedigree selection, we observed that 69.2% lines that were selected by PS were also selected by pedigree selection, while 86.7% lines that were not selected by PS were also not selected by pedigree selection.
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FIGURE 2. Comparison of phenotypic selection (PS) of the best linear unbiased estimates of blast indices across environments with: (i) marker assisted selection (MAS) using the estimated breeding values (EBVs) obtained from the fixed effects model (Fixed) (ii) genomic selection (GS) using the genomic estimated breeding values (GEBVs) obtained from the genomic best-linear unbiased prediction (GBLUP) and Bayes B models (iii) GS + MAS using the GEBVs obtained from the GBLUP and fixed effects (GBLUP + Fixed) model and (iv) pedigree selection (PedS) using the EBVs obtained from the pedigree best linear unbiased prediction (ABLUP) model in the diversity panel comprising 172 lines.




Blast Distribution and Prediction Accuracies in Subsets of Lines With and Without the 2NS Translocation in the Diversity Panel

In the 53 diversity panel lines with the 2NS translocation, we observed that the mean blast index ranged between 1.5 ± 4.8 and 4.9 ± 7.3 in the different environments (Figure 3A). Similarly, in the 119 diversity panel lines without the 2NS translocation, the mean blast index ranged between 14.3 ± 12.9 and 54.6 ± 29.8 in the different environments. The mean prediction accuracies for blast across the different environments for the lines with the 2NS translocation in the diversity panel ranged between 0.04 ± 0.17 using the GBLUP + fixed effects model and −0.03 ± 0.19 using the ABLUP model (Figure 3B). Similarly, for the lines without the 2NS translocation in the diversity panel, the mean prediction accuracies ranged between 0.36 ± 0.18 using the Bayes B model and 0.27 ± 0.19 using the GBLUP + fixed effects model. The prediction accuracies could not be obtained for some environments and models in the subset of lines with the 2NS translocation, as several lines had a blast index of zero. The markers used as fixed effects in the different datasets for the lines with and without the 2NS translocation in the diversity panel are given in Supplementary Tables 2, 3, respectively.
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FIGURE 3. (A) Boxplots showing the wheat blast indices in 53 lines with the 2NS translocation in the diversity panel and 119 lines without the 2NS translocation in the diversity panel. (B) Two-fold cross validation prediction accuracies for blast response in 53 lines with the 2NS translocation and 119 lines without the 2NS translocation in the diversity panel using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed), Bayes B, and pedigree best linear unbiased prediction (ABLUP) models. The prediction accuracies are missing for some environments and models in the subset of lines with the 2NS translocation, where several lines had a blast index of zero. In (A,B), FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


We observed that the mean prediction accuracy across all the environments and models was significantly higher in the subset of lines without the 2NS translocation compared to the subset of lines with the 2NS translocation (mean difference = 0.29, p-value = 1.2 × 10–4). In the diversity panel lines where the 2NS translocation was present, the mean prediction accuracy across all the models was the highest in Jashore 2018 SP (0.4 ± 0.06) and the lowest in Okinawa 2018 FP (−0.16 ± 0.06). In the diversity panel lines where the 2NS translocation was absent, we observed that the blast BLUEs had the highest mean prediction accuracy (0.56 ± 0.03) across all the models, and Okinawa 2018 SP had the lowest mean prediction accuracy (−0.04 ± 0.04).




Breeding Panel


Statistical Analysis of Blast Indices in the Breeding Panel

Statistical analysis of blast indices in the breeding panel (Table 2) indicated that the mean blast indices was the highest in Quirusillas 2019 FP (14.6 ± 27.5) and lowest in Quirusillas 2018 FP (10.2 ± 19.2). While the maximum blast indices ranged between 68.6 and 100 in the different datasets, 48% (Quirusillas 2019 SP) to 62.5% (Quirusillas 2018 FP) of the lines in the different environments had a blast index of zero. The phenotypic correlation between the blast indices in the Quirusillas 2019 FP and SP was very high (0.82). The Okinawa 2018 SP dataset also had high correlations (ranged between 0.70 and 0.75) with the Quirusillas blast evaluations. The narrow-sense heritability of blast across all the environments in the breeding panel was 0.65 [image: image] 318 and [image: image] = 168).


TABLE 2. Statistical analysis of blast indices in the breeding panel with 248 lines.
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Prediction Accuracies for Blast in the Breeding Panel

The mean prediction accuracies for blast in the breeding panel using different models were: (i) 0.75 ± 0.04 using the fixed effects model (ii) 0.73 ± 0.05 using the GBLUP + fixed effects model (iii) 0.70 ± 0.02 using Bayes B model (iv) 0.61 ± 0.06 using the GBLUP model and (v) 0.51 ± 0.06 using the ABLUP model (Figure 4). In the fixed effects model, one to four selected markers on chromosome 2AS (Supplementary Table 4) were used as fixed effects in the different datasets of the breeding panel. This included markers 2A_718152 (718,152 bps, 0 cM), 2A_1686041 (1,686,041 bps, 0 cM), 2A_1872142 (1,872,142 bps, 0 cM) and 2A_2367215 (2,367,215 bps, 0 cM), that were located between 718,152 and 2,367,215 bps on the Refseq v1.0 (IWGSC, 2018) and at 0 cM on the Popseq map (Chapman et al., 2015).
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FIGURE 4. Twofold cross validation prediction accuracies for blast response in the breeding panel (248 lines) using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed), Bayes B, and pedigree best linear unbiased prediction (ABLUP) models. FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


The highest mean prediction accuracy with the different models in the breeding panel was observed in the blast BLUEs dataset (0.56-0.81). However, unlike in the diversity panel, the accuracies in the blast BLUEs dataset from each model were only 4.7–15.3% higher than the mean prediction accuracies of the individual environments. Across all the models, we observed that the mean prediction accuracy was the highest in the Quirusillas 2018 FP (0.66 ± 0.06) dataset and the lowest in Quirusillas 2019 FP (0.63 ± 0.11) dataset.

The tests for the significance of the mean differences between the prediction accuracies obtained from the different models indicated that they were not significant in the two-tailed t-tests at a threshold of 0.005 for the following model pairs:


(i)GBLUP + fixed effects and Bayes B: Mean difference = 0.03, p-value = 0.13

(ii)GBLUP + fixed effects and fixed effects: Mean difference = 0.02, p-value = 0.01

(iii)Bayes B and fixed effects: Mean difference = 0.05, p-value = 0.02.



However, the Bayes B, GBLUP + fixed effects and fixed effects models had significantly higher prediction accuracies compared to the GBLUP model, with the mean differences ranging between 0.10 and 0.14 and the p-values ranging between 7.6 × 10–5 and 2.4 × 10–3. Similarly, all the marker-based models had significantly higher prediction accuracies compared to the ABLUP model, with the mean differences ranging between 0.10 and 0.25 and the p-values ranging between 3.6 × 10–6 and 5.3 × 10–4.



Phenotypic Selection vs. Estimated Breeding Values Based Selection for Blast in the Breeding Panel

To compare PS and EBVs-based selection for blast resistance using the BLUEs dataset in the breeding panel, we selected 185 lines (74.6%) with blast indices less than 10 and an equal number of lines using the EBVs (Figure 5). The highest percentage of overlap with PS was obtained using the EBVs from the fixed effects model, where 95.7% lines were selected by both MAS and PS, while 87.3% of the lines were not selected by both. Selection from the GEBVs obtained from the GBLUP + fixed effects, Bayes B and GBLUP models resulted in selection of 94.6, 94, and 90.3% lines, respectively, that were also selected by PS and discarding of 84.1, 82.5, and 71.4% lines, respectively, that were also discarded by PS. However, in pedigree selection using the EBVs from the ABLUP model, 85.4% lines overlapped with the lines selected by PS and 57.1% lines overlapped with the lines discarded by PS.
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FIGURE 5. Comparison of phenotypic selection (PS) of the best linear unbiased estimates of blast indices across environments with: (i) marker assisted selection (MAS) using the estimated breeding values (EBVs) obtained from the fixed effects model (fixed) (ii) genomic selection (GS) using the genomic estimated breeding values (GEBVs) obtained from the genomic best-linear unbiased prediction (GBLUP) and Bayes B models (iii) GS + MAS using the GEBVs obtained from the GBLUP and fixed effects (GBLUP + Fixed) model and (iv) pedigree selection (PedS) using the EBVs obtained from the pedigree best linear unbiased prediction (ABLUP) model in the breeding panel comprising 248 lines.




Blast Distribution and Prediction Accuracies in Subsets of Lines With and Without the 2NS Translocation in the Breeding Panel

In the 185 lines with the 2NS translocation in the breeding panel, we observed that the mean blast index ranged between 2.3 ± 5.4 and 3.7 ± 8.9 in the different environments (Figure 6A). In the 47 lines without the 2NS translocation in the breeding panel, the mean blast index ranged between 38.2 ± 18.7 and 56.8 ± 30.3 in the different environments. The mean prediction accuracies for blast across the different environments for the lines with the 2NS translocation in the breeding panel ranged between 0.27 ± 0.14 using the Bayes B model and 0.04 ± 0.19 using the GBLUP + fixed effects model (Figure 6B). Similarly, for the lines without the 2NS translocation in the breeding panel, the mean prediction accuracies ranged between 0.10 ± 0.04 using the ABLUP model and 0.03 ± 0.08 using the Bayes B model. The markers used as fixed effects in the different datasets for the lines with and without the 2NS translocation in the breeding panel are given in Supplementary Tables 5, 6, respectively.


[image: image]

FIGURE 6. (A) Boxplots showing the wheat blast indices in 185 lines with the 2NS translocation in the breeding panel and 47 lines without the 2NS translocation in the breeding panel. (B) Two-fold cross validation prediction accuracies for blast response in 185 lines with the 2NS translocation and 47 lines without the 2NS translocation in the breeding panel using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed), Bayes B, and pedigree best linear unbiased prediction (ABLUP) models. In (A,B), FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


We observed that in the subsets of lines with and without the 2NS translocation, the mean prediction accuracy was not significantly different (mean difference = 0.05, p-value = 0.25). In the breeding panel lines with the 2NS translocation, we observed that the blast BLUEs had the highest mean prediction accuracy (0.32 ± 0.12) across all the models, and Quirusillas 2019 FP had the lowest mean prediction accuracy (−0.004 ± 0.15). In breeding panel lines without the 2NS translocation, the mean prediction accuracy across all the models was the highest in Quirusillas 2019 FP (0.13 ± 0.06) and the lowest in Quirusillas 2019 SP (0.01 ± 0.07).




Caninde#1 × Alondra Full-Sibs Panel


Statistical Analysis of Blast Indices in the Caninde#1 × Alondra Full-Sibs Panel

In the Caninde#1 × Alondra full-sibs panel (Table 3), we observed that the mean blast indices were the highest in the Okinawa 2019 FP (55.7 ± 41.8) dataset. While the maximum blast index was 100 in nine out of the 12 datasets, we also observed that 15.8% (Jashore 2019 FP) to 42.3% (Quirusillas 2018 FP) of the lines in the different datasets had a blast index of zero. Across the different planting times, we observed moderate to high correlations between the blast indices ranging between 0.87 in Okinawa 2019 and 0.58 in Jashore 2018. Considering the different sites of blast evaluation, we observed moderate correlations between the blast indices in Jashore and the Bolivian sites (ranged between 0.39 and 0.69), while high to very high correlations (ranged between 0.58 and 0.82) were observed between the blast indices in Okinawa and Quirusillas. The narrow-sense heritability of blast across all the environments in the full-sibs panel was 0.55 ([image: image] = 633.7 and [image: image] = 520.9).


TABLE 3. Statistical analysis of blast indices in the Caninde#1 × Alondra full-sibs panel with 298 lines.

[image: Table 3]


Prediction Accuracies for Blast in the Caninde#1 × Alondra Full-Sibs Panel

The mean prediction accuracies for blast in the Caninde#1 × Alondra population using different models were: (i) 0.57 ± 0.10 using the fixed effects model (ii) 0.57 ± 0.10 using the GBLUP + fixed effects model (iii) 0.54 ± 0.10 using Bayes B model and (iv) 0.49 ± 0.10 using the GBLUP model (Figure 7). In the fixed effects model, one to three selected markers on chromosome 2AS (Supplementary Table 7) were used as fixed effects and they included the STS markers (cslVrgal3, IWB11136, Ventriup, WGGB156, and WGGB159) and the GBS marker, 2A_14418709 (14,418,709 bps and 8.9 cM). Similar to the diversity and breeding panels, the highest mean prediction accuracies with the different models in the full-sibs panel was observed in the blast BLUEs dataset (0.65–0.72), that were 29.2–36.8% higher than the mean prediction accuracies of the individual environments. When the mean prediction accuracies of the environments across all the models were considered, we observed that it was the highest in Okinawa 2019 FP (0.68 ± 0.04) dataset and lowest in Jashore 2019 FP (0.41 ± 0.03) dataset.
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FIGURE 7. Twofold cross validation prediction accuracies for blast response in the full-sibs panel (298 lines) using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed) and Bayes B models. FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


The two-tailed t-tests for the significance of the mean differences between the prediction accuracies obtained from different models indicated that they were not significant at a threshold of 0.005 for the GBLUP + fixed effects and fixed effects models (Mean difference = 0.005, p-value = 0.19). We also observed that the fixed effects, Bayes B and GBLUP + fixed effects models had significantly higher prediction accuracies compared to the GBLUP model, with the mean differences ranging between 0.05 and 0.08 and the p-values for the test of significance of the mean differences ranging between 3.2 × 10–7 and 2.9 × 10–8. Similarly, the prediction accuracies from the GBLUP + fixed effects and the fixed effects models were significantly higher than those from the Bayes B model with a mean difference of 0.03 and the p-value for the test of significance of the mean differences ranging between 1.9 × 10–4 and 1.1 × 10–5.



Phenotypic Selection vs. Estimated Breeding Value Based Selection for Blast in the Full-Sibs Panel

The blast BLUEs dataset was used to select 82 lines (27.5%) with BLUEs less than 10 and a similar number of lines were selected from the EBVs obtained from different models (Figure 8). We observed that MAS based on EBVs from the fixed effects model had the highest percentage of overlap with PS, resulting in 75.6% of the lines selected by both and 90.7% of the lines discarded by both methods. The GEBVs obtained from the GBLUP + fixed effects, Bayes B and GBLUP models resulted in selection of 59.8, 57.3, and 58.5% lines, respectively, that were also selected by PS and discarding of 84.7, 83.8, and 84.3% lines, respectively, that were also discarded by PS.
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FIGURE 8. Comparison of phenotypic selection (PS) of the best linear unbiased estimates of blast indices across environments with: (i) marker assisted selection (MAS) using the estimated breeding values (EBVs) obtained from the fixed effects model (fixed) (ii) genomic selection (GS) using the genomic estimated breeding values (GEBVs) obtained from the genomic best-linear unbiased prediction (GBLUP) and Bayes B models and (iii) GS + MAS using the GEBVs obtained from the GBLUP and fixed effects (GBLUP + Fixed) model in the Caninde#1 × Alondra full-sibs panel comprising 298 lines.




Blast Distribution and Prediction Accuracies in Subsets of Lines With and Without the 2NS Translocation in the Full-Sibs Panel

In the 117 full-sibs with the 2NS translocation, we observed that the mean blast index ranged between 7.8 ± 16.1 and 19.5 ± 31.3 in the different environments (Figure 9A). In the 144 full-sibs without the 2NS translocation, the mean blast index ranged between 29 ± 20.8 and 82.9 ± 26.2 in the different environments. The mean prediction accuracies for blast across the different environments for the lines with the 2NS translocation in the full-sibs panel ranged between 0.03 ± 0.09 using the Bayes B model and −0.02 ± 0.11 using the GBLUP model (Figure 9B). Similarly, for the lines without the 2NS translocation in the full-sibs panel, the mean prediction accuracies ranged between 0.15 ± 0.12 using the GBLUP model and 0.04 ± 0.08 using the fixed effects model. The markers used as fixed effects in the different datasets for the lines with and without the 2NS translocation in the full-sibs panel are given in Supplementary Tables 8, 9, respectively.
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FIGURE 9. (A) Boxplots showing the wheat blast indices in 117 lines with the 2NS translocation in the full-sibs panel and 144 lines without the 2NS translocation in the full-sibs panel. (B) Twofold cross validation prediction accuracies for blast response in 117 lines with the 2NS translocation and 144 lines without the 2NS translocation in the full-sibs panel using the fixed effects (Fixed), genomic best linear unbiased prediction (GBLUP), GBLUP and fixed effects (GBLUP + Fixed) and Bayes B models. In (A,B), FP refers to the first planting, SP refers to the second planting and BLUEs refer to the best linear unbiased estimates of blast indices across the different environments.


We observed that the mean prediction accuracy across all the environments and models was significantly higher in the subset of lines without the 2NS translocation compared to the subset of lines with the 2NS translocation (mean difference = 0.07, p-value = 5.7 × 10–4). In the full-sibs panel lines with the 2NS translocation, we observed that Quirusillas 2018 FP had the highest mean prediction accuracy (0.17 ± 0.05) across all the models, and Okinawa 2018 FP had the lowest mean prediction accuracy (−0.14 ± 0.08). In full-sib panel lines without the 2NS translocation, the mean prediction accuracy across all the models was the highest in Jashore 2019 FP (0.24 ± 0.07) and the lowest in Jashore 2019 SP (−0.05 ± 0.03).





DISCUSSION

We have successfully evaluated genomic prediction for wheat blast in three panels using the GBLUP and Bayes B models and compared the genomic prediction accuracies with those from the fixed effects, GBLUP + fixed effects and ABLUP models, to understand the relative advantage of using genome-wide markers. On average, across all the panels and environments analyzed in this study, the GBLUP + fixed effects model (0.63 ± 0.13) and the fixed effects model (0.62 ± 0.13) were the best models for predicting blast, followed by the Bayes B (0.59 ± 0.11), GBLUP (0.55 ± 0.1), and ABLUP (0.48 ± 0.06) models. Our results also indicated that there was no significant difference in the prediction accuracies from the GBLUP and Bayes B genomic prediction models in the diversity panel, as also observed in previous studies (Heslot et al., 2012; Juliana et al., 2017b). However, in the other two panels, the Bayes B model gave significantly higher accuracies compared to the GBLUP model, probably because the Bayes B model assumptions fitted well the genetic architecture of blast response in these panels, where the 2NS translocation had a large effect.

On comparing blast prediction accuracies from the genomic prediction models (GBLUP and Bayes B) with prediction accuracies from the fixed effects model and the GBLUP + fixed effects model, we observed: (i) no significant differences between the fixed effects, GBLUP + fixed effects and the Bayes B models in both the diversity and breeding panels and (ii) significantly higher prediction accuracies from the fixed effects model and GBLUP + fixed effects model compared to the genomic prediction models in the full-sibs panel. These results are contrasting to previous studies that have reported the superiority of genomic prediction models over the fixed effects model for some diseases in wheat (Rutkoski et al., 2012; Juliana et al., 2017b) and higher accuracies by integrating genomic prediction and the fixed effects model (Odilbekov et al., 2019; Sehgal et al., 2020). However, given that blast response in all the panels in this study was predominantly controlled by the 2NS translocation (He et al., 2020, 2021; Juliana et al., 2020a), our results are in agreement with Juliana et al. (2017a), who reported that for seedling leaf and stripe rust resistance, where a single gene had a large effect on the disease response in the population, the fixed effects model and the GBLUP + fixed effects model perform similar to or slightly better than the genomic prediction models. Hence, our findings have important implications for wheat blast predictions in environments where the resistance is determined by the 2NS translocation and indicate that in such environments, a fixed effects model with one to few markers tagging the 2NS translocation would be sufficient and genome-wide markers may not lead to a significant increase in blast prediction accuracies.

The 2NS translocation linked markers that were effective in predicting blast response in more than a fold or dataset in this study included the Illumina Infinium 15K BeadChip markers, Kukri_c22599_114 and Tdurum_contig29983_490 (El Hanafi et al., 2021); GBS markers, 2A_1686041, 2A_1872142, 2A_718152 and 2A_14418709 and STS markers, cslVrgal3, IWB11136, Ventriup, WGGB156, and WGGB159, all of which can be used to select for the 2NS translocation based blast resistance. But, it should also be noted that the 2NS translocation-based blast resistance is incomplete and sometimes background-dependent (Cruz et al., 2016b; Cruppe, 2020), with reports of the MoT isolates in Brazil (Ceresini et al., 2018) and Paraguay (Singh et al., 2016) having overcome the 2NS translocation-based blast resistance and hence relying on only one large effect resistance locus is not recommended, as it could result in selection pressure on the MoT populations (Cruz and Valent, 2017; Cruppe et al., 2020). However, in such cases where there is a risk of resistance breakdown and narrowing down the genetic variation for blast resistance by using predictions based on only one locus, the 2NS translocation-based markers can still be used to predict and select against the translocation.

Comparison of genomic and pedigree-based prediction accuracies indicated that in both the diversity and breeding panels, the ABLUP model resulted in the lowest prediction accuracies. This is consistent with previous studies that have reported superiority of genomic prediction over prediction prediction (Crossa et al., 2010; Spindel et al., 2015), while other studies have also reported similar accuracies from both (Juliana et al., 2017a,b, 2018, 2020b). However, we also observed that the ABLUP blast prediction accuracies were 85.4 and 83.6% of the mean genomic prediction accuracies from the Bayes B model in the different datasets of the diversity panel and breeding panel, respectively. This implies that although pedigree-based prediction for blast does not result in the highest accuracy, pedigree relationships can also be useful in predicting blast resistance, when genotyping data is not available or affordable.

Among the three sites of blast evaluation and prediction in this study, our results showed that Okinawa (0.63 ± 0.09) had the highest mean prediction accuracy across the different panels, models, years and planting times, followed by Quirusillas (0.59 ± 0.1) and Jashore (0.45 ± 0.06). Our results also indicated that the blast BLUEs dataset was the best predicted in all the three panels and accuracies in the BLUEs datasets were 4.7–45.5% higher than the mean prediction accuracies observed in the individual environments. One possible explanation to this is that the BLUEs obtained from multi-environment evaluations are most likely to be close to the true breeding values of the genotypes and hence predicted with the highest accuracy, thereby making them more robust for utilization in predictive breeding, compared to single-environment phenotypic observations. Another interesting observation in our study was that across all the environments, panels and models, the prediction accuracies from the two planting times were not significantly different (FP mean prediction accuracy: 0.56 ± 0.12; SP mean prediction accuracy: 0.57 ± 0.11), indicating that highly correlated blast indices in different planting times result in similar prediction accuracies.

Among the three panels evaluated for wheat blast prediction, the breeding panel had the highest mean prediction accuracy (0.66 ± 0.1), followed by the diversity panel (0.59 ± 0.13) and full-sibs panel (0.54 ± 0.1). This is a promising outcome of this study indicating that blast can be predicted with moderate to high predictabilities in all these panels, and hence prediction-based selection for wheat blast can be successfully implemented in any historic germplasm, breeding lines and sister lines. However, we could not directly compare prediction accuracies across panels, because of the different sizes of the panels, the different genotyping platforms used and also the different blast distributions in these panels. For example, the breeding panel had the highest number of resistant lines (48–62.5%) with a blast index of zero and this might have also contributed to high prediction accuracies.

This study is also unique because three different whole-genome marker platforms, the Illumina Infinium 15K BeadChip, GBS and DArTseq were evaluated for predicting wheat blast. Considering only the two genomic prediction models (GBLUP and Bayes B), we observed that the breeding panel genotyped using GBS was the best predicted (0.66 ± 0.07), followed by the diversity panel genotyped using the Illumina Infinium 15K BeadChip (0.60 ± 0.09) and the full-sibs panel genotyped using the DArTseq platform (0.51 ± 0.1). While previous studies have reported the superiority of GBS over both the DArTseq (Juliana et al., 2017b) and array-based platforms (Elbasyoni et al., 2018), the differences in prediction accuracies using these three platforms cannot be compared per se in this study, because of the aforementioned reasons (different panel sizes and blast distributions across panels) and none of the panels were genotyped using all the platforms. Hence, further studies on genomic predictions in different panels genotyped using the same genotyping platform are essential to compare blast predictabilities across different panels. Using a common platform to genotype different panels would also be useful to explore beyond the cross-validation strategy evaluated in this study and evaluate genomic prediction for blast across panels to understand how well one panel can be predicted from another. This would be akin to a practical GS implementation scenario, where breeders would be interested in predicting the blast response of lines from new panels using any existing panel. Since genomic prediction accuracies be lower in across-panel predictions compared to within-panel predictions (Juliana et al., 2019), it is important to evaluate across-panel predictions for wheat blast.

This study was also aimed to test the hypothesis that GS would perform better than MAS and pedigree-based selection for wheat blast. On average, across all the datasets and panels, MAS led to the selection of the highest percentage (88.5%) of lines selected by PS and discard of the highest percentage of lines (91.8%) that were discarded by PS. In contrast, on average, GS GBLUP and GS Bayes B only led to the selection of 75.2 and 80.6% of the lines that were selected by PS and discard of 81.9 and 87.4% of the lines that were discarded by PS, respectively. These results clearly indicated that MAS outperformed GS in our study, despite the phenotypic responses being continuous and indicating quantitative genetic control. However, pedigree-based selection, on average led to the selection of 77.3% of the lines that were selected by PS and the discard of 71.9% of lines that were discarded by PS and hence GS was superior to pedigree-based selection as hypothesized. It is also interesting that in a previous study comparing GS and PS for grain yield which is a highly quantitative trait, GS could select a maximum of 70.9% of the top lines and discard 71.5% of the poor lines (Juliana et al., 2018) at a selection intensity of 0.5, which is significantly lower than the percentage overlap with PS in this study, owing to less complex genetic architecture of wheat blast resistance in the panels used in this study.

We compared the prediction accuracies from different models obtained from subsets of lines with and without the 2NS translocation and the mean prediction accuracies across the different panels were 0.03 ± 0.16 (ranged between −0.22 and 0.45) and 0.16 ± 0.18 (ranged between −0.09 and 0.57), respectively. While the mean prediction accuracies in the subsets of lines were significantly lower than the mean prediction accuracies obtained in the full set of lines in each panel, our results demonstrate the possibility of implementing GS for blast in panels of lines without the 2NS translocation. However, it should be noted that our observations of blast predictions in lines with and without the 2NS translocation were done using subsets of few lines (53, 185, and 117 lines from the three panels had the 2NS translocation and 119, 47, and 144 lines from the three panels that did not have the 2NS translocation), and hence larger panels are needed to further understand the prediction accuracies for blast in panels of lines with and without the 2NS translocation. The higher blast predictabilities in the subsets of lines without the 2NS translocation could be because of the low variability in the blast indices in the lines with the 2NS translocation (mean blast indices ranged between 1.5 and 19.5) and the moderate to high variability in the blast indices (mean blast indices ranged between 14.3 and 82.9) in subsets without the 2NS translocation. We also observed that the mean prediction accuracies using the fixed effects model were very low (less than 0.10 in most subsets except in the lines without the 2NS translocation in the diversity panel), and the markers that were used in the different folds and datasets of the fixed effects model were inconsistent, indicating that the fixed effects model is not an ideal choice when there are no large effect consistent markers associated with blast in the panels.

Overall, this study has provided important insights into the genomic predictability of wheat blast and the prospects of implementing GS and MAS for the disease. One caveat in this study is that in all the three panels, blast resistance was controlled to a large extent by the 2NS translocation and hence further studies on genomic prediction of quantitative blast resistance in panels where resistance is not controlled by the 2NS translocation is needed. In conclusion, we have demonstrated that in populations where blast resistance is controlled by the 2NS translocation, MAS using few markers tagging the 2NS translocation can be used for accelerating predictive breeding for blast. This is a key finding of this study that opens several opportunities for wheat breeding programs to:


(i)Screen a subset of lines in the blast hot-spots and use that phenotyping data to predict the blast breeding values for other related lines, as demonstrated in this study where we evaluated genomic prediction assuming that a half of the lines were phenotyped.

(ii)Use the predicted breeding values to complement selection based on the phenotype and increase the selection accuracy.

(iii)Use the 2NS translocation-associated molecular markers to select for or against the 2NS based-blast resistance without phenotyping.

(iv)Scale-up selection for blast resistance to early generations of the breeding program that have been genotyped, but are in large numbers to be phenotyped. For example, the CIMMYT global wheat program screens international nurseries (200-300 lines) derived from the stage 3 yield trials for blast resistance, but about 9,000 stage 1 yield trial lines are genotyped each year. Here, the international nurseries can be used as training populations to predict the blast breeding values of the large set of stage 1 yield trial lines, thereby saving substantial cost and resources. In this case, GS can provide an advantage over MAS, as the same genotyping data can be used to select for multiple traits in the early generations.

(v)Sparse-test genotypes in different blast hot-spots in which not all the genotypes are grown in all the environments (Jarquin et al., 2020). For example: when there are cost-constraints for breeding programs to evaluate blast in multiple sites, then sparse-testing can be implemented in correlated sites.

(vi)For non-2NS resistance based predictive breeding, since screening a large number of lines for blast in field conditions to build training sets is challenging, greenhouse testing of blast can be used to primarily identify new resistance genes. This can be followed by obtaining GEBVs of the selected lines and then the best lines using PS and GS can be advanced for multilocation testing. Simultaneous selection against the 2NS translocation can also be performed using molecular markers, to facilitate the identification of non-2NS based resistance.





CONCLUSION

In conclusion, while this study demonstrates the potential of MAS and GS for wheat blast resistance breeding, we would also like to emphasize that continued efforts to use genomic tools to identify non-2NS based sources of blast resistance in wheat is critical, which will involve coordinated high-throughput genomics and phenomics approaches.
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Fusarium head blight (FHB) is a devastating disease in wheat. The use of resistant germplasm from diverse sources can significantly improve resistance to the disease. “Surpresa” is a Brazilian spring wheat cultivar with moderate FHB resistance, different from currently used sources. In this study, we aimed to identify and map the genetic loci for FHB resistance in Surpresa. A mapping population consisting of 187 recombinant inbred lines (RILs) was developed from a cross between Surpresa and a susceptible spring wheat cultivar, “Wheaton.” The population was evaluated for FHB by the point-inoculation method in three greenhouse experiments and four field trials between 2016 and 2018. Mean disease severity for Surpresa and Wheaton was 41.2 and 84.9% across the 3 years of experiments, ranging from 30.3 to 59.1% and 74.3 to 91.4%, respectively. The mean FHB severity of the NILs was 57%, with an overall range from 7 to 100%, suggesting transgressive segregation in the population. The population was genotyped using a two-enzyme genotyping-by-sequencing approach, and a genetic map was constructed with 5,431 single nucleotide polymorphism (SNP) markers. Four QTL for type II resistance were detected on chromosomes 3A, 5A, 6A, and 7A, explaining 10.4–14.4% of the total phenotypic variation. The largest effect QTL was mapped on chromosome 7A and explained 14.4% of the phenotypic variation; however, it co-localized with a QTL governing the days to anthesis trait. A QTL for mycotoxin accumulation was also detected on chromosome 1B, explaining 18.8% of the total phenotypic variation. The QTL for FHB resistance identified in the study may diversify the FHB resistance gene pool and increase overall resistance to the disease in wheat.

Keywords: Fusarium head blight, QTL, genotyping-by-sequencing, deoxynivalenol, Surpresa, common wheat (Titicum aestivum L.)


INTRODUCTION

Fusarium head blight (FHB) is a destructive disease of wheat worldwide. It is primarily caused by the fungus Fusarium graminearum in North America and can significantly reduce grain yield and quality (McMullen et al., 2012; Del Ponte et al., 2017). Severe outbreaks of FHB occur when warm and moist conditions persist at wheat anthesis and result in light-weighted, shriveled, and chalky white/pink grains referred to as “tombstones.” Up to 74% reductions in grain yield due to FHB in cereal crops were estimated based on natural disease epidemics, fungicide trials, and artificial inoculation studies (Wegulo et al., 2015). Besides yield losses, grains can be contaminated with deoxynivalenol (DON) produced by the disease, further restricting their end-use. These implications lead to a higher risk for growers, who may adopt more costly management practices or switch to less risky crops (Dahl and Wilson, 2018). Therefore, an integrated approach that incorporates genetic resistance, fungicide application, and agronomic practices is required to minimize losses to the disease.

Host resistance to FHB is a complex quantitative trait usually governed by small-effect quantitative trait loci (QTL) and is strongly affected by environmental conditions (Steiner et al., 2017). No immunity to FHB has been discovered so far, although sources with some levels of genetic resistance have been identified through extensive germplasm evaluations. Five types of host resistances to FHB have been described: type I (resistance to initial infection), type II (resistance to fungal spread within spike), type III (resistance to toxin accumulation or ability to degrade the toxin), type IV (resistance to kernel infection), and type V (tolerance to yield loss) (Schroeder and Christensen, 1963; Mesterházy, 1995; Mesterházy et al., 1999). However, only type II resistance has been extensively characterized and used in breeding programs owing to its stability and simplicity in assessment. Previous studies indicated that some morphological and phenological traits are involved in FHB resistance through modulating the extent of FHB infection and DON accumulation (Mesterházy, 1995; He et al., 2016). Plant height (PH) and the period of anther retention (AR) after anthesis are primarily shown to play a significant role in FHB resistance (Lu et al., 2013; Steiner et al., 2017). In general, shorter plants are observed to show more severe FHB epidemics (Steiner et al., 2017).

Since the first report of FHB resistance QTL in 1999, over 500 QTL conferring FHB resistance, located on all 21 chromosomes, have been reported (Buerstmayr et al., 2020). Genetic variation in wheat gene pools from diverse geographic regions has been a valuable resource to detect FHB resistance and create locally adapted cultivars with elevated resistance to FHB (Buerstmayr et al., 2014). “Sumai3,” a Chinese spring wheat cultivar, is by far the best source of FHB resistance (Zhu et al., 2019). Fhb1 is one major QTL identified in Sumai3, which mainly confers type II resistance (Bai and Shaner, 1994; Buerstmayr et al., 2009). Using a map-based cloning approach, Rawat et al. (2016) identified a pore-forming toxin-like (PFT) gene as a potential candidate conferring the resistance to FHB at the Fhb1 locus. Further studies indicated that the PFT gene exists in both resistant and susceptible wheat genotypes in the 348 wheat accessions analyzed (He et al., 2018). Two most recent studies revealed that a mutation of the histidine-rich calcium-binding gene “His” (syn: TaHRC) confers FHB resistance at the Fhb1 locus (Li et al., 2019; Su et al., 2019). However, the role of mutated TaHRC in FHB resistance is still not very clear (Lagudah and Krattinger, 2019; Li et al., 2019; Su et al., 2019). Six other QTL besides Fhb1 have been formally assigned a gene name: Fhb2, Fhb4, and Fhb5 derived from wheat, and Fhb3, Fhb6, and Fhb7 derived from wheat-alien species (Bai et al., 2018). Several QTL have been identified and showed additive effects allowing gene pyramiding into locally adapted cultivars to achieve a high level of FHB resistance (Kolb et al., 2001; Rudd et al., 2001; Salameh et al., 2011; Clark et al., 2016; Bai et al., 2018; Zhao et al., 2018a,b). When the QTL effects are large enough, substantially enhanced FHB resistance can be readily achieved with marker-assisted selection (Wilde et al., 2007). Sources of FHB resistance used in current wheat breeding programs can be traced back to only a few parents, including Sumai3 and its derivatives (Bai and Shaner, 1994; Buerstmayr et al., 2009; Chu et al., 2011). However, using only one or a few sources of resistance over large crop production areas poses vulnerability to resistance breakdown and severe disease epidemics. Therefore, QTL analysis on diverse resources is essential to enhance FHB resistance in wheat. On the other hand, FHB resistance detected in locally adapted cultivars may be controlled by multiple genes with minor effects and largely unknown genetics, limiting its use in wheat breeding programs (Clark et al., 2016).

“Surpresa” (PI 185843) is a Brazilian spring wheat cultivar previously identified as having moderate resistance to FHB and DON accumulation (Zhang et al., 2008). It was developed by Dr. Iwar Beckman, the father of Brazilian wheat, from the cross made between “Alfredo Chaves-6-21” and “Polyssu” to withstand aluminum toxicity in the Brazilian acid soil problem (Rajaram et al., 1988). Before Sumai3 was utilized in wheat breeding programs in the Americas, cultivar Frontana from Brazil was extensively used as the FHB resistance source (Rudd et al., 2001; Zhu et al., 2019). Frontana primarily confers type I FHB resistance with some type II and type III FHB resistances (Steiner et al., 2004; Yabwalo et al., 2011; Ágnes et al., 2014). Considering the shared ancestry and origin of Frontana and Surpresa, it would be interesting to decipher the genetic basis of FHB resistance in Surpresa. Therefore, the objective of our study was to identify novel QTL for resistance to FHB in Surpresa and determine whether Surpresa and Frontana share QTL for FHB resistance.



MATERIALS AND METHODS


Plant Materials

A bi-parental mapping population consisting of 187 recombinant inbred lines (RILs) (F2:7) was developed from the cross between Surpresa (PI 185843) and the FHB-susceptible spring wheat cultivar Wheaton (PI 469271) using the single-seed descent method. Alsen (PI 615543), having a known Fhb1 locus, was used as a resistant check in all experiments. ND2710, Grandin, and Wheaton were also included as checks in the field disease phenotyping experiments.



Phenotypic Evaluation

The RILs and parents, together with the checks, were evaluated for reaction to FHB and related agronomic traits in both greenhouse and field experiments between 2016 and 2018. Greenhouse evaluations were conducted in three growing seasons: fall of 2016 and 2017, and winter of 2018. In each greenhouse experiment, the RILs and parents were grown in a 6-inch clay pot with three plants per plot filled with potting mix (Pro-mix biofungicide; Premier Tech Horticulture, Quakertown, PA) and supplemented with slow-release fertilizer (Osmocote Plus 15-9-12 N-P-K plus minors; Everris Inc., Dublin, OH) after planting. The pots were arranged on greenhouse benches in a randomized complete block design (RCBD) with three replications (pots) per line. The greenhouse was supplemented with artificial light for a 14-h photoperiod, with the temperature maintained between 20 and 22°C during the early crop growth period (before anthesis). The inoculum at a concentration of 100,000 spores/mL was prepared by mixing equal numbers of spores from four pathogenic isolates of F. graminearum collected from North Dakota (two isolates producing 3ADON and two isolates producing 15ADON) (Puri and Zhong, 2010). FHB inoculations were performed at Zadoks growth stage 65 when the plants are at anthesis (Zadoks et al., 1974) using the single-spikelet inoculation method described by Stack et al. (2002), by injecting 10 μL of the spore suspension into a floret in the central spikelet of spikes using a syringe (10 mL BD syringe, Becton Dickinson & Co., NJ) fitted with a needle (26G1/2 Precision Glide ® Needle, Beckton Dickinson & Co., NJ). Eight to ten spikes from each pot were inoculated. The inoculated spikes were lightly misted and then covered with a 5-inch transparent polyethylene bag for 48 h to keep high humidity. The inoculated plants were maintained at 22–24°C in the greenhouse to ensure proper disease development.

Field evaluations were performed in the FHB nursery located in Fargo, North Dakota, in three summer seasons (2016, 2017, and 2018). In 2016, the RIL population and parents along with checks were planted in hill plots arranged as a randomized complete block design with two replications per line. Since the number of spikes per hill plot for FHB inoculation was low in the 2016 summer season, in 2017 we planted the mapping population in short rows of 6 feet, instead of hill-plots, with one replication per line. In 2018, planting and experiment were the same as in 2016, except that four replications were planted per line. In the 2016 and 2018 field experiments, 10–15 seeds were planted per hill plot, and 4–10 spikes in a hill plot were inoculated. In the 2017 field experiment, 30–40 seeds were planted in each short row, and 20–25 spikes from each row (one row per line) were inoculated. The point-inoculation was done as described above for the greenhouse experiments. The overhead misting was set up to run for 5 min after inoculation and then for 5 min in 3 h intervals for 12 h daily during the night (6:00 p.m. to 6:00 a.m.), until 14 days after the latest maturing lines were inoculated.

In 2018, we also assessed FHB resistance of the mapping population along with parents and checks using the corn-spawn inoculation as described by Chu et al. (2011), and three replications of hill plots per line were planted in the Fargo location. To prepare the corn-spawn inoculum, pre-soaked corn was autoclaved in aluminum foil pan (Full steam deep; Western Plastics, Inc., Calhoun, GA) with lids, infected with twenty pathogenic isolates of F. graminearum (ten isolates producing 3ADON and ten isolates producing 15ADON), and set aside for 2 weeks. To assure proper ascospore production and uniform disease pressure, the infested corn kernels were applied to the nurseries at a rate of approximately 0.20 kg/m2 starting at the jointing stage (Feeke‘s growth stage 5) of wheat, and repeated every 2 weeks until all wheat lines completed anthesis (Feekes growth stage 10.5). During the inoculation period, overhead misting was run overnight for 10 s every hour to ensure high humidity for uniform disease development. Fifteen to twenty heads/hill were rated for FHB severity at 21 days after flowering.

FHB severity (proportion of symptomatic spikelets in a spike) was assessed 21 days post-inoculation in all greenhouse and field experiments. A modified Horsfall-Barrett disease rating scale with nine infection categories to reflect 0, 7, 14, 21, 33, 50, 67, 80, and 100% of disease severity based on visual assessment was used (Stack and McMullen, 1998). The disease severity of each replication was calculated by taking the average severities of all the inoculated spikes in a hill plot/short row.

GH16P, GH17P, and GH18P were used to represent the greenhouse experiments conducted in 2016, 2017, and 2018, respectively. FAR16P, FAR17P, and FAR18P were used to indicate the field experiments performed at the Fargo location in 2016, 2017, and 2018, respectively, with the point-inoculation method, while FAR18C was used for the corn-spawn inoculated experiment conducted at the Fargo location in 2018.

DON content was assessed for grain samples of each line harvested from three FHB-inoculated experiments in 2018: GH18P, FAR18P, and FAR18C. The three DON testing experiments were designated as GH18P-DON, FAR18P-DON, and FAR18C-DON, respectively. The inoculated heads of each line from point-inoculated experiments (GH18P and FAR18P) were harvested at maturity, combined from all replicates, threshed carefully to keep all the seeds, and ground into fine powder. In case of corn-spawn inoculated field experiment (FAR18C), only infected heads were harvested to assess DON accumulation per line. Fine powdered grain sample from each line from each experiment was submitted for DON analysis to the United States Wheat and Barley Scab Initiative (USWBSI) supported laboratory at North Dakota State University.

To determine the role of morphological and phenological traits of Surpresa in FHB resistance, days to anthesis (DA) and plant height (PH) were recorded. DA was measured as the number of days from planting to Zadoks growth stage 65 when the plants are at anthesis (Zadoks et al., 1974). DA was recorded for all the inoculated spikes in each plant in all greenhouse and field experiments between 2016 and 2018. PH (in inches) was measured from the soil surface to the tip of a spike (excluding awns) from greenhouse and field experiments conducted in 2018 only. An average plant height representative of the biological replicates was recorded.



DNA Extraction and Genotyping-By-Sequencing

Leaf samples from the parents and mapping population were collected at the 2–3 leaf stage and placed in 96-deep well plates, freeze-dried, and ground using QIAGEN TissueLyser (85300; QIAGEN). Genomic DNA was extracted following a protocol slightly modified from Tai and Tanksley (1990). The extracted DNA was then quantified with a Quant-iT PicoGreen assay kit (P7589; Thermo Fisher Scientific) and subsequently used for GBS-library preparation.

GBS library was prepared following the protocol described in Liu et al. (2019). In brief, 200 ng of the genomic DNA sample was digested with PstI and MseI and ligated with a common and a unique barcoded adapter. Then, equal volumes of the ligation product for each sample were pooled into a 5-mL tube, purified with QIAquick PCR purification kit (28104; QIAGEN), and amplified by PCR. Each PCR reaction was performed in a total volume of 200 μL with 2X Taq Master Mix (M0270L; New England BioLabs ® Inc.), two primers (5 nmol each), and 50 ng/μL genomic DNA for each sample. PCR amplification was performed with denaturation at 98°C for 10 s followed by 18 cycles of annealing at 65°C for 30 s, and finally 30 s extension at 72°C. The PCR product was cleaned up again using a QIAquick PCR purification kit. The GBS library was then sequenced on an Illumina HiSeq 2500 to generate single-end, 100-bp reads at the Genomic Sequencing and Analysis Facility at the University of Texas Southwestern Medical Center at Dallas, Texas. GBS data were then analyzed for SNPs using the TASSEL-GBS pipeline (Glaubitz et al., 2014) with the Triticum aestivum IWGSC RefSeq v1.0 as the reference genome (IWGSC, 2018). SNP markers were filtered for an individual read depth greater than 1, minor allele frequency greater than 0.05, and missing data less than 30% to yield 5,681 polymorphic SNP markers.



Statistical Analysis, Linkage Map Construction, and Quantitative Trait Loci Analysis

The distribution of phenotypic traits assessed in all experiments was tested for normal distribution using the Shapiro-Wilk test, and homogeneity of variances was verified using the Levene’s test (“car” package) in RStudio version 1.1.453 (Fox and Weisberg, 2019; R Core Team, 2020). Type III analysis of variance (ANOVA) for disease severity was calculated with Satterthwaite’s method for each environment using linear mixed effect model in “lmerTest” package (Kuznetsova et al., 2017) in RStudio version 1.1.453. Correlation coefficients between disease severity and DON accumulation were calculated using Spearman’s correlation (a rank-order correlation) as it applies to measure the relationship between two continuous random variables without assuming a normal distribution of variables. Broad-sense heritability, defined as H2 = VG/VP, for each trait was calculated by restricted maximum likelihood (REML) method in RStudio using the “Sommer” package (Covarrubias-Pazaran, 2018). Heritability coefficients were estimated from the variance components with the equation
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where VG is genotypic variance, VGxY is the genotype-by-year interaction variance, VE is the residual variance, y is the number of years, and r is the number of replications.

The SNP markers generated from the GBS were evaluated for distorted segregation and missing values. SNPs with >30% missing values were excluded from linkage mapping. A genetic linkage map with GBS-SNP markers was then constructed using the Kosambi mapping function (Kosambi, 1943) and the “egression” mapping algorithm in JoinMap ® version 5.0 (van Ooijen, 2018). The minimum logarithm of odds (LOD) threshold of 3 was used to determine linkage groups. The long (L) and short (S) arms of each chromosome were identified based on the physical location of centromeres published in ChiP-seq data for CENH3 (Guo et al., 2016).

Seven phenotypic datasets for FHB severity from GH16P, GH17P, GH18P, FAR16P, FAR17P, FAR18P, and FAR18C and three for DON accumulation from GH18P-DON, FAR18P-DON, and FAR18C-DON were analyzed individually for QTL mapping. The QTL analysis on PH and DA from each experiment was also performed individually. A significantly associated QTL was determined using Composite Interval Mapping (CIM) (Zeng, 1994) in QGene v.4.4 (Joehanes and Nelson, 2008). LOD threshold for claiming significant QTL at P < 0.05 was determined by performing 1,000 permutation tests (Churchill and Doerge, 1994).




RESULTS


Phenotypic Variation in Fusarium Head Blight and Trait Correlations Among Recombinant Inbred Lines and Parents

The FHB severity of the two parents differed significantly (P < 0.05), with Surpresa exhibiting moderate resistance while Wheaton was very susceptible in all experiments. Alsen and ND2710, known to possess the Fhb1 gene derived from Sumai3, showed consistently higher levels of FHB resistance than Surpresa across all experiments. The phenotypic traits and broad-sense heritability for the RILs and the parents are presented in Table 1. Distribution of disease severity and DON accumulation was continuous in all experiments (Figures 1–3), indicating quantitative inheritance of FHB resistance. Disease severities in greenhouse experiments, overall, were higher than in field experiments.


TABLE 1. Phenotypes and broad-sense heritability of FHB related traits in Wheaton/Surpresa RILs and parents.
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FIGURE 1. Frequency distributions of FHB severity in the Wheaton/Surpresa RILs across greenhouse experiments. GH16P, GH17P, and GH18P represent the experiments conducted in greenhouse in 2016, 2017, and 2018, respectively, using the point-inoculation method. FHB severity (proportion of symptomatic spikelets in a spike) was assessed and calculated as described by Stack and McMullen (1998).
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FIGURE 2. Frequency distributions of FHB severity in the Wheaton/Surpresa RILs across field experiments. FAR16P, FAR17P, and FAR18P indicate the field experiments performed in 2016, 2017, and 2018, respectively, at the Fargo location with the point-inoculation method, while FAR18C was used to represent the corn-spawn inoculated experiment conducted at the Fargo location in 2018. FHB severity (proportion of symptomatic spikelets in a spike) was assessed and calculated as described by Stack and McMullen (1998).
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FIGURE 3. Frequency distributions of deoxynivalenol (DON) content in the Wheaton/Surpresa RILs. DON content (expressed as parts per million, ppm) was assessed for grain samples of each line harvested from three FHB-inoculated experiments in 2018: GH18P, FAR18P, and FAR18C. The three DON testing experiments were designated as GH18P-DON, FAR18P-DON, and FAR18C-DON, respectively.


On the other hand, FHB severity in the corn-spawn inoculated field experiment was relatively higher than in the point-inoculated field experiments. In addition, transgressive segregation was observed for both traits in the mapping population with higher and lower levels of FHB severity or DON accumulation than the parents (Figures 1, 2). However, the proportion of more resistant genotypes resulting from the transgressive segregation was low, ranging from 0.5 to 10% of the total number of RILs in different experiments. Only three RILs- WPDS070, WPDS111, and WPDS160- consistently showed better FHB resistance than the resistant parent across at least three experiments.

The mean DON accumulation in Surpresa and Wheaton varied significantly between greenhouse and field experiments, with the highest DON accumulation observed in the greenhouse experiment (Table 1). Among the field experiments, significantly higher DON accumulation occurred in the corn-spawn inoculated experiment than in the point-inoculated experiment. Surpresa accumulated DON in concentrations ranging from 3.4 parts per million (ppm) in FAR18P-DON to 10.3 ppm in FAR18C-DON. Wheaton, as expected, accumulated elevated DON levels ranging from 5.9 ppm in FAR18P-DON to 47.1 ppm in the GH18P-DON. Average DON accumulation in RILs followed the same order, with the highest accumulation observed in the greenhouse experiment and lowest in the point-inoculated field experiment. Mean DON accumulation in RILs varied between 0.3 and 202.4 ppm among the three experiments.

Analyses of variances showed significant genotype and genotype-by-environment interactions for both disease severity and DON accumulation across all experiments (P < 0.0001) (Table 2; data not shown for DON accumulation). The variances explained by environment and replication-by-environment were not significant (P > 0.05) (Table 2). Spearman’s correlation coefficient for disease severity ranged from –0.06 (P > 0.05) (FAR16P and FAR18C) to 0.49 (P < 0.0001) (FAR18P and FAR18C) across greenhouse and field experiments (Table 3). Correlation for DON accumulation levels observed across greenhouse and field experiments was very poor, ranging from –0.05 (P > 0.05) (FAR18P-DON and FAR18C-DON) to 0.14 (P < 0.05) (GH18P-DON and FAR18C-DON). Between disease severity and DON accumulation, however, the correlation ranged from –0.01 (FAR18P and FAR18P-DON) to 0.75 (P < 0.0001) (GH18P-DON and GH18P).


TABLE 2. Analysis of variance results for FHB severity measured across greenhouse and field environments in 187 Wheaton/Surpresa RILs.
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TABLE 3. Spearman’s correlation coefficient between FHB disease severity (proportion of symptomatic spikelets) and deoxynivalenol (DON) levels calculated from individual experiments.
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The distribution of plant height (PH) and days to anthesis (DA) among the RILs was continuous, indicating quantitative inheritance of the traits. The two parents differed significantly in DA, with Surpresa flowering 10.6 days, on average, later than Wheaton. Similarly, for PH, Wheaton, on average, was 13.5 inches shorter than Surpresa. Analysis of variance conducted to determine the sources of total variation observed in PH and DA showed significant contribution by the genotype, environment, and their interaction (data not shown).

Broad-sense heritability for disease severity was moderate, ranging from 0.47 for field experiments to 0.64 for greenhouse experiments, indicating that the assessment of FHB severity is reproducible (Table 1).



Linkage Map Construction

The two-enzyme GBS approach identified a total of 5,681 SNPs with ≤ 30% missing data. Of the 5,681 SNP markers identified in the mapping population, 5,370 (94.53%) were mapped to 21 linkage groups, with at least 11 SNPs in each group, at a minimum threshold LOD value of 3 (Supplementary Figure 1 and Supplementary Table 1). Slightly over half of the SNP markers were mapped to the B genome (50.07%), followed by genome A (42.97%) and genome D (6.97%). The genetic linkage map spanned 3975.25 cM covering all 21 chromosomes of wheat with an average distance of 1.35 cM between each SNP marker (Supplementary Table 1).



Quantitative Trait Loci for Fusarium Head Blight Resistance and Deoxynivalenol Accumulation

Composite interval mapping (CIM) detected four significant QTL (Qfhb.ndwp-3A, Qfhb.ndwp-5A, Qfhb.ndwp-6A, and Qfhb.ndwp-7A) for FHB type II resistance on chromosomes 3A, 5A, 6A, and 7A, respectively (Table 4 and Figure 4). Qfhb.ndwp-5A and Qfhb.ndwp-6A were derived from the resistant parent Surpresa while Qfhb.ndwp-3A and Qfhb.ndwp-7A were derived from the susceptible parent Wheaton. Besides QTL for FHB resistance, a QTL (Qdon.ndwp-1B) for resistance to DON accumulation (type III resistance) was detected on chromosome 1B (Figure 5). Qdon.ndwp-1B was derived from the susceptible parent Wheaton. The QTL, their positions, the experiment in which the QTL were detected are presented in Table 4. Comparisons of these QTL with previously reported QTL on the same chromosomes or genomic regions are summarized on Supplementary Table 2.


TABLE 4. Summary of QTL detected for FHB severity (type II resistance) and DON accumulation (type III resistance) by composite interval mapping (CIM) in the Wheaton/Surpresa RIL population.
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FIGURE 4. Linkage maps for chromosomes 3A, 5A, 6A, and 7A showing the respective QTL for type II FHB resistance detected in the Wheaton/Surpresa RIL population. The positions of marker loci are shown on the right and the centimorgan (cM) distances between the loci are shown on the left of the linkage groups.
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FIGURE 5. Linkage map for chromosome 1B showing the QTL for resistance to DON accumulation (type III FHB resistance) detected in the Wheaton/Surpresa RIL population. The positions of marker loci are shown on the right and the centimorgan (cM) distances between the loci are shown on the left of the linkage groups.


Qfhb.ndwp-5A was detected in the GH17P experiment and was mapped to a 66 cM genetic distance between SNPs S5A_419786980 and S5A_5332941. Qfhb.ndwp-5A explained 11% of the total phenotypic variation in disease severity.

Qfhb.ndwp-6A was identified in the GH18P experiment, which spanned 76 cM between flanking SNP markers S6A_24773746 and S6A_573400299 explaining 13% of the total phenotypic variation in disease severity.

Qfhb.ndwp-3A was detected in the FAR18C experiment and mapped to 28 cM genetic distance between SNPs S3A_64027637 and S3A_516888164 explaining 10.4% of the total phenotypic variation in disease severity.

Qfhb.ndwp-7A was identified in the GH16P experiment, which had the largest effect among the QTL detected for FHB resistance and explained 14.4% of the total phenotypic variation in disease severity. This QTL was delineated to a 76 cM interval between SNPs S7A_64598458 and S7A_496824831.

The QTL for resistance to DON accumulation on chromosome 1B, Qdon.ndwp-1B, was detected in the FAR18P-DON experiment. Qdon.ndwp-1B explained 19% of the total phenotypic variation in DON accumulation by the RILs. Several peaks were detected on chromosome 1B based on CIM mapping, however, only one SNP marker (S1B_432817546) associated with the QTL was found to be significant after 1,000 permutation tests.



Quantitative Trait Loci for Days to Anthesis and Plant Height

QTL analyses using the DA and PH data from individual environments led to the detection of a total of 2 QTL for PH and 5 QTL for DA (Table 5 and Supplementary Figures 2–6).


TABLE 5. Summary of QTL detected for agronomic traits by composite interval mapping (CIM) in the Wheaton/Surpresa RIL population.
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Of the 5 QTL detected for DA in this study, QTL detected on chromosome 2B (Qda.ndwp-2B) and 2D (Qda.ndwp-2D) (Supplementary Figures 2, 3), explaining between 12 and 27% of the total phenotypic variation in DA, respectively, and were stable and expressed consistently across multiple environments (Table 5). Three minor QTL detected on chromosomes 5A (Qda.ndwp-5A), 6B (Qda.ndwp-6B) and 7A (Qda.ndwp-7A) explained 13 to 16% of the total phenotypic variation in DA, respectively (Table 5 and Supplementary Figure 4). It is worth to note that Qda.ndwp-7A was localized at the genomic region closely linked to where the FHB resistance QTL, Qfhb.ndwp-7A, was mapped (Figure 4; and Supplementary Figure 4).

The two QTL detected for PH were localized on chromosome 2D (Qph.ndwp-2D) and 4D (Qph.ndwp-4D) (Supplementary Figures 5, 6), which showed consistency across multiple environments and explained 12 and 20% of the total phenotypic variation, respectively (Table 5).




DISCUSSION


Fusarium Head Blight and Trait Correlations

In this study, we evaluated FHB-related traits, FHB severity and DON accumulation, in both greenhouse and field experiments. Higher disease severity and DON accumulation were observed in the greenhouse experiments than in the field experiments (Table 1). Correlations for disease severity and DON accumulation across all greenhouse experiments were higher than those across field experiments. This may be due to the controlled environment in the greenhouse that offered conducive conditions for disease development, higher disease severity and DON accumulation levels, and higher correlations between the two FHB-related traits. Correlations between FHB severity and DON accumulation have been extensively studied; however, the results varied among different experiments (Ma et al., 2006). In our study, a strong positive correlation was observed between FHB severity and DON accumulation in greenhouse experiments, while the results on correlations between the two FHB-related traits were inconclusive in the field experiments (Table 3), suggesting a strong influence of the environment conditions in field experiments.

Besides FHB-related traits such as FHB severity and DON accumulation, morphological and phenological traits—mainly plant height (PH), anther extrusion, and days to anthesis—may be involved in FHB development. Several studies have demonstrated an inverse relationship between PH and FHB severity, with shorter stature genotypes developing more severe FHB symptoms (Mesterházy, 1995; Buerstmayr et al., 2000; Gervais et al., 2003). This inverse relationship could be explained under two possible circumstances; i. association between the genomic loci conferring PH and the FHB resistance loci, or ii. the effect of microclimate on disease development, or both (Yan et al., 2011). In this study, despite variation in PH among the RILs, no significant association was detected between PH and FHB resistance (data not shown). Furthermore, the QTL identified for PH are different from those for FHB resistance in the mapping population (Tables 4, 5). This suggests that FHB resistance is independent of PH in this mapping population.

Several genes known to regulate flowering and heading time such as the vernalization requirement genes Vrn-A1 (5AL), Vrn-B1 (5B), the earliness per se (Eps) loci, and the photoperiod insensitivity gene Ppd-D1a (2DS) have been associated with FHB resistance (Buerstmayr et al., 2020). In the present study, no systematic associations were observed between DA and FHB severity across the different environments, and among the four QTL for the type II FHB resistance, only Qfhb.ndwp-7A was showed to be closely linked to the QTL for DA (Qda.ndwp-7A) on chromosome 7A. Therefore, positive or negative correlations previously reported by different studies for flowering time and FHB resistance are most likely due to the effect of weather conditions during inoculation time (Buerstmayr et al., 2009, 2020).



Fusarium Head Blight Resistance Quantitative Trait Loci in the Brazilian Cultivar Surpresa

Two FHB resistance QTL derived from the resistant parent Surpresa were identified in the mapping population, including Qfhb.ndwp-5A and Qfhb.ndwp-6A.

Based on a study that integrated 716 FHB type II and III resistance QTL detected from 113 mapping experiments published in the past two decades (Zheng et al., 2021), at least 60 QTL for type II resistance to FHB have been identified in chromosome 5A originating from wheat cultivars world-wide, including Frontana. Frontana harbors two type II FHB resistance QTL on chromosome 5A spanning physical intervals between 205 and 524 Mb, including the physical location of the Qfhb.ndwp-5A QTL detected in this study (Supplementary Table 2). This indicates the possibility that the FHB resistance QTL on chromosome 5A in Frontana and Surpresa may be the same or tightly linked together. Zheng et al. (2021) refined the QTL detected on chromosome 5A by removing QTL with > 20 Mb physical interval and those reported in less than five studies, leaving 5 high confidence QTL. A total of 58 differentially expressed genes were identified in the physical interval spanning Qfhb.ndwp-5A. Further analysis of the differentially expressed genes led to a putative candidate gene TraesCS5A02G26400 encoding 2-oxoglutarate (2OG) and Fe (II)-dependent oxygenase that was upregulated during Fusarium graminearum infection based on published transcriptomic and proteomic data. However, it is remained to be known if TraesCS5A02G26400 confers FHB resistance.

Zheng et al. (2021) reported 19 QTL for type II FHB resistance on chromosome 6A from various wheat cultivars, including Frontana. Frontana harbors a type II FHB resistance on chromosome 6A spanning 3 cM genetic distance between markers WPT-7204 and WPT-744786 (physical location: 610–617 Mb) (Supplementary Table 2). Based on the physical location of Qfhb.ndwp-6A (physical location: 24–573 Mb), it appears that Qfhb.ndwp-6A is different from the one originating from Frontana. Furthermore, Zheng et al. (2021) identified four high confidence meta QTL (hcmQTL 57—60) on chromosome 6A spanning the physical interval of Qfhb.ndwp-6A with 116 differentially expressed genes. Combined analysis of differentially expressed genes and differentially accumulated proteins led to the identification of a potential candidate gene TraesCS6A02G059600 for Qfhb.ndwp-6A. TraesCS6A02G059600 was found to encode Glutathione S-transferase (GST) gene which was upregulated during Fusarium graminearum infection. GSTs have multiple functions such as detoxification, isomerization, and peroxidation, and have been shown to be involved in responses of plants to biotic and abiotic stresses (Wahibah et al., 2018). Recently, Wang et al. (2021) have cloned the Fhb7 gene, which encodes a GST conferring FHB resistance by detoxifying trichothecenes through de-epoxidation. The GST gene was gained through horizontal gene transfer (HGT) from an endophytic Epichloë species (Wang et al., 2020). It would be interesting to know if TraesCS6A02G059600 has the same function as Fhb7.



Fusarium Head Blight Resistance Quantitative Trait Loci in the Susceptible Cultivar Wheaton

Three QTL for resistance to FHB (Qfhb.ndwp-7A and Qfhb.ndwp-3A) or DON accumulation (Qdon.ndwp-1B) derived from Wheaton were detected in this study. Cai et al. (2016) also identified two QTL on chromosome 2B for type II resistance derived from Wheaton in a RIL mapping from a cross between Wheaton and Haiyanzhong (HYZ), a Chinese wheat landrace with a high level of resistance to FHB,. These results indicate that minor effect FHB resistance QTL exist even in a susceptible wheat genotypes like Wheaton.

Qfhb.ndwp-7A explained the largest phenotypic variation (14%) for FHB resistance in the NIL population. However, this QTL is closely linked to a Qda.ndwp-7A, conferring the DA phenotype. Early or late flowering lines often escape the high inoculum pressure and develop low levels of FHB severity depending on the environments. In this study, Wheaton underwent anthesis 14 days later than 58% of the lines evaluated in the GH16P experiment. Therefore, FHB resistance conferred by Qfhb.ndwp-7A may be due to the late flowering phenotype associated with Qda.ndwp-7A. Based on meta-QTL analysis by Zheng et al. (2021), at least 25 type II FHB resistance QTL have been mapped on chromosome 7A (Zhou et al., 2004; Jia et al., 2005; Mardi et al., 2006; Semagn et al., 2007; Yu et al., 2008; Jayatilake et al., 2011). Jayatilake et al. (2011) detected a major QTL on chromosome 7A, Fhb7AC, of Sumai3 origin. Fhb7AC spans between Xbarc174 (physical position: 116002885) and Xwmc9 (physical position: 394904915) encompassing the Qfhb.ndwp-7A QTL (Supplementary Table 2), indicating the likelihood of these two QTL being localized at the same genomic region or closely linked.

Qfhb.ndwp-3A on chromosome 3A was identified in the FAR18C experiment and explained 10% of the total phenotypic variation in FHB severity. Several QTL for type II FHB resistance have been detected on chromosome 3A (Mardi et al., 2006; Zhang et al., 2012; Cai and Bai, 2014). The QTL detected on chromosome 3A derived from a Chinese wheat landrace Huangcandou (HCD), flanked by Xcfa2134 and Xgwm2 (physical position: 60–509 Mb) (Supplementary Table 2), encompasses the physical location of Qfhb.ndwp-3A and these two QTL are likely the same one or allelic (Cai and Bai, 2014).

Qdon.ndwp-1B was detected in the FAR18C-DON experiment and explained 19% of the total phenotypic variation in DON accumulation among RILs. Several studies have identified type III resistance QTL on chromosome 1B (Yu et al., 2008; Ágnes et al., 2014; Petersen et al., 2017). The QTL positioned closest to Qdon.ndwp-1B was detected in a US winter wheat cultivar NC-Neuse, flanked by markers IWA6290 and WMC419 (peak location: 310 Mb), and is approximately 120 Mb proximal from the peak marker S1B_432817546 detected in this study (Supplementary Table 2). This indicates that Qdon.ndwp-1B is likely novel.



Frontana vs. Surpresa

Frontana and Surpresa are both Brazilian spring wheat cultivars and share the Brazilian landraces Polyssu and Alfredo Chaves in their pedigrees (van Beuningen and Busch, 1997). Frontana was a widely used FHB resistance source in the Brazilian, North American, and Canadian wheat breeding programs prior to the introduction of Asian germplasms (Zhu et al., 2019). FHB resistance in Frontana has been characterized and validated across multiple studies and is primarily conferred by QTL on chromosome 3A (Steiner et al., 2004; Mardi et al., 2006; Berzonsky et al., 2007; Yabwalo et al., 2011; Szabo-Hever et al., 2018). Besides the QTL on chromosome 3A, QTL from numerous chromosomes including 4A, 5A, 6A, 6B, 7A, 4D, some of which are coincident with QTL for PH and DA, contribute to FHB resistance in Frontana (Steiner et al., 2004; Mardi et al., 2006; Berzonsky et al., 2007; Szabo-Hever et al., 2018). Based on the QTL detected from Surpresa in this study, Frontana and Surpresa share the genomic interval contributing to the type II FHB resistance on chromosome 5A, potentially indicating they have the same candidate gene identified by Zheng et al. (2021) contributing to the resistance. However, the QTL on chromosome 6A identified in this study, Qfhb.ndwp-6A, is different from the one identified in Frontana, indicating that Frontana and Surpresa do not seem to share the QTL for FHB resistance originating from chromosome 6A.



Transgressive Segregants

In this study, three RILs (WPDS070, WPDS111, and WPDS160) were identified as transgressive segregants exhibiting better FHB resistance than the resistant parent Surpresa across multiple experiments. These RILs may contain FHB resistance QTL derived from both parents (Surpresa and Wheaton). However, a combination of favorable marker alleles for the FHB resistant QTL were not detected in these transgressive segregants. For example, WPDS 160, a transgressive segregant that consistently showed better FHB resistance than the resistant parent, did not carry any favorable marker alleles associated with the QTL detected in this study. This may be due to the favorable marker alleles not closely enough linked to the FHB resistant loci, leading to recombination between the markers and the QTL. The interactions between genes derived from the parental wheat genotypes might also contribute to the better resistance of the NILs than their resistant parent.




CONCLUSION

In summary, we observed that the type II resistance conferred by Surpresa appeared not to be consistent across different environments and the two QTL detected from Surpresa had a minor effect on FHB resistance. Interestingly, minor effect QTL for FHB resistance were also identified in Wheaton, the susceptible wheat parent used in the mapping population. Furthermore, some NILs derived from the cross between Wheaton and Surpressa exhibited a better FHB resistance than the resistant parent, indicating that FHB resistance can be improved by pyramiding minor QTL with additive effect. To use these minor QTL for FHB resistance improvement in wheat breeding programs, it is essential to develop effective DNA markers for their selection and combination.
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The necrotrophic fungal pathogen Pyrenophora tritici-repentis (Ptr) causes the foliar disease tan spot in both bread wheat and durum wheat. Wheat lines carrying the tan spot susceptibility gene Tsc1 are sensitive to the Ptr-produced necrotrophic effector (NE) Ptr ToxC. A compatible interaction results in leaf chlorosis, reducing yield by decreasing the photosynthetic area of leaves. Developing genetically resistant cultivars will effectively reduce disease incidence. Toward that goal, the production of chlorosis in response to inoculation with Ptr ToxC-producing isolates was mapped in two low-resolution biparental populations derived from LMPG-6 × PI 626573 (LP) and Louise × Penawawa (LouPen). In total, 58 genetic markers were developed and mapped, delineating the Tsc1 candidate gene region to a 1.4 centiMorgan (cM) genetic interval spanning 184 kb on the short arm of chromosome 1A. A total of nine candidate genes were identified in the Chinese Spring reference genome, seven with protein domains characteristic of resistance genes. Mapping of the chlorotic phenotype, development of genetic markers, both for genetic mapping and marker-assisted selection (MAS), and the identification of Tsc1 candidate genes provide a foundation for map-based cloning of Tsc1.
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INTRODUCTION

Pyrenophora tritici-repentis (Died.) Drechs. (Ptr) is a necrotrophic homothallic ascomycete that causes the foliar disease tan spot in cultivated wheat, including common wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD genomes), durum wheat [Triticum turgidum ssp. durum (Desf.) Husnot., 2n = 4x = 28, AABB genomes], and wild relatives (reviewed by Faris et al., 2013). Tan spot or yellow leaf spot, was first described as a minor pathogen in 1823 (Hosford Jr., 1982). Tan spot epidemics began in the 1970s, coinciding with the adoption of minimum tillage practices. Minimum tillage practices are believed to have caused an increase in disease incidence because Ptr overwinters on wheat residue, infecting crops the following season. Crop rotations and fungicide applications can reduce disease incidence and severity, but the most effective method for reducing disease incidence is through the development of genetically resistant varieties.

Pyrenophora tritici-repentis produces and secretes multiple necrotrophic effectors (NEs). The recognition of NEs by corresponding host sensitivity genes leads to a compatible interaction resulting in the development of necrotic and chlorotic lesions. The NEs and host sensitivity genes interact in an inverse gene-for-gene manner where the pathogen hijacks host defense pathways leading to necrotrophic effector triggered susceptibility (NETS; Liu et al., 2009; Friesen and Faris, 2010). These necrotic and chlorotic lesions reduce the photosynthetic area of the plant resulting in reduced kernel weight and grain number (Shabeer and Bockus, 1988).

Three host sensitivity gene-Ptr NE interactions have been characterized so far: Tsn1-Ptr ToxA, Tsc2-Ptr ToxB, and Tsc1-Ptr ToxC (reviewed by Faris et al., 2013). One host sensitivity gene, Tsn1 (Faris et al., 2010), and two NE genes, PtrToxA (Ballance et al., 1996; Ciuffetti et al., 1997) and PtrToxB (Martinez et al., 2001), have been cloned. The Tsn1-Ptr ToxA interaction produces necrosis, whereas the Tsc2-Ptr ToxB and Tsc1-Ptr ToxC interactions produce chlorosis. Ptr isolates are classified into races depending on their virulence patterns on a set of host differentials (reviewed by Faris et al., 2013).

In addition to the inverse gene-for-gene interactions, five tan spot resistance genes have also been identified (reviewed by Faris et al., 2013) including a major dominant gene, Tsr7, that confers race-nonspecific resistance in both tetraploid and hexaploid wheat (Faris et al., 2020). The other tan spot resistance genes, tsr2 (Singh et al., 2006), tsr3 (Tadesse et al., 2006a), tsr4 (Tadesse et al., 2006b), and tsr5 (Singh et al., 2008), confer recessive resistance. It is therefore possible that they are recessive alleles of host sensitivity genes that interact with yet unidentified NEs (reviewed in Faris et al., 2013).

A quantitative trait locus (QTL, QTsc.ndsu-1A) associated with resistance to chlorosis induced by Ptr ToxC-producing isolates was first identified in the International Triticeae Mapping Initiative W-7984 × Opata 85 recombinant inbred line (RIL) population (Faris et al., 1997; Effertz et al., 2002). The same QTL was shown to coincide with Ptr ToxC sensitivity (Effertz et al., 2002), and the gene underlying sensitivity was designated Tsc1. Ptr ToxC was predicted to be a small non-ionic, polar, molecule that induces chlorosis on wheat varieties possessing Tsc1.

A QTL designated QTs.zhl-1A was mapped to chromosome arm 1AS in two RIL populations (Kariyawasam et al., 2016; Liu et al., 2017) corresponding to the position of QTsc.ndsu-1A. In a RIL population derived from the cross Louise × Penawawa (LouPen; Carter et al., 2020), QTs.zhl-1A was associated with diseased caused by race 1, race 3, and AR CrossB10 Ptr isolates and explained up to 22% of the phenotypic variation (Kariyawasam et al., 2016). F1 plants from the same cross exhibited chlorosis after inoculation with the race 3 isolate 331-9, indicating that the chlorosis was conferred by a dominant susceptibility gene as opposed to the lack of a dominant resistance gene. In the LMPG-6 × PI 626573 (LP) RIL population, QTs.zhl-1A was associated with susceptibility explaining up to 27% of the variation in disease.

Additional QTL corresponding to the Tsc1 region have been identified in many hexaploid populations including, but not limited to, the biparental populations TA161-L1 × TAM105 (Kalia et al., 2018), IGW2547 × Annuello (Shankar et al., 2017), and Ernie × Betavia (Li et al., 2011), and a MAGIC population derived from Event, BAYP4535, Ambition, Firl3565, Format, Potenzial, Bussard, and Julius (Stadlmeier et al., 2019). A meta-QTL analysis identified two meta-QTLs in the Tsc1 region. However, they likely both correspond to Tsc1 (Liu et al., 2020). QTL in the Tsc1 region have also been identified in durum wheat. In a worldwide collection of durum wheat, a recent evaluation using a Ptr ToxC-producing isolate revealed a QTL, likely corresponding to Tsc1, on the short arm of chromosome 1A (Galagedara et al., 2020).

Wheat lines containing the Tsc1 gene exhibit a large amount of chlorosis resulting in severe tan spot susceptibility when infected with Ptr ToxC-containing isolates (Figure 1). Our long-term goal is to clone the Tsc1 gene using a map-based approach to gain a better understanding of the Tsc1-Ptr ToxC interaction at the molecular level. Toward this goal, the objectives of the current research were to: (1) develop molecular markers and saturated genetic linkage maps of the genomic region containing the Tsc1 gene, (2) define and characterize the genetic and physical interval containing the Tsc1 locus, and (3) identify candidate genes for Tsc1 in the wheat reference genome sequence. Achievement of these objectives provides a strong foundation for launching the next phase of objectives toward map-based cloning of Tsc1.
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FIGURE 1. Leaves of wheat genotypes with Tsc1 (top) and without Tsc1 (bottom) inoculated with a Pyrenophora tritici-repentis (Ptr) ToxC-producing isolate.




MATERIALS AND METHODS


Plant Materials

The LouPen and LP biparental populations were used to map newly developed markers within the Tsc1 region. Louise and LMPG-6 exhibit extensive chlorosis when inoculated with Ptr ToxC-producing isolates because they carry the dominant Tsc1 allele, whereas Penawawa and PI 626573 are free of chlorosis when inoculated with the same isolates because they harbor the recessive tsc1 allele (Kariyawasam et al., 2016; Liu et al., 2017). The LouPen population consists of 188 RILs and was originally developed to map stripe rust resistance derived from Louise (Carter et al., 2009). The LP population consists of 240 RILs and was originally developed to map stem rust Ug99 resistance in PI 626573 (Zurn et al., 2014). Sixteen hexaploid varieties were genotyped with markers closely linked to Tsc1 to test the usefulness of markers for marker-assisted selection (MAS; Table 1).



TABLE 1. Allelic state and corresponding references of hexaploid genotypes evaluated with markers developed in this research and linked to Tsc1.
[image: Table1]



Inoculations and Disease Evaluation

The LouPen and LP populations were inoculated with the Ptr ToxC-producing race 3 isolate 331-9 in Kariyawasam et al. (2016) and Liu et al. (2017), respectively. Although previously unreported, data on the presence and absence of chlorosis induced by isolate 331-9 were collected, and that data were used here to map chlorosis induction as a qualitative trait representing the Tsc1 locus in both populations.



Marker Development and Tsc1 Mapping

The LouPen and LP populations were previously genotyped with the wheat 9 K iSelect Assay BeadChip (Cavanagh et al., 2013), and whole genome maps were assembled (Zurn et al., 2014; Kariyawasam et al., 2016). Several methods were used to develop and/or identify additional markers within the Tsc1 genomic region of chromosome 1A. First, simple sequence repeat (SSR) markers previously mapped and known to detect loci on chromosome arm 1AS were identified from the Graingenes database.1

Second, contextual sequences of SNP markers derived from the 9 and 90 K arrays known to map to the short arm of chromosome 1A were used as queries in BLASTn searches of either Chinese Spring survey sequences (International Wheat Genome Sequencing Consortium (IWGSC), 2014), the Chinese Spring reference genome v1.0 (International Wheat Genome Sequencing Consortium (IWGSC) et al., 2018), or the wild emmer wheat genome sequence of Zavitan (Avni et al., 2017). The corresponding survey sequences and approximately 10 kb segments of the Chinese Spring and Zavitan genome sequences encompassing the SNP BLAST hits were then subjected to searches for SSRs using SSRIT2 and gene-like or low-copy DNA features by using the survey sequence or extracted genome segment sequence as a query in BLASTx searches against the NCBI non-redundant database.3 SSRs and gene-like features were used to develop SSR and sequence-tagged site (STS) markers, respectively, and primers were designed using Primer 3 (Rozen and Skaletsky, 1999).

Third, a genome-wide association study of tan spot resistance in durum wheat (Galagedara et al., 2020) revealed a genotype-by-sequencing (GBS) marker on chromosome arm 1AS associated with reaction to the Ptr ToxC-producing isolate Pti2 and was therefore likely associated with Tsc1. We used the sequence of this GBS marker to develop a semi-thermal asymmetric reverse PCR (STARP) marker (Long et al., 2017) to map the locus in the LouPen and LP populations.

All markers were amplified via PCR and electrophoresed on 6% nondenaturing polyacrylamide gels. Gels were stained with Gelred™ nucleic acid stain (Biotium Corporate, Hayward, CA, United States), and scanned with a Typhoon 9410 or FLA 9500 variable mode imager (GE healthcare Biosciences, Waukesha, WI, United States). Genetic linkage maps were constructed in MapDisto v2.1.7 (Heffelfinger et al., 2017) as described in Faris et al. (2014). Maps were visualized in MapChart 2.32 (Voorrips, 2002). All PCR primers used for the identification of markers in this research are listed in Supplementary Table 1.



Identification of Candidate Genes

The closest flanking markers to Tsc1 (fcp730 and fcp734) in the LouPen genetic map were used to identify candidate regions in the Chinese Spring v2.1 assembly (Zhu et al., 2021). High- and low-confidence annotated genes in the Chinese Spring v2.1 reference assembly were considered for analysis of protein domains (accessed December 7, 2021). Conserved protein domains of the annotated genes were identified by searching the Pfam database.4 Genes less than 500 bp long or those with no Pfam hits more significant than 1 × 10−5 were considered pseudogenes or gene fragments and were excluded from further analysis.




RESULTS


Saturation Mapping of the Tsc1 Locus

In the first LouPen genetic map, Tsc1 mapped distal to the 9 K SNP markers IWA4643, IWA414, IWA3680, and IWA1388, thus placing Tsc1 within the first 15.2 Mb of the Chinese Spring v2.1 chromosome 1A short arm. Testing of SSR markers previously mapped to chromosome 1AS in other wheat mapping populations identified six markers polymorphic between Louise and Penawawa (Supplementary Table 1). Amplicon sequence analysis revealed the SSR markers gpw7072 and psp2999 targeted the same locus (data not shown). Once these six SSR markers were added to the genetic linkage map, the Tsc1 region was narrowed to approximately the first 5 Mb of the physical map. At this point, all markers mapped proximal to Tsc1, and more markers needed to be developed, particularly distal to Tsc1, to delineate the Tsc1 region.

Prior to the availability of the whole genome reference sequence of the hexaploid wheat cultivar Chinese Spring, SNPs from the 9 and 90 K SNP arrays known to map to chromosome 1AS were used to identify Chinese Spring survey sequences. Twelve STS markers and two SSR markers designed from the survey sequences were polymorphic and mapped in the LouPen population (Supplementary Table 1). An additional three SSRs and one STS were designed from the Zavitan genome assembly as well as 10 SSRs from the Chinese Spring reference v1.0. Some of the newly designed markers mapped distal to Tsc1 and further delineated the Tsc1 region. Tsc1 cosegregated with two markers, and the candidate gene region based on the genetic map constructed in the LouPen population was 184 kb. In total, the LouPen genetic map spanned 31.8 centiMorgans (cM) with 42 loci and had a marker density of 1.32 markers/cM (Figure 2).
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FIGURE 2. Saturation maps of the Tsc1 region developed in Louise × Penawawa (LouPen) and LMPG-6 × PI 626573 (LP) populations. The LouPen genetic map is on the left and the LP genetic map is on the right. Loci mapped are listed on the right of the LouPen genetic map and the left of the LP genetic map. Opposite the loci, the genetic distances are displayed in centiMorgans (cM). Markers in orange are SNP markers from the wheat 9 K iSelect Assay BeadChip. Markers in black are simple sequence repeat (SSR) markers designed in this study. Blue markers were designed in other studies. Dashed lines connect markers mapped in both populations. The black outlined rectangle indicates the loci cosegregating with Tsc1. The pink shaded portion of the chromosome represents the candidate gene region in each population.


The initial genetic map of the LP population placed Tsc1 within a ~7.2 Mb region of the short arm of chromosome 1A between the 9 K SNP markers IWA1376 and IWA8622. Seven previously mapped SSR markers were polymorphic between LMPG-6 and PI 626573, including four that were included in the LouPen genetic map. The inclusion of these seven markers on the LP genetic linkage map delineated the Tsc1 region to 3.9 Mb on the physical map.

To reduce the candidate gene region further, additional markers were designed in the same manner as they were for mapping in the LouPen population. Fourteen STS and five SSR markers designed from the Chinese Spring survey sequences and eight SSR and two STS markers derived from the Zavitan genome assembly were mapped in the LP population (Supplementary Table 1). An additional five SSR markers designed from the Chinese Spring reference v1.0 were added to the LP genetic map. These additional STS and SSR markers reduced the candidate gene region to approximately 1 Mb, an order of magnitude larger than the candidate gene region defined by mapping in the LouPen population. The LP map consisted of 47 loci spanning 36.1 cM, which gives a marker density of 1.30 markers/cM (Figure 2).

Recombination rates were compared between the LP and LouPen populations within the mapped regions to determine which population delineated the Tsc1 locus to the smallest genomic region, or if a composite of the two maps could be used to define the Tsc1 locus to a smaller region. The most distal and proximal markers in common between the two maps were fcp683 and wmc24, respectively. The region defined by these markers encompassed 26.3 Mb on the Chinese Spring v2.1 reference genome, and it spanned 31.2 and 35.5 cM of genetic distance in the LouPen and LP populations, respectively. Therefore, the recombination rate across this region was higher in the LP population (1.35 cM/Mb) compared to the LouPen population (1.19 cM/Mb).

Comparison of recombination rates in the vicinity of the Tsc1 locus revealed a different scenario. The markers fcp704 and fcp779, which were the two markers in common to both maps that detect recombination events most closely flanking Tsc1 on the distal and proximal sides, respectively, were separated by 4.4 cM on the LouPen map and 1.5 cM on the LP map (Figure 2). Unfortunately, the amplicon sequence for fcp704 was not present in the Chinese Spring v2.1 genome making it impossible to determine the physical distance between these common flanking markers. The next closest marker on the distal side of Tsc1 common to both maps and present in Chinese Spring was fcp693. The genetic distances between fcp779 and fcp693 in the LouPen and LP populations were 4.4 and 3.7 cM, respectively. The physical distance between these two markers in the Chinese Spring reference genome was 5.7 Mb, which translates to 0.77 cM/Mb in the LouPen population and 0.64 cM/Mb in the LP population. Therefore, the recombination frequency near the Tsc1 locus was higher in the LouPen population compared to the LP population.

The genetic order of the markers in LouPen was compared to the physical order in the Chinese Spring v2.1 reference genome due to the higher genetic resolution near Tsc1 (Figure 3). There were two instances of non-collinearity. Firstly, marker fcp683 mapped more distal in LouPen than its physical position, which would place it within the markers cosegregating at 2.5 cM. On the proximal side of Tsc1, the markers IWA414 and fcp680 were inverted relative to their physical position. These minor inconsistencies between genetic and physical order of the markers are indicative of rearrangements in the Chinese Spring genome relative to Louise and Penawawa. However, the rearrangements do not encompass or alter the candidate gene region.

[image: Figure 3]

FIGURE 3. Comparison of the physical and genetic order of markers. The LouPen genetic map is on the right and the Chinese Spring v2.1 physical map is on the left. Markers in red font connected by red dashed lines are not colinear. All other markers are colinear.




Delineation of the Candidate Gene Region and Identification of Candidate Genes

In the LouPen population, the Tsc1 candidate gene region was delineated by fcp730 and fcp734, which were 1.4 cM apart (Figure 2). This region corresponded to approximately 184 kb in the Chinese Spring reference v2.1 genome (Figure 4). Two markers, fcp732 and fcp731 cosegregated with Tsc1, and they spanned just 17 kb.

[image: Figure 4]

FIGURE 4. Tsc1 candidate gene region in Chinese Spring reference genome v2.1. The scale on the top represents the physical position in base pairs. Genetic markers are displayed as vertical gray bars. Genes are displayed as arrows, labeled 1–5, corresponding to the genes in the table below. Genes with nucleotide binding and ARC (NB-ARC), protein kinase (PK) and leucine rich repeat (LRR), LRR, retinal pigment epithelial membrane, and gliadin domains are shown in purple, orange, yellow, green, and blue, respectively. Gene IDs, protein domains, Pfam IDs, and physical positions of each gene are included in the table.


The candidate gene region, delineated by fcp704 and fcp685, was larger in the LP population. As fcp704 is not in the Chinese Spring reference genome, the next closest marker, fcp701, was selected to delineate the candidate gene region to 3.9 Mb in the LP population. The 16 markers that cosegregated with Tsc1 spanned a total of 967 kb in the Chinese Spring v2.1 reference genome.

Given this finding, the delineated region on the genetic map developed in the LouPen population was used to define the Tsc1 candidate region and to identify candidate genes based on the Chinese Spring reference sequence (Figure 4). No genes were identified between the distal flanking marker fcp730 and the markers fcp731 and fcp732, which cosegregated with Tsc1. A gene containing nucleotide binding and ARC (NB-ARC) domains was identified between fcp731 and fcp732. Between fcp732 and the proximal flanking marker, fcp734, there were four protein kinase and leucine rich repeat (PK-LRR) domain-containing genes and two genes with only an LRR domain. Two additional genes within this segment included a gene with a retinal pigment epithelial membrane protein domain and a pseudo-gliadin gene. The former was considered a gene fragment as it did not contain a start codon. A large family of gliadins is known to exist on chromosome 1A in wheat, so it is not surprising that a pseudo-gliadin was identified. However, gliadins have not been shown to be involved in disease resistance or susceptibility, and therefore the pseudo-gliadin gene was not considered a candidate. In total, nine genes were identified in Chinese Spring and seven are considered candidates including one NB-ARC, four PK-LRRs, and two LRR domain-containing genes (Figure 4).



Evaluation of Markers Closely Linked to Tsc1

To identify markers that could be potentially used for MAS of Ptr ToxC-insensitive lines, i.e., elimination of the dominant Tsc1 allele, markers closely linked to the Tsc1 locus were evaluated on a panel of hexaploid wheat lines on which phenotypic evaluations with Ptr ToxC-producing isolates has been conducted, and therefore the allelic status at the Tsc1 locus is known (Table 1). The markers fcp731 and fcp732, which cosegregated with Tsc1 in the LouPen population, were selected for evaluation as well as fcp729 and flanking markers fcp730, fcp734, and psp2999. Among the hexaploid lines evaluated, seven were resistant to chlorosis induced by Ptr ToxC-producing isolates of Ptr, and nine were susceptible and developed extensive chlorosis (Table 1).

Analysis of amplified fragments for these six markers revealed that no marker allele was associated with the allelic state of Tsc1 (Figure 5). The best association was with fcp732 where five out of nine resistant lines had null marker alleles.

[image: Figure 5]

FIGURE 5. Evaluation of markers cosegregating with Tsc1. The polyacrylamide gel images of markers fcp731 (A) and fcp732 (B) run on lines with known sensitivity statuses (Table 1) are shown. Horizontal brackets in pink and orange denote amplicons in lines with Tsc1 and tsc1, respectively. The primary amplicon was scored for marker fcp732 (B). The amplicons denoted by the purple bracket were scored for marker fcp731 (A).





DISCUSSION

The Tsc1-Ptr ToxC interaction plays a significant role in tan spot development in both hexaploid and tetraploid backgrounds (Galagedara et al., 2020; Liu et al., 2020). Identification of Tsc1 would allow further characterization of the Tsc1-ToxC interaction, including the molecular mechanisms underlying the interaction. While there are extensive tan spot QTL analyses, Tsn1 is the only host sensitivity gene cloned to date (Faris et al., 2010).

The markers in this study delineate Tsc1 to 1.2 cM in the LP population and 1.4 cM in the LouPen population. Interestingly, Tsc1 cosegregated with 16 markers in the LP population that spanned 967 kb, demonstrating reduced recombination in the LP population relative to the LouPen population. Although relative recombination rates indicate that future mapping would likely be more successful in the LouPen population than the LP population, candidate gene analysis indicates that future high-resolution mapping may be unnecessary.

Candidate gene analysis revealed seven genes with domains common among resistance genes, which are often hijacked by necrotrophic pathogens to induce disease (Faris and Friesen, 2020). The first candidate gene on the distal side of the candidate gene region is an NB-ARC domain-containing gene. NB-ARC proteins are a subclass within the protein super family “signal transduction ATPases with numerous domains” (STAND; Danot et al., 2009). Often, NB-ARC domain-containing proteins have an additional domain, like an LRR domain that acts as a sensor. Although the NB-ARC candidate gene in this region does not contain an LRR domain, it is still possible that it is involved in the recognition of Ptr ToxC or the signal transduction that leads to programmed cell death.

Between the markers that cosegregated with Tsc1 and the proximal flanking marker, there were four PK-LRR domain-containing genes and two genes containing only an LRR domain predicted in the Chinese Spring v2.1 reference genome. We consider the four PK-LRR genes to be the stronger candidates. The receptor-like protein kinase family can recognize signal peptides, either directly or indirectly, dimerize, and initiate signaling pathways through phosphorylation cascades (Butenko et al., 2009). All four PK-LRR genes have transmembrane domains and therefore, are likely cell surface proteins. Genetic mutation analysis of these candidate genes is underway to determine which of the seven candidates, if any, is Tsc1.

It is promising that many of the genes identified in the candidate gene region of Chinese Spring contain domains identified in previously characterized necrotrophic susceptibility genes (reviewed by Faris and Friesen, 2020). In the wheat-Parastagonospora nodorum pathosystem, three necrotrophic susceptibility genes have been cloned. The first, Tsn1, is also the tan spot susceptibility gene that confers susceptibility to isolates producing Ptr ToxA. Tsn1 has NB, PK, and LRR domains (Faris et al., 2010). The second cloned P. nodorum susceptibility gene, Snn1, is a wall-associated kinase. The third cloned P. nodorum susceptibility gene, Snn3-D1, is a protein kinase-major sperm domain-containing gene (Zhang et al., 2021). So far, all cloned necrotrophic susceptibility genes in wheat contain a PK domain. As such, we believe that the PK-LRR genes are stronger candidates for Tsc1.

Although the Tsc1 candidates in the Chinese Spring genome are logical susceptibility genes, it is possible that an allele of Tsc1 is not present in the Chinese Spring genome. Chinese Spring is not susceptible to Ptr ToxC-induced chlorosis, and therefore does not harbor a functional Tsc1 allele. We are characterizing the 10+ wheat genomes to determine if any of the sequenced wheat varieties are susceptible to Ptr ToxC chlorosis. Combining genomic analysis of the gene content, gene alleles, and the phenotypes across the 10+ wheat genomes may allow us to further reduce the number of Tsc1 candidate genes.

Analysis of markers closely linked to Tsc1 on a set of genotypes with known sensitivity statuses revealed multiple alleles for each marker as well as multiple haplotypes, suggesting that Tsc1 lies within a region of high recombination in natural populations. For example, marker fcp731, which cosegregated with Tsc1, had four alleles within the susceptible lines and five alleles within the resistant lines. This diversity in marker alleles was likely helpful in finding polymorphic markers to use in genetic mapping, but it are less useful in MAS. As such, it is not recommended that these markers be used to select resistant genotypes in a natural population. The markers may be suitable for selection within a breeding population where the susceptibility status of the parents is known and can be associated with a particular marker allele. Rearrangements on the proximal and distal sides of Tsc1 relative to the Chinese Spring v2.1 reference genome is further evidence that the Tsc1 region is a high recombination region, resulting in highly polymorphic markers, and increasing the difficulty in finding a marker that cosegregates with Tsc1 in a natural population. These findings emphasize the need for cloning the Tsc1 gene, which will allow the development of SNP markers based on causal polymorphisms within the gene itself and can be used to select genotypes that lack Tsc1 using high-throughput genotyping platforms.
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NOMENCLATURE

LP - LMPG-6 × PI626573; LouPen - Louise × Penawawa; NE - necrotrophic effector; Ptr - Pyrenophora tritici-repentis; SNP - single nucleotide polymorphism; SSR - simple sequence repeat; DH - doubled haploids; RIL - recombinant inbred line; QTL - quantitative trait locus.
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1https://wheat.pw.usda.gov/GG3/

2https://archive.gramene.org/db/markers/ssrtool

3https://blast.ncbi.nlm.nih.gov/Blast.cgi

4https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
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Identification and Validation of a Major Quantitative Trait Locus for Adult Plant Resistance Against Leaf Rust From the Chinese Wheat Landrace Bai Qimai
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Leaf rust caused by Puccinia triticina Eriks. (Pt) is a common disease of wheat worldwide. The Chinese wheat landrace Bai Qimai (BQM) has shown high resistance to leaf rust for a prolonged period of time; the infected leaves of BQM displayed high infection types (ITs), but they showed low disease severities at the adult plant stage. To find quantitative trait loci (QTL) for resistance to leaf rust, 186 recombinant inbred lines from the cross Nugaines × BQM were phenotyped for leaf rust response in multiple field environments under natural Pt infections and genotyped using the 90K wheat single nucleotide polymorphism (SNP) chip and simple sequence repeat (SSR) markers. A total of 2,397 polymorphic markers were used for QTL mapping, and a novel major QTL (QLr.cau-6DL) was detected on chromosome 6DL from BQM. The effectiveness of QLr.cau-6DL was validated using the three additional wheat populations (RL6058 × BQM, Aikang58 × BQM, and Jimai22 × BQM). QLr.cau-6DL could significantly reduce leaf rust severities across all tested environments and different genetic backgrounds, and its resistance was more effective than that of Lr34. Moreover, QLr.cau-6DL acted synergistically with Lr34 to confer strong resistance to leaf rust. We believe that QLr.cau-6DL should have high potential value in the breeding of wheat cultivars with leaf rust resistance.

Keywords: adult plant resistance, slow rusting, leaf rust, QTL mapping, wheat landrace


INTRODUCTION

The leaf rust of wheat (Triticum aestivum L.) caused by Puccinia triticina Eriks. (Pt) is a widespread fungal disease that often leads to significant wheat yield losses (Huerta-Espino et al., 2011; Singh et al., 2016). China is the world’s largest wheat producer, and leaf rust epidemics affect approximately 15 million ha in China annually (Liu and Chen, 2012; Zhang L. et al., 2019). Breeding and planting wheat cultivars resistant to leaf rust can reduce fungicide use and is thus an economical and environmentally friendly strategy for managing this disease.

To date, 80 designated leaf rust resistance (Lr) genes and numerous quantitative trait loci (QTL) have been described (Li et al., 2014; McIntosh et al., 2017; Pinto da Silva et al., 2018; Kumar et al., 2021; Zhang et al., 2021). Leaf rust resistance is commonly categorized into two types, namely, all stage resistance (ASR) and adult plant resistance (APR). The ASR Lr genes/QTL are generally only effective against a subset of Pt races in the gene-for-gene manner (Flor, 1971), which is pathologically characterized by hypersensitive response with low infection type (IT). The race-specific resistance genes usually confer the high levels of resistance against avirulent pathotypes, but some of them have lost their effectiveness due to the continuous evolution of virulent pathotypes in commercial wheat fields, which is exemplified by Lr16 and Lr26 in China (Liu and Chen, 2012) and Lr21, Lr24, Lr37, and Lr39 in the United States (Kolmer et al., 2018).

In contrast, APR genes can be race-specific or non-race-specific. Non-race-specific APR genes reduce disease severity or condition partial resistance by limiting disease development, such as prolonging the latent period, restricting the lesion size, and reducing spore production. The pleiotropic APR genes Lr34/Yr18/Sr57 and Lr67/Yr46/Sr55 are reported to be durable and confer slow rusting resistance to all current races of multiple pathogens, even though the wheat lines carrying Lr34 or Lr67 often display susceptible ITs (Krattinger et al., 2009; Moore et al., 2015). The cloned Lr34 and Lr67 encode a predicted ATP-binding cassette transporter and a predicted hexose transporter, respectively (Krattinger et al., 2009; Moore et al., 2015), which are distinct from the race-specific resistance genes that commonly encode nucleotide-binding leucine-rich repeat domains (Dangl et al., 2013). Other well-characterized leaf rust APR genes include Lr46, Lr68, Lr74, Lr75, Lr77, and Lr78, which are located on chromosomes 1BL, 7BL, 3BS, 1BS, 3BL, and 5DL (Pinto da Silva et al., 2018 and references therein). These genes differ in effect size (i.e., the phenotypic variance explained by a single QTL) and may provide insufficient protection under severe Pt epidemics when deployed individually. Thus, effective ASR and APR genes need to be combined to ensure high-level resistance by marker-assisted selection (MAS; Lagudah, 2011), and new sources of resistance need to be identified to enhance the genetic diversity of leaf rust resistance.

Wheat landraces are the valuable sources of resistance to diseases. The winter wheat line Bai Qimai (BQM), a Chinese landrace without available pedigree information, was cultivated widely in the southern Gansu Province of China from the 1860s to 1968 (Zhang, 1995), and there are historical records of leaf rust resistance in BQM. The objectives of this study were to (1) detect QTL associated with the resistance in BQM, (2) evaluate the effect size of the detected QTL with Lr34 as a baseline, and (3) validate the effectiveness of the detected QTL across different genetic backgrounds and tested environments.



MATERIALS AND METHODS


Wheat Materials

The wheat cross Nugaines (NG) × Bai Qimai (BQM) was used to map QTL with BQM as pollen donor. NG (CItr13968) is an American wheat cultivar (Vogel and Peterson, 1974) that is susceptible to leaf rust. A recombinant inbred line (RIL) population of the cross was developed to the F6 generation using single seed descent method. From the F6 plants of each RIL, one spike was randomly sampled to grow F7 spike-row plants. One seed from the spike-row was used as the representative of F8 generation, and the remaining seeds were bulked to grow F6:8 plants. Each RIL traces back to a single F6 plant. Likewise, the representative seed and bulked seeds of the subsequent generations were developed. A total of 186 F6-derived RILs were used for phenotyping the response to leaf rust in the fields of 2015 (F8:10), 2016 (F9:11), and 2017 (F10:12). DNA from the F9 generation of each RIL was used for single nucleotide polymorphism (SNP) genotyping. The wheat line Mingxian169 (MX), which is highly susceptible to leaf rust (Du et al., 2015), was used as a susceptible check throughout the experiments.

Three additional wheat populations were utilized to validate the detected QTL, namely, 80 F2:3 families of RL6058 × BQM, 10 BC3F2:3 families of Aikang58 (AK58) × BQM, and 10 BC3F2:3 families of Jimai22 (JM22) × BQM (AK58 and JM22 as recurrent parents) (for more information, refer to Supplementary Figure 1). RL6058 is a Thatcher backcross line with Lr34 that shows APR to leaf rust (Krattinger et al., 2009). AK58 and JM22 are elite Chinese wheat commercial cultivars that are susceptible to leaf rust.



Evaluation of Bai Qimai for Leaf Rust Reaction

Under controlled greenhouse conditions, the seedlings and adult plants of BQM together with other wheat genotypes (NG, RL6058, AK58, JM22, and MX) were assessed with the Pt races THTT and FHTR, respectively, which collectively have a wide virulence spectrum (Li et al., 2010). For seedling tests, 3–5 plants of each line were grown in 9-cm-diameter pots; for adult plant tests, plants from the first leaf stage were vernalized at 4°C with a 16-h photoperiod for 30 days and subsequently transplanted to larger 23-cm diameter pots. Seedlings at the two leaf stage and adult plants at the booting stage were uniformly dust-inoculated with urediniospores of the races THTT and FHTR, respectively. Inoculated plants were incubated in a dew chamber (100% relative humidity) at 18°C overnight (18 h) and were then returned to the greenhouse at 20 ± 2°C with 16 h of light (22,000 lx) daily. Briefly, 12 to 15 days after inoculation, IT was recorded using a standard 0–4 scale (Long and Kolmer, 1989). Leaf rust severity was measured as the percentage of leaf area infected and was only scored for adult plants using the modified Cobb scale (Peterson et al., 1948). To confirm phenotypes, the tests were repeated three times.

In the field nursery in Wushan County, Gansu Province, China, the leaf rust response of BQM was tested under natural Pt infections from 1987 to 2020. BQM was planted in three blocks with MX as the susceptible check, and an individual plot consisted of a 1-m long row. Leaf rust severity was scored on five flag leaves from each plot, and the mean value was calculated by averaging leaf rust severity scores over three replicates within each year.



Field Phenotyping of the Mapping Population

The 186 NG × BQM RILs and their parents were phenotyped under natural Pt infections in three autumn-sown wheat crop seasons (2014–2015, 2015–2016, and 2016–2017; abbreviated as 2015, 2016, and 2017, respectively) and two locations, i.e., Southern Gansu Province (Wushan county; 34°42′15″N, 104°40’08″E; elevation of 1950 m; annual precipitation 538.4 mm) and Shandong Province (Tai’an district; 36°18′09″N, 117°13′05″E; 90 m; 750.4 mm). The autumn-sown wheat crop season lasts from mid-September to late July in Gansu and from early October to June in Shandong. The plant materials were arranged in a randomized complete block design with three replications per location. Each entry was planted as a single row plot of 1 m long with 25 cm between rows, and approximately 40 seeds of RILs were sown in each plot. The parental lines and susceptible check were included after every 60 RIL rows. Two rows of MX were planted around each field block as spreaders to mediate the uniformity of the leaf rust epidemics throughout the trials. The tested plants were covered with plastic films during winter months to help the plants overwinter. The RILs and parents were evaluated for leaf rust severity and response on five leaves collected from different parts of a row. Recording was done three times when the flag leaves of NG and MX showed disease severities of 10–30%, 50–60%, and 80–90%, respectively, within the period corresponding to wheat growth stages from 55 to 77 in the scale of Zadoks et al. (1974). The area under the disease progress curve (AUDPC) was calculated based on three times recordings for each plot entry according to Wang et al. (2019). QTL analysis was based on the mean AUDPC calculated by averaging the three replicates within an individual environment.



Phenotyping of the Validating Population

To examine QTL effect and MAS effectiveness, the selected F2:3 and BC3F2:3 families from the three additional wheat populations were assessed for leaf rust severities under greenhouse conditions in 2018. Each population was tested in a separate trial, and each trial had three replicates arranged in a randomized complete block design. For RL6058 × BQM, there were four plots per replicate, and each plot was sown with 20 F2:3 families (10 plants within each F2:3 family) from one of the four groups (i.e., QLr.cau-6DL + Lr34, QLr.cau-6DL, Lr34, and None). For AK58 × BQM or JM22 × BQM, an individual replicate had two plots sown with the R-group and S-group, and each group contained 5 BC3F2:3 families (10 plants within each BC3F2:3 family). Sowing was conducted in early October of the previous year. From late November to early February, greenhouse heating was turned off, and the seedlings were conditioned with temperatures of −3°C (the lowest, night) to 7°C (the highest, day) to ensure vernalization. Afterward, the greenhouse was maintained at 18°C (the lowest, night) to 25°C (the highest, day) daily with a 16-h light/8-h dark photoperiod. In early March, the plants were spray-inoculated with a mixed urediniospores of Pt races (THTT:FHTR = 1:1) suspended in water containing 0.03% Tween 20 (approximately 80,000 urediniospores/ml). Inoculated plants were covered with plastic films and incubated overnight (18 h) at 18 ± 1°C. The films were then removed and the greenhouse was operated at 18 to 25°C daily with the 16-h light/8-h dark photoperiod. The plants were frequently misted after sunset to facilitate re-infection. The disease severity was measured when the MX flag leaves showed the severities of 80–90%. For each F2:3 or BC3F2:3 family, the mean value was calculated by averaging the 10 plants within each family. The leaf rust severities of 80 RL6058 × BQM F2:3 families were evaluated under natural Pt infections in the field nursery in the Southern Gansu Province in 2018. The disease severity assessment and AUDPC calculation were performed in the same ways described above in the field trials.



Statistical Analysis

All analyses were performed in SAS version 9.4 (SAS Institute Inc., Cary, NC, United States). Analysis of variance (ANOVA) was conducted based on AUDPC values across six field trials for NG × BQM. A linear model was fitted using PROC GLM: Pijk = μ + Gi + Ej + Ej(Rk) + Gi × Ej + eijk, where Pijk is the phenotypic value, μ is the population mean, Gi is the effect of the ith genotype (RIL), Ej is the effect of the jth environment, Ej(Rk) is the effect of the kth replicate within the jth environment, Gi × Ej is the ijth effect of the genotype-by-environment interaction, and eijk is the residual. Broad-sense heritability (H2) was estimated using PROC VARCOMP (method = REML): H2 = σ2G/(σ2G + σ2error/r), where σ2G denotes the genotypic (RIL) variance, σ2error is the error variance, and r is the number of replicates (Holland et al., 2003). Correlation coefficients between different trials were estimated applying PROC CORR (Pearson’s). For RL6058 × BQM, AK58 × BQM and JM22 × BQM, the mean value averaged the plants within each group was considered as one experimental unit. ANOVA was performed using PROC GLM by fitting the model Pik = μ + Gi + Rk + eik. The comparison of phenotypic values between groups were performed according to Fisher’s least significant difference test at α = 0.0001.



Genotyping, Map Construction, and Quantitative Trait Loci Analysis

Conventional bulked segregant analysis (BSA) was used to screen for markers linked to the resistant QTL. Because of the contrasting leaf rust resistance phenotypes in the 186 NG × BQM RILs, two DNA bulks containing 20 extremely resistant or susceptible RILs were screened using more than 2,300 simple sequence repeat (SSR) markers spanning 21 wheat chromosomes to identify those for which the two bulks were polymorphic. The detected polymorphic markers were used to genotype the above selected 40 RILs, and the genotypes and phenotypes were then used to perform marker–trait association analysis using the single marker analysis method in Windows QTL Cartographer 2.5 (Wang et al., 2010).

For genome-wide linkage mapping, the 186 NG × BQM RILs and their parents were genotyped using the 90K wheat SNP chip (Wang et al., 2014) by CapitalBio Technology (Beijing, China).1 SNP calling and clustering were performed with GenomeStudio V1.9.4 software (Illumina).2 Redundant markers that showed complete linkage and markers missing more than 10% or with significant (p < 0.01) segregation distortion were removed using the BIN function in QTL ICIMapping V4.3 (Li et al., 2007).3 Genetic maps were constructed using the software Joinmap 4.0 (Stam, 1993)4 and the MSTmap program (Wu et al., 2008)5 with the Kosambi function. Each linkage group was assigned to a specific chromosome by referring to the 90K SNP consensus map (Wang et al., 2014).

Quantitative trait loci analysis was performed using the Composite Interval Mapping method in Windows QTL Cartographer 2.5 (Wang et al., 2010). The threshold logarithm of odds (LOD) score was calculated by running the permutation program with 3,000 replications at a type I error rate of α = 0.05; for simplicity, the highest threshold LOD (2.9) value was used as a uniform threshold for all tested environments. Only QTL that exceeded the threshold LOD value in at least two environments were described here. The determination coefficient [i.e., phenotypic variation explained (PVE)] was used to measure the effect size of QTL.

To obtain the physical positions of QTL, the SNP and SSR marker probes were aligned with the International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v2.1 using IWGSC BLAST. For previously reported QTL, the closest flanking markers were used to generate confidence intervals (Maccaferri et al., 2015).




RESULTS


Characterization of the Bai Qimai Resistance

In the greenhouse tests, BQM showed susceptibility with ITs 3 + to the Pt races THTT and FHTR at both the seedling and adult plant stages; however, disease severities were low (<20%) at the adult plant stage. For comparison, the susceptible parent NG and check MX consistently showed high susceptibility (ITs 4, severities >80%) to both races at the same growth stages (Figure 1 and Table 1). In the field, we observed BQM plants infected with naturally occurring Pt populations with MX as control from 1987 to 2020, showing that the flag leaves of BQM displayed leaf rust severities ranging from 10 to 25%, and MX showed severities of 85–100% (Supplementary Table 1). These results indicated that BQM confers slow rusting resistance to leaf rust at the adult plant stage.
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FIGURE 1. Typical symptoms of the parental and control wheat lines infected by Puccinia triticina race THTT under greenhouse conditions. (A–F) Denote Bai Qimai (BQM), Nugaines (NG), RL6058, Aikang58 (AK58), Jimai22 (JM22), and Mingxian169 (MX) at the adult plant stage, respectively.



TABLE 1. Infection type (IT)a and disease severity (%)b of the parental wheat lines and check under greenhouse conditions and in the fields.
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Leaf Rust Phenotypes of the Recombinant Inbred Line Population

The NG × BQM RIL population and their parental lines were phenotyped under natural Pt infections in the six field environments. IT values for the 186 RILs varied little (IT 3–4 on all RILs except for six with IT 2–3); therefore, only severity values were analyzed. The disease severity of NG and MX was greater than 80% (Table 2), indicating that the disease pressure was sufficiently high for evaluating resistance. To improve the power of QTL detection, the severity values were measured in AUDPC (Supplementary Table 2). The AUDPC distributions among the 186 RILs in all six environments were continuous, and their patterns were similar (Figure 2), indicating that leaf rust resistance was quantitatively inherited. ANOVA showed that genetic and environmental effects and their interaction were significant (p < 0.0001) (Table 3); H2 was estimated to be 0.96, suggesting the presence of a major QTL. The correlation coefficients ranged from 0.75 to 0.90 and were significant (p < 0.0001) (Table 4), indicating a high similarity in the rank order of leaf rust resistance of RILs across the six field trials.


TABLE 2. Leaf rust severities of the parental wheat lines Bai Qimai (BQM) and Nugaines (NG), the check Mingxian169 (MX), and the recombinant inbred line (RIL) population of NG × BQM in field trials under natural infections of Puccinia triticina during 2015–2017 in Gansu (2015GS, 2016GS, and 2017GS) and Shandong (2015SD, 2016SD, and 2017SD).

[image: Table 2]

[image: image]

FIGURE 2. Frequency distribution of leaf rust severities (measured in AUDPC) for the 186 recombinant inbred lines from NG × BQM in field trials under natural infections of Puccinia triticina during 2015–2017 in Gansu (2015GS, 2016GS, and 2017GS) and Shandong (2015SD, 2016SD, and 2017SD).



TABLE 3. Analysis of variance (ANOVA) of leaf rust severities (AUDPC) for the 186 recombinant inbred lines (RILs) of NG × BQM in different field environments.
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TABLE 4. Correlation coefficients for leaf rust severities (AUDPC) of the 186 RILs of NG × BQM among the six field tests during 2015–2017 in Gansu (2015GS, 2016GS, and 2017GS) and Shandong (2015SD, 2016SD, and 2017SD).
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Map Construction and Quantitative Trait Loci Detection

A total of 2,344 SSR markers on 21 wheat chromosomes were screened using the two DNA bulks and parents, of which 78 SSR markers were identified to be polymorphic and were used to genotype the 40 RILs of the contrasting bulks. Marker–trait association analysis based on the genotypic and phenotypic data revealed that cfd188 was the most significant (p < 0.0001) marker, and it was consistently associated with leaf rust resistance across all trials. According to the consensus SSR map of Somers et al. (2004) and the deletion bin physical map of Sourdille et al. (2004), cfd188 is located on the long arm of chromosome 6D, suggesting that the resistance QTL was located in this region.

After the 90K SNP assays, 8,047 SNP markers were polymorphic with known chromosome locations for the 186 NG × BQM RILs and their parents. The remaining markers were excluded from subsequent analyses due to monomorphy, high frequencies of missing data (≥10%), or distorted marker segregation (α = 0.01). Following QTL location to chromosomes 6D, SSR markers on the target chromosomes were screened for polymorphism between the parents, and the polymorphic markers were used to genotype the 186 RILs. After removing redundant markers, the final 2,374 SNP markers and 23 SSR markers were used to construct the genetic bin map, which covered 3,248.9 cM with an average interval of approximately 1.4 cM between adjacent markers (Supplementary Table 3). These markers were assigned to 22 linkage groups corresponding to the 21 chromosomes, with 2D represented by two linkage groups and other chromosomes each represented by one (Supplementary Table 3).

In total, 186 RILs were scanned genome-wide with the 2,397 markers to detect the chromosome regions associated with the AUDPC values for each of the six field experiments. A major QTL was detected on chromosome 6DL and designated as QLr.cau-6DL (Figure 3). The LOD peaks of QLr.cau-6DL were located between the marker cfd188 and IWB55857 within a 0.9-cM interval. The alignment of sequences of the flanking markers with IWGSC RefSeq v2.1 (International Wheat Genome Sequencing Consortium [IWGSC], 2018) indicated that QLr.cau-6DL was located in the chromosome 6D genome interval 259.41–313.75 Mb. LOD peak values, which ranged from 28.9 to 44.8, were significantly larger than the LOD threshold (2.9) in the six field experiments. The parent BQM contributed to the APR resistance at QLr.cau-6DL, which explained from 34 to 64% of the phenotypic variance (Table 5).
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FIGURE 3. The logarithm of odds (LOD) curves of QLr.cau-6DL detected on chromosome 6D of NG × BQ using leaf rust severities (AUDPC) in field trials under natural infections of Puccinia triticina during 2015–2017 in Gansu (2015GS, 2016GS, and 2017GS) and Shandong (2015SD, 2016SD, and 2017SD). The horizontal line indicates the threshold LOD at 2.9. The gray box indicates the position of the centromere inferred by aligning marker sequences to the chromosome survey sequence.



TABLE 5. Quantitative trait loci (QTL) associated with adult plant resistance to leaf rust detected on the basis of disease severities (AUDPC) in the NG × BQM population tested under natural infections of Puccinia triticina during 2015–2017 in Gansu (2015GS, 2016GS, and 2017GS) and Shandong (2015SD, 2016SD, and 2017SD).
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Two additional QTL were detected on the chromosomes 5BL and 5DL on the basis of the 96 RILs, which were selected from the 186 NG × BQM RILs based on negative states for the marker cfd188 (i.e., with susceptible alleles at QLr.cau-6DL). These two QTL were designated as QLr.cau-5BL and QLr.cau-5DL, and resistant alleles were derived from BQM at QLr.cau-5BL and NG at QLr.cau-5DL. They showed limited effect sizes (PVE = 9–13%) and were effective in only two of the six field experiments (Table 5). Thus, only the major QTL QLr.cau-6DL was further examined in this paper.



Effect of QLr.cau-6DL on Leaf Rust Resistance

The QLr.cau-6DL effect was validated using the three additional wheat crosses: RL6058 × BQM, AK58 × BQM, and JM22 × BQM (Supplementary Figure 1). RL6058 has leaf rust resistance gene Lr34. The marker adjacent to QLr.cau-6DL, cfd188, and the Lr34-specific marker cssfr5 were used to select four groups of QTL combination from the RL6058 × BQM cross. The F2 seedlings of Group 1 were positive for both cfd188 and cssfr5 (representing QLr.cau-6DL + Lr34), the F2 seedlings of Group 2 were positive for cfd188 and negative for cssfr5 (QLr.cau-6DL), the F2 seedlings of Group 3 were negative for cfd188 and positive for cssfr5 (Lr34), and the F2 seedlings of Group 4 were negative for both cfd188 and cssfr5 (None). For each group, 20 F2 seedlings were sampled and advanced to F2:3 families, and the F2:3 families were evaluated for leaf rust severities at the adult plant stage. Each group plants displayed different levels of leaf rust resistance (Supplementary Table 4), indicating that selection for QLr.cau-6DL based on cfd188 was as effective as selection for Lr34 based on cssfr5. QLr.cau-6DL and Lr34 could reduce final leaf rust severity by 51.2% and 36.9% on average, respectively, and their effectiveness was visually identical to the resistant parents (Figure 4). The QLr.cau-6DL + Lr34 combination reduced the final leaf rust severity by 64.8% cumulatively. Significant differences (p < 0.0001) were observed among these groups (Table 6). Disease severities or AUDPC values were the lowest for Group 1, followed by Group 2, Group 3, and Group 4 (Figure 5). These results suggested that the plants with both QLr.cau-6DL and Lr34 had the highest resistance level, and that the plants containing QLr.cau-6DL had a higher level of resistance than those containing Lr34.
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FIGURE 4. Final disease severities on the RL6058 × BQM F2:3 family groups containing different quantitative trait loci (QTL) combinations. Group 1 plants were positive for both cfd188 and cssfr5 (+ , +), Group 2 plants were positive for cfd188 and negative for cssfr5 (+ , -), Group 3 plants were negative for cfd188 and positive for cssfr5 (-, +), and Group 4 plants were negative for both cfd188 and cssfr5 (-, -). Tests were conducted under greenhouse conditions and in the field of Southern Gansu Province in 2018.



TABLE 6. Analysis of variance of leaf rust severities for the selected F2:3 family groups from RL6058 × BQM under greenhouse conditions and in the Gansu field in 2018, and the selected BC3F2:3 family groups from AK58 × BQM and JM22 × BQM under greenhouse conditions in 2018.
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FIGURE 5. Boxplots showing the effects of the F2:3 family groups on leaf rust severities (or AUDPC) in the RL6058 × BQM cross. Refer to the caption of panel Figure 4 for the F2:3 family grouping. Tests were conducted in 2018 under greenhouse conditions (A) and in the field of Souther Gansu Province (B). **** indicates significant difference at p < 0.0001 based on Fisher’s least significant difference test. Within each box, the small diamond and the horizontal line indicate the mean and median area under the disease progress curve (AUDPC), respectively. The top and bottom edges of a box illustrate the 75th and 25th percentiles, respectively. Whiskers (vertical lines outside a box) extend to the extreme data points, and small circles denote outliers.


From the AK58 × BQM cross, two BC3F2:3 family groups were selected for QLr.cau-6DL based on cfd188, i.e., one group with positive states for cfd188 (R-group) and the other group with negative states for cfd188 (S-group). Disease severities were significantly (p < 0.0001) lower for R-group BC3F2:3 plants than S-group plants (Table 6, Figure 6A and Supplementary Table 5). There was a significant difference (p < 0.0001) between these two groups in the JM22 × BQM cross (Table 6, Figure 6B and Supplementary Table 5). Thus, QLr.cau-6DL was well effective in the populations AK58 × BQM and JM22 × BQM.
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FIGURE 6. Boxplots showing the effect of QLr.cau-6DL on leaf rust severities in the BC3F2:3 family groups from Aikang58 (AK58) × BQM (A) and Jimai22 (JM22) × BQM (B). R-group plants were positive for cfd188 (+), and S-group plants were negative for cfd188 (-). Tests were conducted under greenhouse conditions in 2018. **** indicates significant difference at p < 0.0001 based on Fisher’s least significant difference test. Refer to the caption of panel Figure 5 for descriptions of box.





DISCUSSION

The Chinese wheat landrace BQM consistently showed high resistance to naturally occurring Pt populations with severity of 10–25% at the adult plant stage in the Southern Gansu Province from 1987 to 2020. In contrast, the susceptible check MX always showed high susceptibility (severity 85–100%) in the same nursery (Supplementary Table 1). In this study, a major QTL QLr.cau-6DL was mapped to chromosome 6DL, with the resistant allele contributed by BQM. One Lr gene (Lr38) and 15 QTL have been previously reported to be located on chromosome 6D. The Lr38 gene confers hypersensitive resistance to leaf rust and was introgressed into T. aestivum from Agropyron intermedium (Mebrate et al., 2008), indicating that Lr38 is genetically different from QLr.cau-6DL. The 15 QTL are diverse with respect to the resistance component, effectiveness magnitude, and effect consistency.

Five QTL (QLr.cimmyt-6DS, QLr.B22-6D, QLrs.B22-6D, QLr.hebau-6DS, and QLr.cdl-6D; Supplementary Table 6) were mapped using biparental populations, and the other ten were detected using wheat panels for association mapping (AM) or genome-wide association study (GWAS). QLr.cimmyt-6DS is located on chromosome 6DS and reduces disease severity with a PVE value of 9.0% from Indian spring wheat (Sukhwinder-Singh et al., 2012). QLr.B22-6D and QLrs.B22-6D originate from the synthetic wheat accession Syn022L. The former shows field resistance to leaf rust and functions in only some environments, and the latter is expressed at the seedling stage and results in a 21% reduction in disease severity (Naz et al., 2008). QLr.hebau-6DS from Thatcher is detected in only one of the three environments with a PVE of 6.3% (Zhang P. et al., 2019). QLr.cdl-6D from the Uruguayan cultivar Americano-44 has PVE values up to 23% in field tests but is ineffective for conferring resistance in greenhouse tests (Kolmer et al., 2018). The ten AM or GWAS QTL (QLr.IWA2476, QLr.wPt-1695, QLr.IWB33802, QLr.IWB18070, QLr.IWB9015, QLr.IWB505, QLr.IWB10505, QLr.IWA619, QLr.IWA7616, and QLr.IWA6181; Supplementary Table 6) were mapped using diverse wheat panels involving spring wheat varieties and winter-habit hexaploid wheat landraces. QLr.IWA2476 conditions field resistance only at the adult plant stage (Turner et al., 2017). QLr.wPt-1695 is associated with low leaf rust responses in one of three crop seasons (Bansal et al., 2013). QLr.IWB33802, QLr.IWB18070, QLr.IWB9015, QLr.IWB505, and QLr.IWB10505 induce field resistance with PVE values ranging from 18 to 48% (Leonova et al., 2020). QLr.IWA619 and QLr.IWA7616 confer resistance to Pt races TBDJ and TDBJ, respectively, at the seedling stage (Kertho et al., 2015). QLr.IWA6181 is associated with low disease severity and host response at the adult plant stage (Kankwatsa et al., 2017).

We inferred the physical positions of the 15 QTL by aligning their resistance-associated marker sequences with the IWGSC RefSeq v2.1 (International Wheat Genome Sequencing Consortium [IWGSC], 2018). All these QTL (except QLr.cdl-6D and QLr.IWB33802) were separated from QLr.cau-6DL by at least 50 Mb (Supplementary Table 6). QLr.cdl-6D reduced the leaf rust severity in field plot tests, but it was shown to be ineffective in greenhouse tests. Moreover, QLr.cdl-6D originated from the Uruguayan cultivar Americano-44 (PI-191937)6 (Kolmer et al., 2018). Leonova et al. (2020) found QLr.IWB33802 from the 100 Russian varieties of spring wheat through genome-wide association mapping, while they did not specify the accession that harbors the resistance allele at QLr.IWB33802. Whereas, QLr.cau-6DL originates from the Chinese winter wheat landrace BQM without any exotic germplasm and consistently confers high resistance in the field and greenhouse tests. Thus, QLr.cau-6DL in BQM appears to be different from those QTL. Although further study will be required to determine the relationships between these loci, QLr.cau-6DL likely represents a novel QTL for reducing leaf rust severity.

RL6058 carries Lr34 and the RL6058 × BQM population was segregating for QLr.cau-6DL and Lr34, which provided an opportunity for the comparison and combination between these two QTL. Lr34 is known to be a major QTL for leaf rust resistance that is more effective than most QTL (Krattinger et al., 2009; Lagudah, 2011); it thus provides a baseline for evaluating the effect size of QLr.cau-6DL. Selection for QLr.cau-6DL based on cfd188 was as effective as selection for Lr34 based on cssfr5. The MAS divided the RL6058 × BQM F2 seedlings into different groups (Figures 4, 5). The comparison in disease severity between groups indicates that QLr.cau-6DL could reduce leaf rust severity to a greater degree than Lr34 and that it acted synergistically with Lr34 to confer strong leaf rust resistance. An individual QTL generally provides insufficient protection under severe Pt epidemics; thus, pyramiding QTL has been considered as a strategy to enhance resistance. Herrera-Foessel et al. (2012) described an example where the combined effect of three slow rusting genes Lr34, Lr46, and Lr68 resulted in near immunity, even though these genes pleiotropically induced leaf tip necrosis. BQM, the donor of QLr.cau-6DL, showed no leaf tip necrosis. Hence, QLr.cau-6DL may have some defense mechanism different from that of Lr34, Lr46, and Lr68. The combination of QLr.cau-6DL and Lr34 should enhance the genetic diversity of leaf rust resistance.

The QLr.cau-6DL was consistently effective across all the trials involving four wheat crosses (NG × BQM, RL6058 × BQM, AK58 × BQM, and JM22 × BQM), three test locations (fields in Gansu and Shandong Provinces, and greenhouse conditions), and four crop seasons. The genetic backgrounds of the parental lines of the mapping and validating populations are diverse. NG is an American winter wheat cultivar, and RL6058 is a spring wheat from North America. AK58 and JM22 are the Chinese wheat commercial cultivars. The experiments were conducted in diverse environments (location × season). For instance, the experimental fields in Gansu (34°42′15″N, 104°40′08″E) and Shandong (36°18′09″N, 117°13′05″E) Provinces are geographically separated by a distance of more than 1,100 km and differ in elevation (1,950 vs. 90 m), annual average temperature (7.8 vs. 12.9°C), and annual precipitation (538.4 vs. 750.4 mm). QLr.cau-6DL showed consistent effects across the diverse genetic backgrounds and environments, indicating that it might have high value for breeding programs.

The APR in BQM, which is predominately conferred by QLr.cau-6DL, might be effective against many Pt races besides the artificially inoculated races THTT and FHTR, which were collectively virulent to the 31 designated Lr genes/alleles (Lr1, Lr2a, Lr2b, Lr2c, Lr3, Lr3bg, Lr3ka, Lr10, Lr11, Lr14a, Lr14b, Lr15, Lr16, Lr17a, Lr18, Lr20, Lr21, Lr23, Lr25, Lr26, Lr28, Lr29, Lr30, Lr32, Lr33, Lr36, Lr39, Lr42, Lr45, Lr50, and LrB) (Li et al., 2010). BQM showed APR under natural Pt infections from 1987 to 2020 in the field nursery in the southern Gansu Province, which features an environment conducive to the spread of leaf rust. During this period, Pt population were considerably diverse in terms of virulence variants. For example, seven Pt races were identified from only 30 samples collected from Gansu plots in 2014 (Du et al., 2015), and eleven Pt races were identified from 40 samples from Shandong plots in 2018 (Zhang et al., 2021), which is much fewer than the actual number of naturally occurring races due to the limited number of samples analyzed. Comprehensive surveys of Pt races have been performed over the wheat-growing areas of China by other researchers. Liu and Chen (2012) detected 79 races from 613 single-uredinial isolates collected between 2000 and 2006 from the 16 provinces, such as Gansu and Shandong. Ma et al. (2020) reported that Pt populations from the 5 provinces including Gansu exhibited high genetic diversity from 2013 to 2015 and accounted for 87.45% of the total observed genetic variation. BQM might have been subjected to infections by diverse Pt races and its APR was effective to these races. From 1987 to 2020, the disease severities of BQM were always lower than 25%, whereas the susceptible check MX had a severity of approximately 93% in the same field nursery.

For practical breeding, we introduced QLr.cau-6DL into AK58 and JM22 via backcrossing procedures (Supplementary Figure 1). AK58 and JM22 are elite Chinese wheat commercial cultivars with high yield and wide adaptability (Chen et al., 2016; Zhang et al., 2016), and they are widely used as parental lines in wheat breeding programs. The introgression of QLr.cau-6DL into AK58 and JM22 established a bridge for QLr.cau-6DL to be further transferred into new cultivars. Further work is underway to genotype other Chinese landraces or modern cultivars with the marker cfd188 for determining the frequency of QLr.cau-6DL and to fine-map QLr.cau-6DL.



CONCLUSION

The results of our study indicate that the Chinese wheat landrace BQM confers APR to leaf rust for 34 years and reduces disease severity without triggering a hypersensitive response. Using a high-density genetic map and multiple field tests for QTL mapping, we identified a major QTL (QLr.cau-6DL) on chromosome 6DL from BQM. QLr.cau-6DL is likely a novel QTL with an effect size comparable to Lr34; it consistently reduced the leaf rust severity across different genetic backgrounds and diverse environments and was effective against various Pt races. The combination of QLr.cau-6DL with Lr34, based on the selection of markers cfd188 and csffr5, yielded a high level of resistance. The resistant germplasm and detected QTL could be potentially helpful to increase the genetic diversity of slow leaf-rusting resistance in wheat cultivars in breeding programs.
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The wheat multi-pest resistance genes Lr67 and Lr34 are similar in that they both condition resistance to many diseases, in a non-race-specific manner, and code for cellular transporters. Lr34 plays a critical role in breeding wheat for disease resistance in large part because it interacts with other resistance genes to result in effective and durable resistance. To determine if Lr67 interacts with other resistance genes in a similar manner as Lr34 six different doubled haploid populations were developed which segregated for either Lr67 or Lr34 along with a second resistance gene, either Lr13, Lr16, or Lr32. The presence or absence of each of these genes in the progeny lines was determined by molecular marker analysis. These six populations were tested for leaf rust field resistance in the same environments to compare the effects of Lr34 and Lr67 alone, and in combination with Lr13, Lr16 or Lr32. Lr67 and Lr34 significantly reduced the levels of rust severity, Lr34 showed a significant interaction with Lr13 but Lr67 did not. Both genes interacted with Lr16, and Lr67 had a significant interaction with Lr32. This analysis demonstrates the similar effect of Lr67, as seen with Lr34, on the interaction with other resistance genes to give a better level of resistance than with single resistance genes. While Lr67 is not widely deployed in agriculture, it could play an important role in disease resistance in future wheat cultivars.
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INTRODUCTION

Wheat leaf rust is a very common and destructive disease of wheat internationally (Huerta-Espino et al., 2011) and in Canada (McCallum et al., 2016). Genetic resistance has proven effective in controlling this disease, however the Puccinia triticina Eriks. pathogen population has evolved virulence for most of the race-specific resistance genes widely deployed in wheat cultivars (McCallum et al., 2016). The race non-specific resistance gene Lr34 has been used widely over many years in wheat cultivars and has remained effective. Canadian wheat cultivars commonly carry Lr34 (McCallum et al., 2011) and it is frequently present in other wheat cultivars throughout the world. It also confers resistance to other diseases including stripe rust (Yr18, Singh, 1992), stem rust (Sr57, Dyck et al., 1985; Hiebert et al., 2010), powdery mildew (Pm38, Spielmeyer et al., 2005), and virus diseases (Bdv1, Singh, 1993).

One important feature of Lr34 is that it interacts with other leaf rust resistance genes to give better levels of resistance. Ezzahiri and Roelfs (1989) determined that the durable and effective adult plant resistance in Era wheat was controlled by the interaction of Lr13 and Lr34. These authors crossed plants of Era with the susceptible cultivar Baart, and they tested 473 and 367 F3 derived lines in the F4 generation in Minnesota USA and Morocco, respectively. They found that Lr34 significantly enhanced the level of resistance conditioned by Lr13 but the effect of Lr34 on its own was not detected.

German and Kolmer (1992) crossed the Thatcher-Lr34 near-isogenic line (NIL) with other Thatcher NILs containing different resistance genes. From F2 families ten to 16 plants with the lowest infection type when inoculated with P. triticina race 1 were selected and grown to maturity. Seed from these selected F2 plants was then grown in a rust nursery and the five or six most resistant F3 lines, homozygous for Lr34 were selected and harvested. Two homozygous F4 lines per cross were tested as seedlings in the greenhouse and three to four plants of one F4 line were tested as adults in greenhouse tests. Selected lines with Lr34 and a second leaf rust resistance gene were also field tested over two years. These authors found that Lr34 enhanced resistance, both at the seedling and adult plant stages, in combination with many effective resistance genes, and this also resulted in lower adult plant infection types and leaf rust severity levels in the field. However, combinations involving Lr34 with less effective or ineffective genes had the same level of resistance as Thatcher-Lr34.

Kloppers and Pretorius (1997) investigated two gene combinations of Lr13, Lr34, and Lr37. For glasshouse studies, they used a single F4 line from crosses between the pairs of Thatcher isolines that contained each of these resistance genes. These same F4 lines and six to eight sister lines from the same crosses were compared in field trials. They found that the two gene lines generally had better resistance as measured by latent period, field resistance, and the microscopic development of fungal structures. Interestingly, they also noted significant variation between sister lines for the Lr34 + Lr13 gene combination in which partial resistance was found in field trials. No variation was found among the sister lines from the gene combinations involving Lr37 since the level of resistance was nearly complete.

The wheat leaf rust resistance gene Lr67 is also race non-specific, is only effective at the adult plant stage, and confers multi-pest resistance to stripe rust (Hiebert et al., 2010; Herrera-Foessel et al., 2011) along with stem rust and powdery mildew like Lr34 (Herrera-Foessel et al., 2014). Both Lr34 and Lr67 have been cloned and code for different types of cellular transporters (Krattinger et al., 2009; Moore et al., 2015). Mutations in either gene resulted in mutants that were susceptible to leaf, stem, and stripe rust (Spielmeyer et al., 2013). With combinations of most leaf rust resistance genes, the severity of disease observed is similar to the most effective of the genes involved. However, Lr34 interacts with other leaf rust resistance genes, and combinations of genes involving Lr34 are more resistant than any of the genes involved.

Some of the most common leaf rust resistance genes in Canadian wheat are Lr2a, Lr10, Lr13, Lr14a, Lr16, Lr21, and Lr34 (McCallum et al., 2016). In this study, we choose to determine the interactions between both Lr67 and Lr34 with each of the genes; Lr13, Lr16, and Lr32. They represent a range of effectiveness from mostly ineffective (Lr13) to highly effective (Lr32). Both Lr13 and Lr16 are in many Canadian wheat cultivars, such as Carberry (Bokore et al., 2022), because popular wheat cultivars grown in the recent past like AC Barrie and AC Domain have either or both genes and donated these genes to the current generation of wheat cultivars. Lr13 is relatively ineffective against the Canadian population of P. triticina, as nearly all isolates are virulent to Lr13 (McCallum et al., 2021). However, it may still have an effect on reducing leaf rust severity in combination with other genes, such as Lr34 and Lr67. Complete virulence to Lr16 is rare in Canada (McCallum et al., 2021) but nearly all isolates have an intermediate level of virulence and combinations of Lr16 with genes, such as Lr34 and Lr46, are fairly effective at reducing leaf rust severity (Bokore et al., 2022). In contrast, Lr32 is a very effective leaf rust resistance gene in Canada with no virulence detected to date (McCallum et al., 2021); however, it has not yet been deployed in any Canadian wheat cultivars. The Thatcher near-isogenic lines containing Lr13 (RL4031), Lr16 (RL6005), Lr32 (RL6086), Lr34 (RL6058), and Lr13 + Lr34 (RL6114) had annual rust severity averages in inoculated nurseries in Manitoba Canada over the years 2003–2021 of 76.6, 65.6, 30.8, 23.2, and 10.3%, respectively, compare with Thatcher at 81.9% (B. McCallum unpublished).

Given the many similarities between Lr67 and Lr34, the objective of this study was to determine if Lr67 also interacts with other resistance genes. To test this we developed six doubled haploid populations from the crosses with either single gene lines with Lr34 or Lr67 and each of the near-isogenic lines with either Lr13, Lr16, or Lr32. Each progeny line was genotyped with molecular markers to determine if the line had the resistant or susceptible allele of each gene involved in the population, except for Lr13 which was determined by rust testing at the adult plant stage. Progeny from these crosses were field tested over four years to determine the resistance level of lines in each phenotypic class; susceptible, those having the resistant allele for either Lr34 or Lr67 alone, those only having the resistant allele of the second resistance gene (Lr13, Lr16 or Lr32), and those with both genes.



MATERIALS AND METHODS


Populations

Doubled haploid (DH) populations were developed from the crosses between Thatcher near-isogenic lines with Lr34 (RL6058), Lr67 (RL6077), Lr13 (RL4031), Lr16 (RL6005), and a Katepwa backcross line with Lr32 (BW196R). The progeny populations consisted of 78 lines (Thatcher-Lr13/Thatcher-Lr34), 74 lines (Thatcher-Lr13/Thatcher-Lr67), 58 lines (Thatcher-Lr16/Thatcher-Lr34), 85 lines (Thatcher-Lr16/Thatcher-Lr67), 114 lines (Thatcher-Lr34/BW196R), and 113 lines (Thatcher-Lr67/BW196R). DH populations were generated using the maize pollination described by Thomas et al. (1997) except a single dicamba (100 ppm) treatment was used by placing a large drop with a syringe between the primary and secondary florets (all other florets were removed from each spikelet prior to emasculation) the day after pollination.



Marker Analysis

To classify the progeny for the presence or absence of the genes targeted in each population, DNA markers were used to classify Lr34, Lr32, Lr16, and Lr32. The Lr34 locus was genotyped using a PCR marker, caIND11, that targets an indel in the Lr34 gene sequence (Dakouri et al., 2010). Both Lr67 and Lr16 were classified based on closely linked SNP markers, csSNP856 (Forrest et al., 2014) and kwm742 (Kassa et al., 2017) respectively. SSR markers wmc43 and barc135 were used to detect the presence of Lr32 (Thomas et al., 2010). PCR products for caIND11 and SSR markers for Lr32 were resolved using an ABI 3100 genetic analyzer (Applied Biosystems) as described by Somers et al. (2004). To genotype the SNP markers for Lr67 and Lr16, KASP assays were performed as described by Kassa et al. (2016).

Given that current markers for Lr13 are not tightly linked, Lr13 was classified based on indoor leaf rust assays. For both populations that segregated for Lr13, two plants per line were grown to the adult plant stage in the greenhouse then inoculated with the Lr13 avirulent P. triticina isolate 1–1 BBBD. While these populations also segregated for Lr34 or Lr67, the presence of Lr13 resulted in a clear and highly resistant reaction phenotype (‘;1-‘infection type as described by McCallum et al., 2021) that was not seen in those lines with Lr34 or Lr67 or susceptible lines which had more susceptible pustule types. Therefore all lines could therefore be scored as having either the resistant or the susceptible allele for Lr13.



Leaf Rust Field Resistance

These populations were grown in leaf rust inoculated, irrigated, field nurseries at Morden Manitoba during four years 2012–2015, with two replications per year, except in 2012 in which a single row was planted for each line. Progeny from the populations lines Thatcher-Lr13/Thatcher-Lr34 and Thatcher-Lr13/Thatcher-Lr67 were tested for an additional two field seasons in 2016 and 2017, with two replicates per season. Each line was seeded in approximately 1 m rows. Spreader rows of susceptible wheat were planted at regular intervals to help the epidemic develop and infect the test lines. Spreader rows were inoculated a few times each year with a mixture of urediniospores in Soltrol mineral oil. The inoculum was a mixture of P. triticina virulence phenotypes, representative of those found in western Canada the previous year (McCallum et al., 2018, 2019, 2020, 2021). The lines were assessed for the level of leaf rust infection on the flag leaves using a 0–100% modified Cobb scale (Peterson et al., 1948). They were also assessed for pustule type (R-MR-MS-S) but only the severity data were used for analysis since this was a better measure of the proportion of the flag leaves infected with leaf rust.

Leaf rust severity percentage ratings were converted to proportions for analysis, then back to percentages for presentation. Data from each population were analyzed separately with SAS 9.3 (SAS Institute Inc.) using PROC GLIMMIX (beta distribution) with the presence or absence of the genes, and their interaction, in each progeny line of the population as dependent variables and replication within each year as the random variable. Within each population, the groups of lines with all the possible gene combinations were compared pairwise to each other using LSMEANS.




RESULTS

The effects of both Lr13 and Lr34 were significant in the Lr13/Lr34 population, as was the interaction between Lr13 and Lr34 (Table 1). The lines that had both genes had the lowest level of leaf rust severity (17.7%), followed by lines with only Lr34 (23.8%), lines with only Lr13 (84.3%), and lines with neither gene (85.7%) (Table 1; Figure 1). When these four classes of lines were compared against each other, each class was significantly different from the others at the p < 0.01 level, except lines with only Lr13 which were not different from lines with neither gene (Table 2). In the Lr13/Lr67 population, the effect of Lr67 was significant, but not that of Lr13. In contrast to the Lr13/Lr34 population, there was no significant interaction between the two genes. In this population, lines with both genes had a similar level of leaf rust severity (36.2%) compared to lines with only Lr67 (37.0%) and lines that only had Lr13 were similar (80.5%) with lines that had neither gene (79.0%) (Tables 1, 2; Figure 2).



TABLE 1. Effect of each gene and their interaction on the severity of leaf rust and the average severity for each genotypic class.
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FIGURE 1. Average leaf rust field severity (2012–2017) for progeny lines from the cross Lr13/Lr34.
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FIGURE 2. Average leaf rust field severity (2012–2017) for progeny lines from the cross Lr13/Lr67.


Both Lr16 and Lr34 were significant in reducing leaf rust severity in the Lr16/Lr34 population, and the interaction between the genes was also significant (p < 0.01). Lines with both genes had the lowest leaf rust severity (24.6%), followed by lines with only Lr34 (34.7%), lines with only Lr16 however had a similar level of leaf rust severity (82.2%) as the lines with neither gene (80.3%) (Tables 1, 2; Figure 3). Similarly, in the Lr16/Lr67 population, both Lr16 and Lr67 were significant in reducing leaf rust severity, and their interaction was significant (p < 0.01). Again lines with both genes had the lowest level of severity (38.0%), followed by lines with only Lr67 (50.1%) and lines with only Lr16 were similar (82.0%) to lines with neither gene (82.3%) (Tables 1, 2; Figure 4).
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FIGURE 3. Average leaf rust field severity (2012–2015) for progeny lines from the cross Lr16/Lr34.
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FIGURE 4. Average leaf rust field severity (2012–2015) for progeny lines from the cross Lr16/Lr67.


In the Lr32/Lr34 population, both genes significantly reduced leaf rust severity (p < 0.01); however, their interaction was not significant. Lines with both genes were very resistant (3.1%), followed by lines with only Lr34 (16.9%) or only Lr32 (38.1%), compared to lines with neither gene (82.6%) (Table 1; Figure 5). However, each class of lines was significantly different from the other classes (Table 2). Similarly for the Lr32/Lr67 population both genes significantly reduced leaf rust severity (p < 0.01), their interaction was however significant (p < 0.01). Again lines with both genes had the lowest leaf rust severity (2.1%), followed by those with only Lr67 (23.6%), those with only Lr32 (29.7%), and those with neither gene (77.0%) (Table 1; Figure 6). Each class of line was also significantly different from all the other classes (Table 2).
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FIGURE 5. Average leaf rust field severity (2012–2015) for progeny lines from the cross Lr32/Lr34.
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FIGURE 6. Average leaf rust field severity (2012–2015) for progeny lines from the cross Lr32/Lr67.




TABLE 2. Significance of the difference between groups of lines with different combinations of resistance genes.
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DISCUSSION

This study compared how Lr34 and Lr67 interact in combination with other resistance genes in progeny populations. They were each paired with Lr13, Lr16, or Lr32 in populations segregating for one of those genes and either Lr34 or Lr67. In the populations that segregated for Lr13, the effect of Lr13 was significant in the population with Lr34 but not with the population involving Lr67. There was a significant interaction between Lr13 and Lr34 whereas there was no significant interaction between Lr13 and Lr67. It appears that Lr34 and Lr67 differ in their interaction with Lr13. The lack of interaction with Lr67 may reflect the marginal resistance provided by Lr13 and that fact that most of the virulence phenotypes in Canada are virulent on Lr13. During the years of the field tests the frequency of virulence to Lr13 in the population was close to 100% (McCallum et al., 2018, 2019, 2020, 2021). Both Lr34 and Lr67 were effective in reducing the leaf rust severity, but Lr34 had a larger effect on reducing leaf rust compared to Lr67 which may reflect a different in their interactive magnitudes. The Lr13 + Lr34 gene combination appeared to be more effective than either gene alone in this study, and in previous studies (Ezzahiri and Roelfs, 1989; German and Kolmer, 1992; Kloppers and Pretorius, 1997).

The resistance gene Lr16 was more effective than Lr13 in reducing the severity of leaf rust. While the frequency of virulence to Lr16 is very low (near 0%) (McCallum et al., 2021), most isolates have an intermediate response to Lr16 and the Thatcher-Lr16 wheat line is fairly susceptible in field trials as the long term leaf rust severity average of the Thatcher isoline with Lr16 was 65.6% compared with Thatcher at 81.9% (B. McCallum unpublished). Overall Lr16 had a significant effect on leaf rust in these populations and had significant interactions with both Lr34 and Lr67 (Table 1). The effect of Lr16 is mainly in its interaction with either Lr34 or Lr67, because the lines with both Lr16 and either Lr34 or Lr67 were significantly more resistant than lines with just Lr34 or Lr67, however, the lines with Lr16 alone were not significantly different from lines with neither gene in this study (Table 2). Both Lr34 and Lr67 interacted with Lr16 to produce an enhanced resistance, even though lines with Lr16 alone were not significantly different from susceptible lines. This may reflect on the ability of Lr16 to interact with other resistance genes, as it has been shown previously to do with genes like Lr13 (Samborski and Dyck, 1982) and both Lr34 and Lr46 in Carberry (Bokore et al., 2022).

This effect of enhancement was also seen with the populations involving Lr32. Alone Lr32 was very effective in reducing the severity of leaf rust, as were both Lr34 and Lr67. The lines with two gene combinations of Lr32 + Lr34 and Lr32 + Lr67 were even more resistant than any of these genes alone. Virulence has not been detected in Canada to Lr32 and the Thatcher-Lr32 line is moderately resistant in field trials. Both Lr34 and Lr67 had the ability to enhance the resistance of Lr32 when in combination with this resistance gene. However, the interaction was only significant between Lr32 and Lr67 (Table 1). The parental line containing Lr32 in these crosses also contained Lr13, which segregated in both populations, although its presence or absence was not determined it would have been distributed evenly between phenotypic classes. The effects of Lr34 and Lr67 were stronger in these populations, than in the other populations analyzed, which could reflect the fact that Lr13 was segregating in these crosses and potentially interacting with the other leaf rust resistance genes.

Overall Lr67 behaved similarly to Lr34 in this study. Both genes consistently reduced the level of leaf rust in each population, Lr67 did not interact with Lr13, which was only effective on its own in the Lr34 population, however, both did have a significant interaction with Lr16. The effect of Lr16 was significant overall but it appeared to be effective only when in combination with either Lr34 or Lr67 to result in a significantly lower level of leaf rust than with either gene alone. Both genes also significantly reduced leaf rust when combined with the effective resistance gene Lr32.

Interactions between race-specific leaf rust resistance genes and Lr34 have been analyzed in previous studies. The studies by Kloppers and Pretorius (1997) and German and Kolmer (1992) both showed that lines carrying Lr34 plus a race-specific gene had lower disease severity than either gene singly. The data presented here show the same trend. The most direct comparison between these three studies is the interaction between Lr34 and Lr13 as this combination was present in all of the studies. German and Kolmer (1992) report what appears to be the strongest interaction between Lr13 and Lr34. However, there are some key differences between how these studies were conducted. German and Kolmer (1992) selected a single F4 line that was homozygous for Lr34 and Lr13 and they reportedly selected the most resistant homozygous line for field testing. This was also done for the other gene combinations in their study. Kloppers and Pretorius (1997) analyzed six lines with Lr34 and Lr13 and they found varying responses between lines. At the time of their final field rating, the severities of the six lines ranged from 10 to 50%. The interaction would look different if they had only used the most resistant line.

Similarly, in our study, DH lines carrying Lr34 and Lr13 had mean severities ranging from 7 to 37%. There was at least some range of severity levels among the progeny lines for all the various gene combinations generated in this study. While Thatcher near-isogenic lines were used primarily as the parental lines in this study, intercrossing these lines resulted in significant variation between lines with the same major gene combinations, similar to the variation found by Kloppers and Pretorius (1997) with the Lr13 + Lr34 sister lines. Using multiple lines or populations gives a more accurate representation of the interactions between genes as all of the other factors will also be segregating and correlated errors are minimized. In the present study, we also compared DH lines carrying each gene singly for the same reason as when the NILs were developed, the best phenotypes were selected which may not best represent the resistance conferred by the Lr gene in question.

Both Lr34 and Lr67, along with a third multi-pest non-race-specific adult plant resistance gene Lr46, are important components of resistance in CIMMYT and Mexican wheat cultivars (Singh et al., 2008; Huerta-Espino et al., 2020). Deployed alone these adult plant multi-pest resistance genes did not confer adequate resistance, but combinations of 4–5 genes usually results in near immunity levels of resistance (Singh et al., 2011). Interestingly, Lr67 was deployed in many Mexican wheat cultivars developed in the 1950s, but not in later cultivars due to chance parental selection in which only Lr34 was used. Since the donor lines for Lr34 (RL6058) and Lr67 (RL6077) showed similar resistance phenotypes, both lines were initially thought to have Lr34 and were used interchangeably as a source for Lr34 in the 1950s by the CIMMYT wheat breeding program (Huerta-Espino et al., 2020).

Gene pyramids involving Lr34 are also common in Canadian wheat cultivars (McCallum et al., 2011; Toth et al., 2018). The highly resistant Canadian cultivar Pasqua contains five resistance genes including Lr34 (Dyck, 1993). Lr34 appears to be key to its high level of resistance, as progeny lines derived from Pasqua with the four other resistance gene were fairly susceptible (McCallum and Thomas, 2014). Similarly, the high level of durable resistance in the cultivar Carberry is conditioned by the combination of Lr2a, Lr16, Lr23, Lr13, Lr34, and Lr46 (Bokore et al., 2022), in which the key is the interaction of Lr34 and Lr46 with the other resistance genes. These multi-pest resistance genes along with others, such as Sr2, appear to function very well in combinations with other genes to condition effective and durable resistance, often by boosting the effect of other resistance genes (Ellis et al., 2014). Randhawa et al. (2018) found that Lr34/Yr18/Sr57 interacted with Lr68 to reduce leaf rust and Sr2/Yr30 to reduce rust severity to leaf, stem, and stripe rust in a segregating population.

It appears that Lr67 could play a similar and important role in leaf rust resistance, like Lr34 or Lr46, if it was combined with other resistance genes, such as Lr16 and Lr32, in which it could interact to result in lower levels of leaf rust severity and improved durability of resistance. However, Lr67 failed to show the same significant interaction with Lr13 that Lr34 demonstrated, and the effect of Lr34 alone was stronger than that of Lr67 in each of the pairs of populations. In contrast, the interaction between Lr32 and Lr67 was significant whereas that between Lr32 and Lr34 was not. While Lr67 was deployed in many CIMMYT wheat cultivars from the 1950s (Huerta-Espino et al., 2020), it is not deployed in Canadian wheat cultivars to date. If it was deployed in Canada and other countries it could improve the rust resistance and durability of future wheat cultivars.
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Hessian fly [Mayetiola destructor (Say)] is a major pest of wheat (Triticum aestivum L.) throughout the United States and in several other countries. A highly effective and economically feasible way to control Hessian fly is with resistant cultivars. To date, over 37 Hessian fly resistance genes have been discovered and their approximate locations mapped. Resistance breeding is still limited, though, by the genes’ effectiveness against predominant Hessian fly biotypes in a given production area, genetic markers that are developed for low-throughput marker systems, poorly adapted donor germplasm, and/or the inadequacy of closely linked DNA markers to track effective resistance genes in diverse genetic backgrounds. The purposes of this study were to determine the location of the Hessian fly resistance gene in the cultivar “Kelse” (PI 653842) and to develop and validate Kompetitive Allele Specific PCR (KASP) markers for the resistance locus. A mapping population was genotyped and screened for Hessian fly resistance. The resulting linkage map created from 2,089 Single Nucleotide Polymorphism SNP markers placed the resistance locus on the chromosome 6B short arm, near where H34 has been reported. Three flanking SNPs near the resistance locus were converted to KASP assays which were then validated by fine-mapping and testing a large panel of breeding lines from hard and soft wheat germplasm adapted to the Pacific Northwest. The KASP markers presented here are tightly linked to the resistance locus and can be used for marker-assisted selection by breeders working on Hessian fly resistance and allow confirmation of this Hessian fly resistance gene in diverse germplasm.

Keywords: KASP, MAS, Hessian fly, genetic resistance, wheat breeding


INTRODUCTION

Hessian fly [Mayetiola destructor (Say)] infestations can cause high economic damage to wheat (Triticum aestivum L.) in production areas with suitable moisture and temperature conditions for infection by and survival of the pest. There are a variety of control methods used to combat Hessian fly including, delayed planting in winter wheat crops, and insecticides that can be applied as a prophylactic seed treatment. For a comprehensive review of Hessian fly biology and management, see Schmid et al. (2018). However, the most effective and economically sound way of managing Hessian fly is through the use of genetically resistant wheat cultivars (Ratcliffe et al., 1994, 2000; Berzonsky et al., 2003).

Resistance in wheat to Hessian fly has been demonstrated to primarily function via dominant gene-for-gene action (Hatchett and Gallun, 1970). To date, 37 genes have been identified that confer resistance to Hessian fly, named H1-H36, and Hdic (Liu et al., 2005a; Li et al., 2013; Zhao et al., 2020). Of the 37 genes, most are indicated to operate in a dominate fashion with h4 being the exception (Niu et al., 2020). While over three dozen resistance genes have been identified, where many of them do not confer high levels of resistance, are associated with the negative linkage drag, or are rendered ineffective by prevalent virulent Hessian fly populations/biotypes (Shukle et al., 2016; Anderson and Harris, 2019).

The presence of virulent Hessian fly biotypes has been documented for several wheat resistance genes (Ratcliffe et al., 2000; Cambron et al., 2010; Stuart et al., 2012; Shukle et al., 2016; Zhao et al., 2016; Anderson and Harris, 2019). In Southeastern United States, warmer temperatures allow multiple Hessian fly generations a year, making selection for virulence a significant concern. A study by Shukle et al. (2016) showed that of the two dozen or so resistance genes commonly available in the Southeast, only six gave a high level of protection for the growing region and, of those six, three were not being utilized because of the negative linkage drag associated with them. The continued deployment and use of the same resistance gene(s) can lead to a population of Hessian fly overcoming that resistance source (Ratcliffe et al., 1994, 2000; Shukle et al., 2016). One simulation predicted that a population of Hessian fly could overcome a single resistance gene in less than 10 years (Gould, 1986). Having multiple effective resistance genes combined in the same variety could delay the selection for virulent Hessian fly populations and provide farmers with effective control for an extended period of time. Because of this, a priority effort for wheat breeders is to “pyramid” multiple Hessian fly resistance genes into a single background, and release varieties with different resistance genes, attempting longer-term resistance of varieties under Hessian fly pressure.

Pyramiding resistance genes by marker-assisted selection (MAS) enables more durable deployment of resistance genes in cultivars. For routine pyramiding by MAS to be effective two criteria must be met. First, the markers must be highly accurate at detecting the presence or absence of the allele of interest. Second, they must be cost-effective for breeders to use. Kompetitive Allele Specific PCR (KASP) markers (He et al., 2014) may meet both criteria when carefully developed. KASP is a uniplex Single Nucleotide Polymorphism (SNP) genotyping platform that is relatively inexpensive, moderately scalable, and simple to use. Most SNPs can be converted into a KASP assay; and most KASPs are co-dominant, which provides an excellent tool for MAS during early generations (Semagn et al., 2014).

In this study, we report the location of a Hessian fly resistance locus using a bi-parental mapping population created from elite cultivars “Kelse” [PI 653842; (Kidwell et al., 2009a)] and “Scarlet” [PI 601814; (Kidwell et al., 1999)]. Kelse was chosen for this experiment as its resistance gene(s) are unknown but highly effective in the Pacific Northwest (PNW). Additionally, pedigree data indicate the presence of this resistance gene in many other resistant lines developed and released by Washington State University and other breeding programs in the PNW. We also aimed to create KASP markers that may be broadly applied in Hessian fly resistance breeding and for resistance gene deployment.



MATERIALS AND METHODS


Plant Material

The population used to identify the approximate location of the resistance source in this study was created from the cross of two hard red spring wheat cultivars released by Washington State University’s wheat breeding program. Kelse, released in 2009, has Hessian fly resistance while Scarlet, released in 1999, is susceptible to Hessian fly. Kelse has the pedigree of “WestBred 906R” (PI 483455)/SD 2961 (PI 520542)//“Scholar” (PI 607557). Scarlet’s pedigree is HF820049/WA007301//’Tecumseh’/K8405055. These parents were crossed and F2’s were advanced for five generations by single seed descent, resulting in a F6 population of 180 recombinant inbred lines (RIL) (Supplementary Table 1).



Seahawk/Melba Fine Mapping Population

A population of lines created from the cross of “Seahawk” (PI 676290), pedigree “Whit”/(Yr15)Alpowa//Whit/ (Yr15)Alpowa[4289] and club spring wheat “Melba” (PI 682073) was used to further fine map the resistance gene found in Kelse. Seahawk is known from pedigree data and marker haplotype data to have the same Hessian fly resistance source as Kelse while Melba is susceptible to Hessian fly. The F1 generation was created during the summer of 2020 from which ∼2,000 individual F2 plants were screened using the three markers described in the results to find recombination events between closely linked loci. Approximately 100 F3 derived plants and ∼1,000 F4 derived plants were further screened from recombinant progeny and the resulting F3 and F5 families with recombinant haplotypes were then screened for Hessian fly resistance.



Kompetitive Allele Specific PCR Marker Validation Materials

To test the accuracies of the KASP markers developed in this study, a panel of 220 lines (Panel A) was assembled from a collection of advanced elite breeding lines and released varieties primarily from the Washington State University spring wheat breeding program, as well as lines from regional variety testing programs. All 220 lines in Panel A were previously screened for Hessian fly resistance (Supplementary Table 2). Another panel of 250 lines (Panel B, Supplementary Table 3) consisted of the entire Triticeae Coordinated Agricultural Project (TCAP) spring wheat association mapping lines from ten different North American public breeding programs that was used to determine the distribution and frequency of the resistance-associated alleles in current public breeding programs (Bajgain et al., 2015; Blake et al., 2016).



Deoxyribonucleic Acid Extraction

Leaf tissue was collected at approximately the 2-leaf stage from each of the panels in the mapping populations, as well as control and comparison lines. Deoxyribonucleic acid was extracted using the Qiagen BioSprint 96 DNA Plant kit and BioSprint 96 workstation according to the manufacturer’s instructions (Qiagen, Valencia, CA).



Hessian Fly Screening

Hessian fly screening was conducted at the Hubert C. Manis Entomological Laboratory at the University of Idaho. Data on the 220-line Panel A was collected over the past 10 years as each new advanced line became available, while data on the 180 Kelse/Scarlet RILs was collected in 2019, and the fine mapping recombinant progeny were tested in 2021. The fine-mapping recombinants, the Kelse/Scarlet RILs and Panel A were screened using the same protocol and the same base Hessian fly population. The Hessian fly population used for screening was obtained from a laboratory colony originally collected from a wheat field near Lewiston, ID during the summer of 1998 and consisted at the time primarily of biotypes GP, E, F, and G (Ratcliffe et al., 2000). However, since the population was first collected it has been supplemented with additional locally collected populations several times. Lines were screened using the protocol by Schotzko and Bosque-Perez (2002) using a randomized complete block design, with five seeds of each line planted in a 10-cm pot and 25 pots placed into a plexiglass cage (0.13 m3). Each plexiglass cage included a known Hessian fly resistant line “Hollis” (PI 632857) and susceptible line “Alturas” (PI 620631) as controls for a total of two checks per 23 experimental lines per cage. For screening the Kelse/Scarlet RILs, eight plexiglass cages were used to constitute one replication. A total of four replications of the 180-RILs were performed for a total of 20 plants of each line screened, while the fine mapping recombinant families and the 220-line Panel A had two replications for a total of 10 plants screened. Plexiglass cages were infested with 10 female and 5 male Hessian flies each once plants reached the 2-leaf stage. All seedlings were examined for the presence of eggs 24 h after fly infestation and any seedling that showed no sign of eggs was excluded from the experiment. Surviving Hessian fly larva and puparia counts were conducted on the primary tiller of each plant 3 weeks after infestation. A percentage of plants infected with larva and puparia was used to determine resistance or susceptibility using a similar scale as developed in Ratcliffe et al. (2000). If less than 21% of the plants tested per line had larvae and/or puparia present, the line was considered resistant. If between 21 and 70% of plants tested had surviving larvae/puparia, the line was classified as moderately resistant. If more than 70% of the plants per line had larvae and/or puparia present, it was counted as susceptible. These categorical classifications were based on preliminary data showing a sharp bimodal distribution in the results.



Linkage Map Construction

Illumina iSelect 90K SNP Assay genotyping was performed on the DNA of the 180 RILs by the USDA-ARS laboratory in Fargo, ND (Wang et al., 2014). Genotype by Sequencing (GBS) SNP data were also generated on the 180 RILs using the procedure outlined by Poland and Rife (2012). After removing low-quality and monomorphic SNPs in Genome Studio v2011.1, as well as markers and RILs with more than 5% missing data or SNP markers with distorted segregation ratios identified by Chi-squared test, there were 5,628 SNPs retained from the 90K chip and 3,670 SNPs resulted from the GBS analysis pipeline. JoinMap v4.0 (Ooijen, 2006) was used to create the linkage groups using the recombination frequency parameter and threshold range starting at 0.05 to 0.3, and maximum likelihood to order markers within the linkage groups. The linkage groups were identified and assigned to the 21 wheat chromosomes using the 90K wheat consensus map (Wang et al., 2014) and corresponding 90K markers in each linkage group. Along with the 90K SNP data and the GBS SNP data, an additional marker representing the Hessian fly resistance genotype inferred from phenotypic data as a binary response was added to the data set. All RILs that were screened as resistant were given the Kelse allele designation and all RILs with the susceptible Hessian fly phenotype were given the Scarlet allele designation. The RILs classified as moderately resistant were listed as “unknown” for the purposes of this binary response marker.



Kompetitive Allele Specific PCR Marker Development

Sequences spanning the resistance locus were scanned for rare SNPs that were then selected to design KASP markers (Table 1). Genomic data sources used to identify SNPs that could make good KASP candidates were IWGSC RefSeq v1.0 of Chinese Spring (Appels et al., 2018), the 1000 Wheat Exome Project (He et al., 2019), and an exome capture data set collected by a collaborator for a separate project (D. See, personal communication). Kompetitive Allele Specific PCR primers were designed following the standard KASP guidelines, with the target SNP on the 3′ end and the FAM or HEX fluorescent tag on the 5′ end. Polymerase Chain Reaction (PCR) conditions were as follows: 15 mins at 94°C followed by 10 touchdown cycles of 20 s at 94°C and 1 min at 65–57°C dropping 0.8°C/cycle, then 36 additional cycles of 20 s at 94°C and 1 min at 57°C. Thermocycling was carried out on a Bio-RAD iCycler. The PCR results were viewed and calculated on a Roche LightCycler 480 II software version 1.5.0.39. Validation panel test accuracy was determined using sensitivity and specificity as calculated in Tan et al. (2017). The names given to the three markers are a combination of the resistance source, “Kelse,” the chromosomal location on 6BS, and the base pair position the unique SNP is located at on chromosome 6B according to the IWGSC RefSeq v1.0 of Chinese spring (Appels et al., 2018).


TABLE 1. Kompetitive Allele Specific PCR (KASP) markers tightly linked to the resistance loci on short arm of chromosome 6B.
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RESULTS


Inheritance of Resistance

Parents Kelse and Scarlet showed clear distinction in their response to Hessian fly with Kelse being resistant and Scarlet being susceptible (Supplementary Table 1). Of the 180-RILs, 87 were resistant and 83 were susceptible with ten having an intermediate response. These ten RILs had between 21 and 70% infested plants and were later determined with linked DNA markers to be segregating for the resistance locus (Figure 1). Ten out of 180 RILs is 5.5%, which is close to the 3.1% theoretical heterozygosity at the F6 stage of inbreeding. The remaining 170 RILs had an inheritance pattern that fit a 1:1 segregation ratio (χ2 = 0.094, p = 0.759) consistent with a single-resistance locus in Kelse controlling the phenotypic response.
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FIGURE 1. Hessian fly screening results of the 180 recombinant inbred line population created from the cross of Scarlet and Kelse. Results show a strong bimodal distribution for Hessian fly resistance, indicating a single causative locus.




Linkage Map

A total of 35 linkage groups were identified representing all 21 wheat chromosomes. Once the linkage groups were established, the co-segregating markers were removed resulting in the final linkage map with 2089 total non-redundant SNP markers plus the Hessian fly response marker, spanning a total of 4014.4 cM with an average of one SNP per 2.56 cM. The Hessian fly phenotype now converted into a binary response marker labeled as “Phenotype” can be seen in Figure 2 that represents the Hessian fly resistance locus found in Kelse that was then identified on the distal end of the short arm of chromosome 6B around 30 cM (Figure 2).


[image: image]

FIGURE 2. Linkage map showing location of the Hessian fly resistance locus on chromosome 6B. Marker “Phenotype” listed in red represents the marker created from converting the Hessian fly screening results within the 180 recombinant inbred lines into a binary response. Number of the left-hand side of the chart is the chromosomal distance in cM.




Kompetitive Allele Specific PCR Markers

Once the location of the resistance locus was identified, rare SNPs were selected and converted to KASP markers. Rare SNPs defined as any SNP with a minor allele frequency of less than 10%. Exome capture data (D. See, personal communication), as well as data from He et al. (2019), proved to be to most helpful in identifying SNPs. The three SNPs spanning the resistance locus gave the clearest and most accurate results and were selected and converted into markers and given the names kelse6BS_167037, kelse6BS_4554201, and kelse6BS_6196634 (Table 1). These markers were evaluated for reproducibility by testing amplification and reaction conditions (Figure 3). Marker kelse6BS_4554201 amplified well across variable cycle number it also displayed clearly distinct clusters for each allelic combination. Markers kelse6BS_167037 and kelse6BS_6196634 resulted in heterozygous and homozygous-resistant allele clusters not separating as sharply as kelse6BS_4554201; inclusion of several homozygous-resistant control samples in segregating populations will help accurate differentiation between clusters.


[image: image]

FIGURE 3. Example endpoint fluorescence scatter plot of KASP markers; x-axis is FAM fluorescence; y-axis is VIC fluorescence. Blue triangles represent individuals homozygous for the resistant allele, green circles represent individuals homozygous for the susceptible allele, and red squares represent individuals that possess both alleles. Gray diamond are no template controls. (A) Plot of marker kelse6BS_167037. (B) Plot of marker kelse6BS_4554201. (C) Plot of marker kelse6BS_6196634.




Validation Panel Test

Panel A, which consisted of 220 lines with known Hessian fly response was used to calculate marker specificity and sensitivity. For marker kelse6BS_167037, resistant allele “T” was present in 108/108 of the known resistant lines and susceptible allele “A” was present in 112/112 of the Hessian fly susceptible lines, giving it a Specificity (SP) of 100% and Sensitivity (SN) of 100%. Marker kelse6BS_4554201 was identical to kelse6BS_167037 for performance in Panel A with resistant allele “T” present in 108/108 of the resistant lines and the susceptible allele “C” present in 112/112 of the Hessian fly susceptible lines. Marker kelse6BS_6196634 was anchored on two SNPs a single base pair apart with the resistant haplotype being “TaG” that was present in 108/108 of the resistant lines and the alternative haplotype “CaA” present in 92/112 of the susceptible lines. Marker kelse6BS_6196634 had 18 susceptible lines that did not amplify, possibly due to a null allele, or SNPs that are not always co-segregating. Excluding the lines that did not amplify, marker kelse6BS_6196634 had an overall SP of 100% and a SN of 100% (Table 1). The full list of the validation lines in Panel A with entry names and marker responses can be seen in (Supplementary Table 2).



Markers Presence in Wheat Germplasm

Markers kelse6BS_167037, kelse6BS_4554201, and kelse6BS_6196634 were tested on Panel B to determine how common the resistant haplotype was within ten different public breeding programs. Out of the 250-lines in Panel B, only 26 had the three-marker resistant haplotype, and all 26 were from just four of the ten breeding programs. Those programs are Washington State University, University of California, Davis, University of Idaho, and Montana State University. With Washington State University accounting for 14 of the 26 (Supplementary Table 3). Using the publicly available 1000 Wheat Genome Project data set, we determined the exact frequencies of which SNP allele our markers where anchored on. For marker kelse6BS_167037, 770 lines out of the 811 lines had the susceptible SNP and only 19 had the resistant SNP, with the remaining 22 lines being heterozygous or no call. Very similar numbers were seen with the SNP at marker kelse6BS_4554201 with 770 lines having the susceptible SNP and 26 lines having the resistant SNP, and 15 lines with a heterozygous or no call. Likewise, the two SNP haplotype at marker kelse6BS_6196634 displayed the susceptible SNPs in 764 and 765 out of the 811 lines, and the resistant SNPs in 35 and 36 of the lines. The one-line discrepancy between the two SNPs anchored one base pair apart is due to the 11 or 12 heterozygous and no calls for each of the SNPs. Both 1000 Wheat Genome Project data and the results from Panel B illustrate the rareness of the resistant haplotype the markers are anchored on.



Fine Mapping the Resistance Source

Once the three markers (kelse6BS_167037, kelse6BS_4554201, and kelse6BS_6196634) were determined to be diagnostic and flanking the Hessian fly resistance source, those markers plus six new KASP markers developed in the same region were used to develop a high-resolution map and detect recombinant progeny within the Seahawk by Melba population. Three individual lines had clear recombination between 5.0 and 6.2 Mb according to the blast sequence of the KASP markers compared to IWGSC RefSeq v1.0. Hessian fly response data showed that recombinant line “59-1101-T3-153” is 100% resistant to Hessian fly, with marker data showing it to possess the Seahawk allele starting somewhere past 5.072 Mb and extending past 8.0 Mb. Recombinant line “59-1197-6” is susceptible to Hessian fly and has the Seahawk allele from 6.197 to 8.0 Mb. This indicates the resistance locus is in the 1.1 Mb between 5.072 and 6.197 Mb (Figure 4).
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FIGURE 4. Fine-mapping of HKelse to the 1.1 Mb region between 5072169 and 6196634 bp on chromosome 6B, based on the genotype and phenotype of three recombinant lines. Black bars represent Seahawk allele while gray represents Melba. All base pairs (bp) are in relation to IWGSC RefSeq v1.0. Markers in bold are flanking the resistance loci found in Kelse and Seahawk. Markers in italic with an * in front of name are the flanking markers for the resistance loci in Chokwang (Zhang et al., 2021). Marker 6BS_5555111 mapped to the reference genome at 5072169 bp and 5555111bp, both are displayed is the figure. The 1.1 cM distance for markers kelse6BS_4554201 and kelse6BS_6196634 was calculated off the ∼2000 F2 individuals from the Seahawk/Melba cross.





DISCUSSION

Although Hessian fly resistance is a primary trait of importance in spring wheat production in the Pacific Northwest of the United States (Smiley et al., 2004; Castle Del Conte et al., 2005), the loci responsible for protecting resistant varieties are often unknown or poorly characterized. Carter et al. (2014) mapped the Hessian fly resistance locus present in a soft white spring wheat variety named “Louise” (PI 634865) to the short arm of chromosome 1A, but diagnostic markers for this source are not available. Without markers, pyramiding multiple sources of resistance into one common line is extremely difficult. For diseases, like stem, leaf, and stripe rust, many markers are currently available to screen for their resistance genes (Helguera et al., 2003, 2005; Zhang et al., 2016). These markers have in turn been used with success in creating lines with several resistance genes against single rust. The markers developed in the present work along with others for Hessian fly resistance will be a critical tool used to combine different Hessian fly resistance sources into a single background for longer-term resistance durability.

In this research, we identified the resistance from the cultivar Kelse on the short arm of chromosome 6B, in the same region where H34 and a resistance source from the line Chokwang have been identified (Li et al., 2013; Zhang et al., 2021). This region of 6B is also where a genome-wide association study conducted on Washington State University’s spring wheat lines placed a major QTL for Hessian fly resistance (Ando et al., 2018). Of the 37 Hessian fly resistance genes mapped and named, H25 and H34 have been reported to reside on chromosome 6B in wheat; H25 is originally from rye (Secale cereale) and was transferred to hexaploid wheat through a radiation-induced chromosomal translocation reported to involve chromosome 6B (Friebe et al., 1991). This alien segment is straightforward to detect via diagnostic markers as reported in Delaney et al. (1995) and while it has been bringing about introgression into a University of Idaho line “Cataldo” [PI 642361 (Chen et al., 2009)], it has not been bringing about introgression into Washington State University’s spring wheat germplasm. The H34 resistance locus on 6B was located through a mapping population created from a cross of Clark and “Ning7840” (Bai et al., 1999). The resistant parent in this cross, Clark, was reported to have both H34 and H6. The SNP markers placed the location of H34 on the distal end of the short arm of chromosome 6B (Li et al., 2013), close to the location of the resistance locus we are reporting. Hessian fly resistance genes have been found in clusters on multiple wheat chromosomes. For example, chromosome 1A short arm is reported to have H3, h4, H5, H9, H10, H11, H12, H14, H15, H16, H17, H19, H28, H29, and Hdic (Kong et al., 2005, 2008; Liu et al., 2005b; Niu et al., 2020). Like in the case of the short arm of chromosome 1A, it is possible that the distal end of the short arm of chromosome 6B also may have multiple resistance genes.

A recently published study (Zhang et al., 2021) placed a Hessian fly resistance gene found in the wheat variety “Chokwang” between 3824582 and 8870440 bp on chromosome 6B. Thus, the resistance source found in Kelse and Seahawk is very near that in Chokwang. Investigation of the relationship between H34 found in the line Clark (PI 512337) and the resistance locus found in Kelse with the three KASP markers (kelse6BS_167037, kelse6BS_4554201, and kelse6BS_61966340) found that for all three markers Clark had the susceptible haplotype. This could mean our markers are not sufficiently diagnostic or that the resistance gene in Kelse is different than H34. Since H34 has not been fine-mapped to the same resolution to allow comparison, we propose the temporary designation of HKelse for the resistance locus found in Kelse. The DNA of Chokwang was not available to the authors to compare Kelse and Chokwang haplotype data.

In Zhang et al. (2021), the authors reported a list of ninety-six candidate genes that according to IWGSC RefSeq v1.0 are located between their flanking markers which are located at 3824582 bp and 8870440 bp. The fine mapping of HKelse in this study was able to define a marker interval of 1.1 Mb and the list of candidate genes from 96 to 23 (Supplementary Table 4). Among the 23 candidate genes, several are described to encode Leucine-rich repeat proteins, protein kinases, receptor kinases, and F-box proteins, all of which can play a role in plant disease responses. With several possible candidate genes, no scaffolded genomic sequence from resistant lines, and unknown haplotype diversity in this region, further fine mapping, sequencing, identification of mutants, gene editing, and/or transformation may be needed to pinpoint the exact causative gene.

The development of diagnostic SNP markers allowed us to track HKelse in a panel of cultivars and elite breeding lines and demonstrate that this resistance locus is a primary source of resistance in the PNW spring wheat cultivars. Hessian fly resistance in Kelse was most likely inherited through “Westbred 906R” (PI 483455). Some cultivars sharing this same source, based on pedigree, phenotype and our newly developed DNA marker data are “Tara 2000” (Kidwell et al., 2002), “Whit” (Kidwell et al., 2009b), “Glee” (Kidwell et al., 2018), “Chet” (PVP 201600076), “Alum” (PVP 201600077), and “Seahawk” (PI 676290) which all have been widely grown in the PNW and maintain effective Hessian fly resistance. Knowing the identity of one of the primary resistance sources currently deployed allows for combining this resistance gene that has been bringing about introgressive resistance genes and monitoring for loss of effectiveness against Hessian fly populations in the PNW.

For markers tracking a specific locus to be widely applicable, they should be able to track the allele in diverse genetic backgrounds. Often a DNA marker works well for a group of lines within a small gene pool but fails when applied to a more diverse set of lines. This can be because the linked alleles are relatively common in wheat germplasm. By using a variety of data sources, including the publicly available 1000 Wheat Genome Project (He et al., 2019), we were able to identify alleles that are relatively rare in wheat germplasm linked to our closest flanking DNA markers. We were further able to test the frequency of the alleles by running the markers on the TCAP North American elite hard spring wheat panel (Panel B), where it was shown that only a small percentage of lines had the resistant haplotype. Based on a population structure analysis conducted on the TCAP panel, it was also observed that most of the individuals with the rare haplotype also appear close together phylogenetically (Godoy et al., 2018). This could indicate a common ancestor that would have contributed its Hessian fly resistance to not only Washington State University’s spring wheat program, but to the three other programs in the TCAP panel that had the alleles present among some of their lines. The markers presented in this study will accurately track Kelse’s resistance source across lines from diverse genetic backgrounds in many different breeding programs. Marker screening should not only determine if a program currently has Kelse’s resistance source deployed but also aid in bringing about introgression in this resistance source. Also, HKelse has been used widely in the PNW and has continued to provide protection from Hessian fly based on observation of variety trials and breeding nurseries throughout the inland PNW.
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Leaf rust and stripe rust are important wheat diseases worldwide causing significant losses where susceptible varieties are grown. Resistant cultivars offer long-term control and reduce the use of hazardous chemicals, which can be detrimental to both human health and the environment. Land races have been a valuable resource for mining new genes for various abiotic and biotic stresses including wheat rusts. Afghan wheat landrace “KU3067” displayed high seedling infection type (IT) for leaf rust and low IT for stripe rust; however, it displayed high levels of field resistance for both rusts when tested for multiple seasons against the Mexican rust isolates. This study focused on identifying loci-conferring seedling resistance to stripe rust, and also loci-conferring adult plant resistance (APR) against the Mexican races of leaf rust and stripe rust. A backcrossed inbred line (BIL) population advanced to the BC1F5 generation derived from the cross of KU3067 and Apav (triple rust susceptible line) was used for both, inheritance and QTL mapping studies. The population and parents were genotyped with Diversity Arrays Technology-genotyping-by-sequencing (DArT-Seq) and phenotyped for leaf rust and stripe rust response at both seedling and adult plant stages during multiple seasons in Mexico with relevant pathotypes. Mapping results identified an all-stage resistance gene for stripe rust, temporarily designated as YrKU, on chromosome 7BL. In total, six QTL-conferring APR to leaf rust on 1AS, 2AL, 4DL, 6BL, 7AL, and 7BL, and four QTL for stripe rust resistance on 1BS, 2AL, 4DL, and 7BL were detected in the analyses. Among these, pleiotropic gene Lr67/Yr46 on 4DL with a significantly large effect is the first report in an Afghan landrace-conferring resistance to both leaf and stripe rusts. QLr.cim-7BL/YrKU showed pleiotropic resistance to both rusts and explained 7.5–17.2 and 12.6–19.3% of the phenotypic variance for leaf and stripe rusts, respectively. QYr.cim-1BS and QYr.cim-2AL detected in all stripe environments with phenotypic variance explained (PVE) 12.9–20.5 and 5.4–12.5%, and QLr.cim-6BL are likely to be new. These QTL and their closely linked markers will be useful for fine mapping and marker-assisted selection (MAS) in breeding for durable resistance to multiple rust diseases.

Keywords: genetic analysis, molecular mapping, wheat rusts, APR genes, landraces


INTRODUCTION

Wheat leaf rust and stripe rust caused by obligate biotrophic fungus Puccinia triticina (Pt) and P. striiformis f. sp. tritici (Pst), respectively, are the most important foliar diseases of wheat worldwide. Leaf rust is the most commonly occurring disease and can cause yield losses up to 40% under favorable conditions (Knott, 1989). Stripe rust occurs in cool temperate regions and can cause yield losses ranging from 10 to 70% and up to 100% in highly susceptible cultivars (Chen, 2005). Although fungicides can effectively control wheat rusts, growing resistant cultivars is a more efficient, economic, environment-friendly, and long-term strategy to minimize losses.

Resistance to wheat rusts can be broadly classified either as race-specific or as race non-specific resistances (Johnson, 1988). Race-specific resistance (or) seedling resistance (or) all-stage resistance is often characterized by a strong to moderate immune response usually associated with the hypersensitive response that fully curtails fungal infection and sporulation at all developmental stages if the pathogen possesses a corresponding avirulence gene (Flor, 1942). These resistance genes are usually effective against a single race or a few races of the pathogen. This kind of resistance may lose effectiveness when new virulent pathotypes arise through mechanisms of mutation or recombination. Race non-specific resistance on the other hand is under polygenic control and usually expressed susceptible response at the seedling stage and expressed quantitatively at post-seedling growth stages either as slow rusting or partial resistance, or adult plant resistance (APR). It is usually characterized by lower frequencies of infection, longer latency period, smaller uredinium, and less urediniospore production (Caldwell, 1968). The phenotypic effects of such genes are usually minor; however, several of such genes with additive effects can be combined leading to near levels of immunity (Singh et al., 2012). These genes usually are race non-specific and are effective against multiple races of the pathogen and compared with race-specific resistance, therefore, conditioning broader effectiveness and enhanced durability.

To date, 80 leaf rust resistance genes and 83 stripe rust resistance genes are officially cataloged in wheat (Li et al., 2020; Kumar et al., 2021) and most of the identified genes showed race-specific resistance. Only a few genes, for example, Lr34/Yr18/Pm38/Sr57 (Singh et al., 2012), Lr46/Yr29/Pm39/Sr58 (Singh et al., 2013), Lr67/Yr46/Pm46/Sr55 (Herrera-Foessel et al., 2011), and Lr68 (Herrera-Foessel et al., 2012) are also known to confer pleiotropic effect on the resistance. In addition to the formally named genes, 249 leaf rust and 327 stripe rust resistance QTL have been reported on every chromosome (Wang and Chen, 2017; Pinto da Silva et al., 2018). Even though multiple genes have been characterized and cataloged only a handful of genes, conferring adequate levels of resistance to prevalent rust races have made an impact in rust resistance breeding as the majority of them are effective to specific races (or) do not provide adequate levels of resistance (or) are associated with negative linkage drag with yield and other traits (Bhavani et al., 2019). The advent of molecular markers and the availability of reference maps and completely annotated wheat genome has greatly facilitated rapid gene discovery and characterization (Clavijo et al., 2017; Rosewarne et al., 2013).

Molecular markers have been widely used for mapping APR genes for rust resistance through QTL analysis. Several high-throughput genotyping technologies, such as single nucleotide polymorphism (SNP) and genotyping-by-sequencing (GBS) have greatly facilitated the identification and characterization of genomic regions of complex traits such as rust resistance (Bhavani et al., 2021). Diversity arrays technology sequencing (DArT-Seq) developed by the Diversity Arrays Technology Pty Ltd (Canberra, Australia) is a new approach based on traditional DArT complexity reduction methods and Next Generation Sequencing (NGS) techniques (http://www.diversityarrays.com/dart-application-dartseq).

Diversity arrays technology sequencing offers affordable genome profiling through the generation of high-density SNPs as well as PAV (presence/absence variation) markers. This technology can be better used in linkage map construction and accelerates high-resolution mapping and detailed genetic dissection of traits (Raman et al., 2014) and has been extensively used to study the diversity of wheat accessions in the CIMMYT gene bank (Sansaloni et al., 2020).

The wheat line “KU3067,” a landrace from Afghanistan, was stored in the National Bio-Resource Project of Japan in 1956 (Tanaka et al., 2008). It displays high levels of resistance to leaf rust and stripe rust in the Mexico's field conditions. This study aimed to determine the genetic basis of leaf rust, stripe rust resistance in KU3067, and identify molecular markers linked to these QTL that can be used in breeding.



MATERIALS AND METHODS


Plant Materials and Pathotypes

The mapping population comprised of 148 BC1F5 lines (backcross-inbred lines, BILs) was derived from the cross of KU3067 and Apav (Apav was used as the recurrent susceptible parent). KU3067 showed a high level of APR to both rusts in field trials, whereas Apav derived from the “Avocet-YrA/Pavon 76” mapping population was completely susceptible to the three rusts. Predominant Mexican Pst pathotype MEX14.191 and two Pt pathotypes (MBJ/SP and MCJ/SP) were used to test the BILs in the greenhouse and field. These Pt and Pst pathotypes were available at the greenhouse at the International Maize and Wheat Improvement Center (CIMMYT).



Evaluation of Seedling Responses to Leaf and Stripe Rust in the Greenhouse

Seedling evaluations of KU3067, Apav and the BIL population were conducted in the greenhouse using Pst pathotype Mex14.191 (avirulence/virulence: Yr1, 4, 5a, 10, 15, 24, 26, 5b, Poll/Yr2, 3, 6, 7, 8, 9, 17, 27, 31, A) (Randhawa et al., 2018), and Pt pathotypes MBJ/SP [avirulence/virulence: Lr2a, 2b, 2c, 3ka, 9, 16, 19, 21, 24, 25, 28, 29, 30, 32, 33, 36/1, 3, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 17a, 18, 20, 23, (26), 27+31] and MCJ/SP (additional virulence to Lr16) [avirulence/virulence: Lr2a, 2b, 2c, 3ka, 9, 19, 21, 24, 25, 28, 29, 30, 32, 33, 36/1, 3, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 16,17a, 18, 20, 23, (26), 27+31] (Huerta-Espino et al., 2020). In total, thirty differential lines with known stripe rust resistance genes (mostly in the Avocet background) were also included in the seedling experiment, and a set of forty-eight lines with known LR genes, mostly in “Thatcher” background, were also included for leaf rust evaluations. Seedlings were inoculated at the two-leaf stage by spraying urediniospores suspended in the lightweight mineral oil Soltrol-170 (Chempoint.com) at a concentration of 2–3 mg/ml using an atomizer. Inoculated plants were placed in a dew chamber at 7°C for 18 h, and then transferred to the greenhouse maintained at 15–18°C. Infection types (ITs) were recorded 12–14 days after inoculation. Leaf rust was evaluated according to the Stakman 0 to 4 scale as modified by Roelfs et al. (1992); for stripe rust, ITs were recorded according to the 0 to 9 scale as modified by McNeal et al. (1971). BILs with ITs of 0–4, 5–6, and 7–9 to Pst are categorized as resistant, intermediate, and susceptible, respectively.



Field Experiments

Leaf rust field evaluations were carried out in CIMMYT (International Maize and Wheat Improvement Center) research stations in Mexico at El Batan (19.5277° N, 98.8569° W, and 2,249 masl) during the 2016 and 2017 cropping seasons where leaf rust screening can be carried out successfully (hereafter referred to as LR16B and LR17B, respectively), and at CENEB-Campo Experimental Norman E. Borlaug (27.3710° N, 109.9305° W, and 39 masl) located in Ciudad Obregon during the 2016–2017 and 2017–2018 growing seasons which is also the favorable environment for leaf rust (LR17O and LR18O). Stripe rust trials were conducted at Toluca which is a disease phenotyping platform for yellow rust and Septoria (19.5562° N, 99.2675° W, and 2,640 masl) Mexico, during the 2017 and 2018 crop seasons (YR17, YR18 experiments). Field plots consisted of 0.7-m paired rows with approximately 60 plants on each line. Avocet near-isolines (NILs) carrying Yr24 and Yr26 were used as spreaders in leaf rust studies, whereas a mixture of Morocco, Avocet NIL carrying Yr31, and six lines possessing the Yr27 gene, derived from the cross Avocet/Attila, were used as stripe rust spreaders. The spreader cultivars were planted as hills in the middle of a 0.3-m pathway on one side of each plot and planted perpendicular and adjacent to the test rows. Artificial inoculations on spreader rows and hills were carried out twice at weekly intervals by spraying aqueous suspensions of urediniospores of equal mixtures of Pt pathotypes MBJ/SP and MCJ/SP for leaf rust and Mex14.191 for stripe rust which were suspended in Soltrol 170 at a concentration of 2–3 mg/ml and dispensed onto the spreader rows at the tillering stage (Feekes growth stage 5; Large, 1954). The avirulence/virulence formulas of MBJ/SP and MCJ/SP were described in Herrera-Foessel et al. (2012) and of race Mex14.191 in Zhang et al. (2019). The host response to infection in adult plants was determined according to Roelfs et al. (1992). Disease severities were scored following the 0–100% visual ratings two or three times at weekly intervals according to the Modified Cobb Scale (Peterson et al., 1948). The area under the disease progress curve (AUDPC) was calculated using the method suggested by Bjarko and Line (1988).
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where Xi is the disease severity on assessment date i, Ti is the number of days after inoculation on assessment date i, and n is the number of disease assessments. Maximum disease severity (MDS, %) data and AUDPC were used for QTL analysis.



Genetic and Statistical Analyses

Correlation analysis between MDS in different environments was conducted using bivariate two-tailed Pearson's correlation coefficients by IBM SPSS Statistics 21.0 (IBM Corp., Armonk, NY). The number of genes were estimated using chi-squared tests using the expected and observed segregation ratios. Based on disease severity and infection response, BILs were broadly classified into three phenotypic categories–homozygous parental type resistant (HPTR), homozygous parental type susceptible (HPTS), and intermediate types (others)–following Singh and Rajaram (1992). Chi-squared tests were carried out to test the best fit for different gene segregation ratios.



Linkage Map Construction and QTL Detection

Genomic DNA of the parents and BILs were isolated from non-infected tissues by the CTAB method (Sharp et al., 1988). DNA concentration was measured using Thermo Scientific NanoDrop 8000. The 148 BILs and parents were genotyped with DarT-Seq in CIMMYT's Biotech Laboratory. The linkage map was constructed using the MAP function in IciMapping 4.1 (http://www.isbreeding.net/software/?type=detail&id=18, Li et al., 2007). QTL analysis was conducted with the ICIM–ADD function in BIP using the software QTL IciMapping 4.1 through 1,000 permutations at P = 0.01 (Li et al., 2007). Stepwise regression analysis was used to detect the percentages of phenotypic variance explained (PVE, R2) by individual QTL and additive effects at the LOD peaks. The linkage map was drawn using MapChart 2.3 (http://www.earthatlas.mapchart.com/, Voorrips, 2002). The sequences of all the markers were subjected to the BLAST against the Chinese Spring reference sequence (version 2.0 https://urgi.versailles.inra.fr/blast_iwgsc/blast.php, IWGSC, 2018) in order to determine physical positions.

Phenotypic distributions of stripe rust and leaf rust MDS were also compared between two groups of BILs that were classified based on the presence or absence of a QTL. Finally, all the BILs were grouped into different QTL genotypic classes by the flanking markers to check the additive effect, and disease severity was calculated by averaging rust scores within a QTL group across environments.




RESULTS


Seedling Response to Leaf Rust and Stripe Rust

In the seedling test, KU3067 and Apav displayed susceptible IT (3+ and 4) against both Pt races MBJ/SP and MCJ/SP based on a 0–4 scale. For the stripe rust, KU3067 expressed resistant IT 3 when tested with Pst Mex14.191, whereas Apav produced susceptible IT 7/8 based on the 0–9 scale. When tested on 148 BIL lines, 42 lines were found resistant, 101 lines were susceptible, and 6 lines showed segregation. Chi-squared analysis conformed to the expected frequency for a single stripe rust resistance gene in the seedling test against Pst Mex14.191 (Table 1). The resistance gene was temporarily designated as YrKU.


Table 1. Estimated number of resistance genes that confer seedling resistance to stripe rust and adult plant resistance to leaf rust and stripe rust in 148 KU3067 × Apav BILs based on Mendelian segregation analysis.
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Characterization of Leaf Rust and Stripe Rust Resistance in the Field

In the field trials, the MDS and IT reaction to leaf rust was 1MSS for KU3067 and 100S for Apav across all the seasons. Mean leaf rust severities on BILs ranged from 50.1 to 79.0% during all the leaf rust trials (Table 2). The frequency distribution of BILs for leaf rust severity was continuous over the four environments (Figure 1A), indicating the polygenic inheritance of APR to leaf rust in the population. Genetic analyses by Mendelian segregation analysis (Table 1) indicated the presence of 3–4 APR genes that confer resistance to the leaf rust in the population.


Table 2. Summary of MDS in the KU3067 × Apav BIL population phenotyped for leaf rust and stripe rust.
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FIGURE 1. Frequency distributions of KU3067/Apav BILs lines for mean LR (A) and YR (B) MDS in the field conditions. Mean values for the parents, KU3067 and Apav, are indicated by arrows.


KU3067 and Apav displayed MDS and IT for stripe rust of 5R and 100S under field conditions. The mean MDS for all the BILs was 67.8% and 67.0% in YR2017 and YR2018, respectively. The stripe rust MDS scores for the 148 BILs across all environments also showed continuous distributions (Figure 1B). Four genes were estimated to provide resistance to stripe rust using the Mendelian segregation analysis (Table 1).

MDS scores for leaf rust across all the crop seasons were significantly correlated with correlation coefficients ranging from 0.73 to 0.88 (P < 0.001; Table 3). For stripe rust, the correlation coefficient for YR2017 and YR2018 was 0.84 (P < 0.001). The coefficients of the correlation between stripe rust and leaf rust disease scores ranged from 0.61 to 0.76 across experiments, indicating the presence of pleiotropic genes conferring resistance to both the rusts.


Table 3. Pearson correlation coefficients (r) for two-way comparisons of leaf rust and stripe rust severity data from different environments.
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Linkage Map Construction and Mapping the Seedling Stripe Rust Resistance Gene YrKU

A total of 4,053 markers were used to construct the linkage map. The resulting linkage map comprised 40 linkage groups and a total map distance of 2,863.9 cM with A 1,190.5 cM, B 930.7 cM and D 742.7 cM, respectively (Supplementary Table 1). YrKU was mapped on 7BL and flanked by SNP markers 1070196|F|0–47:A>G and 5324909|F|0–54:T>C with genetic resistance 0.02 and 0.33 cM, respectively (Figure 2).


[image: Figure 2]
FIGURE 2. Likelihood plots of QTL for APR to leaf rust and stripe rust identified by IciMapping V4.1 in the KU3067 × Apav BILs population. The significant LOD threshold was detected based on 1,000 permutations. Positions (in cM) of cumulated genetic distances of linkage group along chromosomes are shown on the left axes and for molecular markers on the right. The marker interval of the QTL was underlined.




QTL Mapping for Leaf Rust and Stripe Rust Resistance
 
QTL Mapping of APR to Leaf Rust

Six leaf rust APR QTL were identified on chromosomes 1AS, 2AL, 4DL, 6BL, 7AL, and 7BL, and designated as QLr.cim-1AS, QLr.cim-2AL, QLr.cim-4DL, QLr.cim-6BL, QLr.cim-7AL, and QLr.cim-7BL, respectively (Table 4; Figure 2). All the resistance alleles were from KU3067. QLr.cim-1AS was detected in LR16B, LR16B-A (AUDPC for leaf rust at El Batán in 2016) and LR17B and explained 9.4–12.0% of the variation. QLr.cim-2AL with relatively smaller effects on disease response was identified in LR17B-A, LR18O, and LR18O-A with PVE ranging from 3.0 to 11.4%. QLr.cim-4DL with large effects was stably detected in all the environments and explained 10.9–56.4% of the phenotypic variances for leaf rust. QLr.cim-6BL was detected in LR17B-A, LR18O, and LRM (mean MDS across all the leaf rust environments) and explained 8.7–17.9% of the phenotypic variance. QLr.cim-7AL in the marker interval 4992965|F|0–22:A>G and 1111941|F|0–50:T>C was identified in LR17B, LR17B-A, LR18O, and LR18O-A with PVE ranging from 6.7–21.7%. QLr.cim-7BL was detected in LR17B, LR17B-A, LR17O, LR17O-A, and LRM and explained 7.5–17.2% of the phenotypic variance.


Table 4. Quantitative trait locus/loci for MDS to leaf rust and stripe rust by ICIM in the BIL population from Ku3067/Apav.
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QTL Mapping for APR to Stripe Rust

Four QTL, QYr.cim-1BS, QYr.cim-2AL, QYr.cim-4DL, and QYr.cim-7BL, with the resistant allele from KU3067 were identified. QYr.cim-1BS was detected in YR17, YR17A, YR18-A, and YR-M and explained 12.9–20.5% of the phenotypic variance. QYr.cim-2AL was detected in all the stripe rust environments with PVE of 5.4–12.5%. QYr.cim-4DL was stably detected in all the stripe rust environments and explained 12.1–29.8% of the phenotypic variances. QYr.cim-7BL was identified in all the stripe rust environments with PVE 12.6–19.3% (Table 4).



Possible Pleiotropic Rust Resistance QTL

Among the QTL detected, two showed possible pleiotropic resistance for both rusts. The first one, QLr.cim-4DL/QYr.cim-4DL, proved to be Lr67/Yr46 based on the closely linked marker Tm4 (Moore et al., 2015) the marker was validated on the parent Ku3067, thus, confirming the presence of the gene Lr67. Another QTL, QLr.cim-7BL/QYr.cim-7BL located on 7BL also showed pleiotropic resistance. QYr.cim-7BL overlapped the Yr seedling resistance gene YrKU and showed all-stage resistance to stripe rust.

Overall, a total of six QTL for leaf rust and four QTL for stripe rust were identified in the population (Table 4; Figure 2). The total phenotypic variance explained by detected QTLs ranged from 55.1 to 83.9% across the environments for leaf rust and 44.4 to 71.6% for stripe rust, confirming their significant effect in reducing rust severity.




Average Effects of Two Potentially Pleiotropic Rusts QTL and Additive Effects of Leaf Rust and Stripe Rust QTL

Average effects of two potentially pleiotropic QTL were estimated in RIL carrying QTL and RIL lacking QTL were compared based on the closely linked flanking markers (Figure 3; Table 5). Lr67/Yr46 showed significantly large effect in reducing leaf rust and stripe rust by 37.9–66.9 and 35.1–48.6%, respectively, in four leaf rust trials and two stripe rust trials (Table 5). Leaf rust severities in the presence of Lr67 ranged from 4.3–60.1% compared with 21.2–100% in its absence. For QLr.cim-7BL/QYr.cim-7BL, there was a significant reduction in mean leaf rust and stripe rust severity by 20.0–35.0 and 29.8–40.9%, respectively. The mean leaf rust and stripe rust severities of RIL carrying the 7BL QTL, ranged from 3.4–90.0 and 5.3–65.0% compared with 7.5–100 and 17.5–100% in its absence, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. Comparison of KU3067/Apav BILs for mean MDS of LR and YR in the presence or absence of resistance allele for Lr67/Yr46 and QLr.cim-7BL/QYr.cim-7BL in field trials.



Table 5. T-tests for the comparison of MDS for leaf rust and stripe rust in KU3067 × Apav BILs with and without the resistance alleles.
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The BILs were divided into 24 and 15 genotypes based on the presence of six-leaf rust and four stripe rust resistance QTL, and the additive nature of identified QTLs is shown in Figure 4. More QTLs imparted higher rust resistance in the BILs. For leaf rust, one line contained five QTL (4D + 7B + 1A + 2A + 6B) with mean MDS 6.3%. The mean MDS of the -QTL group reached 83.3%. For stripe rust, four lines with all four YR QTL had a mean MDS of 7.3%. In total, 46 RIL's without any of the reported stripe rust QTL had an MDS of 86.6%.


[image: Figure 4]
FIGURE 4. Mean MDS of lines carrying different combinations of QTLs. Lines containing the different QTL combinations were grouped together and the corresponding rust severities were averaged over environments. (A) Corresponds leaf rust combinations, (B) Corresponds to stripe rust evaluations. Means and standard errors of the means are shown.





DISCUSSION

Genetic analyses indicated that four genes/loci controlled the APR resistance to leaf and stripe rusts in KU3067. In this mapping study, six QTL for leaf rust resistance and four for stripe rust resistance were identified using ICIM. The result of stripe rust was consistent with the estimated gene number, while there is a slight discrepancy with the genetic analyses for leaf rust. The Mendelian genetic approach for estimating gene numbers is based on the theoretical assumptions of polygenetic quantitative inheritance, where each gene is considered to contribute equally to the phenotype. However, it is common that variable effects of different QTL on phenotypes occur in the wheat genotypes, which results in segregating distortion of various phenotypic classes. Therefore, it is often observed that the estimated number of genes varies from the number of QTL identified. Yang et al. (2013) and Lan et al. (2015) also reported the discrepancy on the population Sujata/Avocet-YrA and Chapio/Avocet RIL populations, respectively. The estimated gene number usually represents the minimum number of polygenic loci segregating in a population, as is also evident in this study.


Lr67/Yr46 on 4DL

In this study, the most consistent QTL across all the environments was Lr67/Yr46 on 4DL. Lr67/Yr46 with a large effect explained 10.9–56.4 and 12.1–29.8% of the phenotypic variation for leaf and stripe rusts, respectively. The gene also confers resistance to stem rust and powdery mildew (Herrera-Foessel et al., 2014). Lr67/Yr46 was originally transferred from PI250413, a Pakistani wheat accession, to Thatcher-derived line RL6077 (Dyck and Samborski, 1979). Earlier studies also confirm a larger phenotypic effect of Lr67/Yr46 in Indian wheat lines Sujata (Lan et al., 2015) and New Pusa 876 (Ponce-Molina et al., 2018). This study is the first to report the presence of Lr67/Yr46 in an Afghan landrace, which suggests a broad range of deployment of this gene in diverse wheat germplasm. This gene has been effective for over 60 years and remains a key gene in the development of lines with durable rust resistance in many breeding programs, including CIMMYT's program.



QLr.cim-7BL/QYr.cim-7BL

QLr.cim-7BL/QYr.cim-7BL overlapped the Yr seedling resistance gene YrKU, indicating that YrKU showed all-stage resistance in the study. To date, six known Yr resistance genes Yr39 (Lin and Chen, 2007), Yr52 (Ren et al., 2012), Yr59 (Zhou et al., 2014), Yr67 (Li et al., 2009), YrZH84 (Li et al., 2006), and YrSuj (Lan et al., 2015) as well as three leaf rust resistance genes Lr14a, Lr14b (McIntosh et al., 1995), and Lr68 (Herrera-Foessel et al., 2012) have been reported on 7BL. The physical position of the QLr.cim-7BL/QYr.cim-7BL gene and closely linked markers is shown in Supplementary Table 2. YrKU (719.8–741.5 Mb) mapped at a similar position where Yr52 (732.4 Mb), Yr59 (723.9 Mb), Yr67 (699.9–718.4 Mb), YrSuj (718.3–734.8 Mb), and YrZH84 (718.3–723.9 Mb) are reported. As Yr52 and Yr59 are high-temperature adult-plant (HTAP) genes with susceptible infection type at the seedling stage, suggesting they are different from YrKU. YrZH84, a stripe rust seedling resistance gene, was identified in Chinese wheat cultivar “Zhou 8425B” however, does not show pleiotropic resistance to the leaf rust. YrSuj mapped in the Indian bread wheat cultivar Sujata (Lan et al., 2015) with the pleiotropic effect on APR to leaf rust is similar to our findings. Lan et al. (2015) also reported that YrSuj and Yr67 from Indian variety C591 might be same (Lan et al., 2015). The relationship among YrKU, Yr67, and YrSuj will be confirmed through the allelism test in the next step to confirm if it is a known gene or a new gene at that locus.

For leaf rust, Lr14a and Lr14b, located on 7BL, are seedling resistance genes and seedling tests of the RIL population displayed infection type “4” or “3+,” indicating the two genes are ineffective against the Pt races that were tested, and hence, they are different from QLr.cim-7BL. Lr68 is a slow-rusting resistance gene flanked by markers cs7BLNLRR and Xgwm146 was mapped in CIMMYT line Arula (Herrera-Foessel et al., 2012). QLr.cim-7BL (729.4–753.8 Mb) mapped at a similar position with Lr68 (752.2–752.8 Mb); but the absence of Lr68 in KU3067 was confirmed by the linked molecular markers csGS and CAPS marker cs7BLNLRR (Herrera-Foessel et al., 2012). Hence QLr.cim-7BL may not be Lr68.



QYr.cim-1BS

In total, six designated seedling Yr resistance genes, Yr9 (Mettin et al., 1978), Yr10 (Metzger and Silbaugh, 1970), Yr15 (Gerechter-Amitai et al., 1989), Yr24 (McIntosh and Lagudah, 2000), Yr64 (Cheng et al., 2014), and Yr65 (Cheng et al., 2014) were mapped on 1BS. Yr10, Yr15, Yr24/Yr26, Yr64, and Yr65 were mapped at 5.5, 46.8–78.8, 218.9, 78.8, and 221.9–228.6 Mb, respectively, compared with QYr.cim-1BS at 3.7–7.0 Mb (Supplementary Table 2). In addition, the seedling tests showed that plants carrying Yr10, Yr15, and Yr24/Yr26 were immune (IT 0) to Pst isolate Mex14.191, and plants with Yr9 were susceptible (IT 8) while KU3067 showed IT 3, 4. Molecular markers of Yr9, Yr10, Yr15, and Yr24/Yr26 also confirmed the absence of these genes in KU3067 (data not shown). Based to the chromosome position, seedling reaction and molecular markers detection, it can be concluded that QYr.cim-1BS is different from these genes and might be new.



QYr.cim-2AL

Two known seedling resistance Yr genes, Yr1 (Zadoks 1961), and Yr32 (Eriksen et al., 2004), were mapped on 2AL. Yr1 (Zadoks, 1961; Lupton and Macer, 1962) from winter wheat genotype Chinese 166 confers seedling resistance typically with IT 1 to pathotype Mex14.191, which is obviously different from IT 34 of KU3067. Yr32 was originally characterized in cultivar Carstens V, and the seedling reaction of Yr32 was unknown to Pst Mex14.191. Yr32 was closely linked to wmc198 at 711.5 Mb with genetic distance 2 cM compared with QYr.cim-2AL at 764.7–762.6 Mb. It can be concluded that QYr.cim-2AL is different from Yr1 and Yr32. In addition, five QTL on 2AL for stripe rust resistance were reported in wheat varieties Récital (Dedryver et al., 2009), Camp Remy (Boukhatem et al., 2002) Triticum monococcum acc. pau14087 (Chhuneja et al., 2008), Solist (Christiansen et al., 2006), and Wasmo (Christiansen et al., 2006). QYr.inra-2AL and QYR2 from Récital and Camp Remy, respectively, were closely linked to Xgwm382 at 774.3 Mb (Supplementary Table 2). QTL identified in Solist, Wasmo, and pau14087 were linked to Xwmc170 at 715.3 Mb (Supplementary Table 2). In this study, QYr.cim-2AL at 764.7–762.6 Mb was 12 Mb away from QYr.inra-2AL and QYR2 and might be potentially new.



QLr.cim-1AS

The known seedling resistance gene Lr10 (Feuillet et al., 2003) and two QTL, QLr.cim-1AS from the Indian bread wheat cultivar Sujata (Lan et al., 2015) and QLr.cau-1AS from the American wheat cultivar Luke (Du et al., 2015), were mapped on 1AS. Lr10 expressed IT 3 and 4 to Pt pathotypes MBJ/SP and MCJ/SP in the seedling test indicating it is ineffective against the tested Pt. QLr.cim-1AS (Lan et al., 2015) and QLr.cau-1AS (Du et al., 2015) were mapped at the distal end of 1AS with physical positions of 1.7–8.5 and 9.0 Mb (Supplementary Table 2). The physical position of KU3067 QTL QLr.cim-1AS (1.1–46.1 Mb) overlapped the latter two QTL (Supplementary Table 2). QLr.cim-1AS from Sujata showed pleiotropic resistance to stripe rust; however, we did not detect any effect of QLr.cim-1AS on stripe rust in this study. The relationship of these three QTL needs further analysis in the next step.



QLr.cim-2AL

Leaf rust resistance gene Lr38 introgressed from Thinopyrym intermedium to common wheat was mapped on 2AL (Friebe et al., 1992). There is no previous report suggesting that land race KU3067 might possibly carry Lr38. In addition, six QTL for leaf rust resistance, QLr.cimmyt-2AL in Avocet (Rosewarne et al., 2013), QLr.sfr-2AL in Forno (Schnurbusch et al., 2004), QLr.ubo-2A in Lloyd (Maccaferri et al., 2008), QLr.hebau-2AL in Chinese Spring (Zhang et al., 2017), QLr.ifa-2AL in Capo (Buerstmayr et al., 2014), and QTL-2AL in Opata 85 (Nelson et al., 1997), were mapped on 2AL. These QTL mapped in the different physical positions with the KU3067 QTL based on the position of closely linked markers (Supplementary Table 2), except for QLr.cimmyt-2AL in Avocet in an unknown position. It is currently not known if QLr.cimmyt-2AL is in the same region as the KU3067 QTL.



QLr.cim-6BL

Four known QTL viz. QLr.fcu-6BL (Chu et al., 2009), QLr.cimmyt-6BL.1 (Rosewarne et al., 2013), QLr.cim-6BL (Lan et al., 2017), and QLr.cimmyt-6BL.2 (William et al., 2006) with resistance allele from synthetic hexaploid wheat TA4152-60, and CIMMYT bread wheats Pastor, Bairds, and Pavon 76, respectively, were mapped on 6BL. The Pastor QTL QLr.cimmyt-6BL.1 (Rosewarne et al., 2013) and Pavon 76 QTL QLr.cimmyt-6BL.2 (William et al., 2006) were effective against both leaf rust and stripe rust. However, no pleiotropic resistance was detected for the QTL identified in KU3067. QLr.cim-6BL in this study mapped at 495.2–576.7 Mb and is obviously different from 17.1 Mb for QLr.fcu-6BL, 706.7 Mb for QLr.cim-6BL, and 426.4 Mb for QLr.cimmyt-6BL.2 (Supplementary Table 2). It can be concluded that QLr.cim-6BL from KU3067 might be potentially new.



QLr.cim-7AL

Till date, only one known Lr gene, Lr20 (Browder, 1972), was mapped at about 668.0 Mb on 7AL. Lr20 was a seedling resistance gene and was susceptible to the two Pt pathotypes tested indicating it is ineffective. Two minor QTL, viz. QLr.hwwg-7AL (Lu et al., 2017) and QLr.mma-7AL (Tsilo et al., 2014), were mapped at 701.9 and 722.9 Mb on 7AL, respectively (Supplementary Table 2). QLr.cim-7AL was located at 699.0–701.5 Mb near to QLr.hwwg-7AL.



Potential Application of QTL for Leaf Rust and Stripe Rust in Wheat Breeding

In this study, six QTL for leaf rust and four QTL for stripe rust were identified in the KU3067 RIL population. The leaf rust and stripe rust resistance of KU3067 had remained effective for more than 60 years. Despite their inferior agronomic traits (e.g., low grain yield, lodging), KU3067 and lines with multiple QTLs and combinations in the population can serve as a valuable source of resistance for common wheat improvement. The tightly linked SNP markers identified in this study can be converted to KASP assays (Semagn et al., 2014) for marker-assisted selection (MAS) and pyramiding of APR genes to improve leaf rust and stripe rust resistance in wheat-breeding programs.
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Tim Kloppe1, Willem Boshoff2, Zacharias Pretorius2, Driecus Lesch3, Beyhan Akin4, Alexey Morgounov5, Vladimir Shamanin6, Paulo Kuhnem7, Paul Murphy8 and Christina Cowger1,9*

1Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC, United States

2Department of Plant Sciences, University of the Free State, Bloemfontein, South Africa

3Syngenta (Pty.) Ltd., Sensako Research Station, Napier, South Africa

4Global Wheat Program, International Maize and Wheat Improvement Center (CIMMYT), Ankara, Turkey

5Food and Agriculture Organization, Riyadh, Saudi Arabia

6Agrotechnological Department, Omsk State Agrarian University, Omsk, Russia

7Biotrigo Genética, Passo Fundo, Brazil

8Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC, United States

9United States Department of Agriculture, Agricultural Research Service, Raleigh, NC, United States

Edited by:
Peng Zhang, The University of Sydney, Australia

Reviewed by:
Zhiyong Liu, Institute of Genetics and Developmental Biology (CAS), China
Volker Mohler, Bayerische Landesanstalt für Landwirtschaft (LfL), Germany

*Correspondence: Christina Cowger, christina.cowger@usda.gov

Specialty section: This article was submitted to Plant Pathogen Interactions, a section of the journal Frontiers in Plant Science

Received: 27 May 2022
Accepted: 20 June 2022
Published: 01 August 2022

Citation: Kloppe T, Boshoff W, Pretorius Z, Lesch D, Akin B, Morgounov A, Shamanin V, Kuhnem P, Murphy P and Cowger C (2022) Virulence of Blumeria graminis f. sp. tritici in Brazil, South Africa, Turkey, Russia, and Australia. Front. Plant Sci. 13:954958. doi: 10.3389/fpls.2022.954958

The globally distributed causal agent of powdery mildew on wheat, Blumeria graminis f. sp. tritici (Bgt), is one of the most rapidly adapting plant pathogens and requires monitoring for shifts in virulence to wheat resistance (Pm) genes. Virulence frequencies were assessed in a total of 346 Bgt isolates from several countries that had either lately recorded increasing powdery mildew epidemics (Brazil, South Africa, and Australia) or not recently been surveyed (Turkey and Russia). The results were compared to previously published surveys of United States and Egyptian Bgt (390 isolates). Many of the Pm genes that have potentially been employed longer (Pm1a–Pm17) were shown to have lost effectiveness, and the complexity of virulence to those genes was higher among Brazilian isolates than those from any other country. Some cases of high virulence frequency could be linked to specific Pm gene deployments, such as the widespread planting of cultivar Wyalkatchem (Pm1a) in Australia. Virulence was also assessed to a set of Pm genes recently introgressed from diploid and tetraploid wheat relatives into a hexaploid winter wheat background and not yet commercially deployed. The isolate collections from Fertile Crescent countries (Egypt and Turkey) stood out for their generally moderate frequencies of virulence to both the older and newer Pm genes, consistent with that region’s status as the center of origin for both host and pathogen. It appeared that the recently introgressed Pm genes could be the useful sources of resistance in wheat breeding for other surveyed regions.

Keywords: common wheat, powdery mildew, resistance genes, virulence frequency, virulence complexity, genetic diversity, Blumeria graminis f. sp. tritici, durability


INTRODUCTION

Wheat (Triticum aestivum) is one of the most important global staple crops in area (218 million hectares), as primary calorie source (18%), and as protein source (19%) (FAOSTAT, 2017), and the diseases of wheat have become a global concern, causing ∼13% annual losses in yield (Oerke, 2005; Savary et al., 2019). While the area of wheat cultivation has not increased significantly over the last 50 years, global wheat production tripled during that time (FAOSTAT, 2017). This increase was due to the widespread application of “Green Revolution” practices, such as synthetic fertilizers, pesticides, and irrigation (Tilman et al., 2001; Zhu and Chen, 2002; Chen et al., 2007; Bradley and Thomas, 2019), as well as genetic gains made with modern wheat cultivars (Lantican et al., 2005; Reynolds and Borlaug, 2006). Such changes have resulted in large-scale, dense plantings of genetically uniform, semi-dwarf wheat cultivars, and increasing risk of epidemics caused by several pathogens (Bennett, 1984; Imani et al., 2002; Van de Wouw et al., 2009; McDonald and Stukenbrock, 2016).

Powdery mildew, caused by the ascomycete Blumeria graminis f. sp. tritici (Bgt), is among the top seven pathogens that affect global wheat (Triticum spp.) production (Savary et al., 2019). Depending on the climate zone, Bgt epidemics commence with the release of conidia from mycelium on infected host plants or ascospores from sexual fruiting bodies (chasmothecia) that allow the pathogen to perennate during hot dry seasons or cold winters (Glawe, 2008; Zou et al., 2018b). With the start of milder weather in autumn or spring, primary Bgt inoculum is dispersed to newly sown wheat crops. An increase in humidity provides optimal conditions for the development of asexually produced conidia and secondary infections that enable polycyclic disease development and larger epidemics (Te Beest et al., 2008).

Whereas powdery mildew has long been common in temperate regions and areas with humid, mild climates, it has recently become increasingly important in drier and hotter areas due to intensified agricultural production and in areas with shifting climates that favor earlier disease development (Tilman et al., 2001; Lantican et al., 2005; Oerke, 2005; Morgounov et al., 2011; Abdelrhim et al., 2018; Tadesse et al., 2019). The recent reports of more frequent powdery mildew epidemics in South Africa, Brazil, and parts of Turkey, Russia, Kazakhstan, and Australia exemplify this trend (D. Lesch, Z. Pretorius, W. Boshoff, P. Kuhnem, A. Morgounov, personal observation; Costamilan, 2005; Morgounov et al., 2011; Golzar et al., 2016).

The obligate-biotrophic lifestyle of Bgt is characterized by the infection of epidermal leaf cells via a specialized infection structure, the appressorium, and retrieval of nutrients employing a specialized feeding structure, a haustorium (Zhang et al., 2005). This highly specialized form of parasitism requires biotrophic pathogens such as Blumeria to employ a set of secreted effector proteins to interfere with the host’s immune system and facilitate colonization (Wicker et al., 2013; Mueller et al., 2019). Although the exact function of these effectors is not known, genetic mapping and characterization of a subset of these genes, such as AvrPm1a, AvrPm2, and AvrPm3, has shown that they are the triggers of plant immune reactions following their recognition by cognate host resistance genes (Bourras et al., 2015, 2019; Praz et al., 2017; Hewitt et al., 2021).

Compared to the highly effective, durable powdery mildew resistance conferred by the mlo gene in barley (Acevedo-Garcia et al., 2017; Kusch and Panstruga, 2017), powdery mildew resistance in wheat is limited to partial, race-non-specific resistance and race-specific, nucleotide-binding leucine-rich repeat-type resistance genes, referred to as Pm (powdery mildew) genes (Johnson et al., 2003; Krattinger et al., 2009; Alam et al., 2011; Cowger et al., 2012; Moore et al., 2015; Kang et al., 2020). Although over 100 Pm alleles have been mapped to 63 different loci in wheat (Lu et al., 2020), a much smaller number of Pm genes have been deployed commercially, likely due to fungicide availability, a breeding emphasis on yield, and in some cases linkage drag.

Due to the high capacity of B. graminis to overcome host resistance (McDonald and Linde, 2002; Spanu, 2012; Mueller et al., 2019), many Pm genes have lost effectiveness against the pathogen a few years after their deployment; e.g., Pm3a (Niewoehner and Leath, 1998) and Pm4a (Parks et al., 2008) in the mid-Atlantic region of the United States. In that same region, another example was a shift in the Bgt population to Pm17 virulence that occurred within 5 years of widespread planting of cultivars bearing that gene (Cowger et al., 2009, 2018).

Pm genes remain a key component of sustainable disease control in wheat. Thus, management strategies to counter the appearance of virulent Bgt strains have relied on the introgression of novel Pm genes from wild relatives into the germplasm of breeding programs, and the replacement of cultivars containing ineffective Pm genes with others bearing previously unused resistance genes (Xu et al., 2015; Wiersma et al., 2017; Zou et al., 2018a; Li et al., 2019b; Tan et al., 2019; Alemu et al., 2021).

The goal of this study was to assess the virulence of Bgt in several major wheat-growing countries, including parts of Brazil, South Africa, and Australia, where the disease has become an emerging problem. Also included were regions of Turkey, Russia, and Kazakhstan where the disease has long been endemic, but the pathogen population had not been thoroughly surveyed in the past decade. Bgt populations were tested for virulence against a differential set of 19 wheat lines, each carrying a single Pm gene, including Pm genes that had potentially been in commercial use for a relatively longer time and Pm genes that were recently introgressed into hexaploid wheat from diploid and tetraploid wild relatives. The goals were to compare the efficacy of Pm genes among geographic regions and to determine whether and where the new genes could be useful sources of resistance for breeding programs.



MATERIALS AND METHODS


Sampling of Isolates

Samples of infected wheat bearing chasmothecia of Bgt were collected from 33 locations in Brazil, South Africa, Turkey, Russia, Kazakhstan, and Australia from 2016 to 2019 (Table 1; Supplementary Table 1; Figure 1). At each location, field samples were collected at several places within a field, with each field sample consisting of between 8 and 15 wheat leaves. Exceptions to this occurred at Omsk, Russia, where each sample was collected from a plot of a breeding line within a larger breeding nursery, and in Australia, where only one or two single-pustuled isolates were derived from conidial samples per region (Table 1 and Supplementary Table 1).


TABLE 1. Origins of 346 Blumeria graminis f. sp. tritici isolates evaluated for virulence, including closest town and province, region, country of the collected field samples, and number of isolates recovered.a
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FIGURE 1. Locations of origin of 346 Blumeria graminis f. sp. tritici isolates from six countries tested for virulence. Location numbers on the map correspond to the numbers in Table 1.




Recovery of Isolates

Field samples were shipped in paper envelopes and after receipt were stored at 18°C for 30 days to facilitate maturation of chasmothecia (Legler et al., 2012). For the derivation of pure cultures, the protocol of Abdelrhim et al. (2018) was followed: infected leaf samples were cut into 5-cm-long segments, which were then placed in a moist chamber for differentiation of chasmothecia, followed by the ejection of ascospores onto detached segments of 10-day-old primary leaves of susceptible cultivar Jagalene floated on 0.5 w/w% water-agar containing 0.0053 mg L–1 benzimidazole in a 60 mm x 15 mm petri dish. Plates with infected Jagalene leaf segments were incubated in a growth chamber for 10 days at 17°C with a 12-h photoperiod, using fluorescent lamps.

After pustules appeared on infected Jagalene, pure cultures were obtained in two consecutive rounds of single-spore isolation, using an autoclaved paintbrush and subculturing on fresh Jagalene leaves under the conditions described above. Up to three single-spored isolates were obtained from each of the 5-cm leaf segments if the colonies that arose from the ascospore infections were at least 2 cm apart. This was done because the viability of chasmothecia in some samples was low, and only a fraction of the 5-cm leaf samples yielded successful primary ascospore infections. The pure isolates were cultured and increased every 10 days for several rounds on Jagalene by dispersing conidiospores from an infected leaf onto a fresh set of leaves with the aid of a spore-settling plastic cup.



Virulence Assay

The virulence profile of each isolate was determined by inoculating leaf segments of 19 differential plant lines, each bearing a single Pm gene. The plant lines represented two sets of Pm genes. The first was a set of genes that were introgressed and/or identified in common wheat earlier (1960s–2008) and may have been in commercial use relatively longer; these will hereafter be referred to as “older Pm genes” (Pm1a–Pm17, Table 2). The second was a set of genes exclusively sampled from wild, diploid, and tetraploid wheat relatives, originating in the Fertile Crescent, and more recently introgressed into North Carolina soft red winter wheat germplasm in the program of Dr. Paul Murphy, North Carolina State University. These genes will be referred to here as “newer Pm genes” (Pm25–Pm53, Table 2).


TABLE 2. Pm genes and differential cultivars used in virulence tests of 346 Blumeria graminis f. sp. tritici isolates from six countries.
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Two 2.5-cm primary leaf segments of each 10-day-old differential line and four segments of Jagalene were placed alongside each other on large water-agar petri dishes. Jagalene leaf segments near the perimeter of the dish served as a susceptible control. Two dishes were prepared for each isolate, such that there were four replicate leaf segments for each combination of isolate and differential line. After 10 days of incubation under the conditions described above, the differential lines were scored for their disease reaction on a 0–9 scale adapted from Moseman et al. (1984): 0 = no symptoms, 1 = faint discoloration, 2 = necrotic lesions, 3 = necrotic lesions and traces of mycelium, 4 = chlorotic lesions with mycelium, 5 = one to two pustules of conidia, 6 = less than 20% of a leaf area covered with pustules, 7 = 20–50% coverage with pustules, 8 = medium-sized pustules and 50–90% coverage, 9 = large pustules and 100% coverage. Based on an average over the four leaf segments, each isolate was rated as avirulent for average scores of 0–4 (differential line was resistant), intermediately virulent for scores of 5–6, and fully virulent for scores of 7–9 (differential line was fully susceptible).



Assessment of Clonality

For the purpose of this study, over-representation of virulence haplotypes due to clonality from polycyclic increase in individual genotypes was undesirable. Isolate clonality was possible because sampling resolution was in some cases as high as two isolates being derived from the same 5-cm leaf segment of an infected wheat leaf sample. Potential clonality was assessed by comparing isolates from a given location for an exact match in their virulence profiles to the 19 Pm genes (Supplementary Table 1). If one or more isolates originated from the same plant sample and matched in their virulence profile, all but one of those isolates were excluded. A total of 47 isolates were matched in virulence profiles with at least one other isolate derived from the same location. Of them, 11 isolates were derived from the same plant as other isolates, and thus, two isolates from Brazil, six from South Africa, two from Turkey, and one from Australia were excluded.



Data Analysis

To make geographically broader inferences about the effectiveness of Pm genes, additional data matching the present Pm gene set were taken from recently published surveys in Egypt and the United States, which were conducted in the same laboratory as the current one, using the same methods. Data from Egypt were included to represent a wheat-growing region near the Fertile Crescent (Abdelrhim et al., 2018). Data from the United States consisted of virulence profiles of isolates of the Southeast, Mid-Atlantic, and Great Lakes regions, the United States wheat-growing regions most conducive to Bgt epidemics; these were thus a subset of the isolates in the previous report (Cowger et al., 2018). Because the sampled location Karabalyk, Kazakhstan was close to the two Russian locations Timiryazevskaya and Kurgan (Figure 1), all of which are in a spring wheat region, data from these three locations were grouped together. Isolates from Russian locations Krasnodar and Rostov on Don were grouped with those from Turkey, because these two locations were representative of the winter wheat region close to Turkey and remote from the sampled locations in the Russian spring wheat region.

For a given country (as defined above and shown in Table 1), frequencies of virulence to each Pm gene were calculated as the percentage of isolates virulent to each Pm-gene line. Global frequencies of virulence to Pm genes were estimated as unweighted means using countries’ mean virulence frequencies, recognizing the limitations imposed by unsampled geographic regions and varying sample sizes. Virulence complexity was calculated as the percentage of Pm genes to which an isolate was virulent. To test whether mean virulence complexity was significantly higher for the older set of Pm genes than for the newer set, mean virulence complexity of each country was calculated separately for older and newer genes and then compared in one-tailed Student’s t-test (α = 0.01), using the function “t.test” in R. Virulence complexity values allowed a within-country comparison of older and newer sets of Pm genes for their effectiveness, as well as an overall comparison between countries. For the comparison of countries’ mean virulence complexity, residual analysis was applied to test for a linear relationship between the country as the independent variable and virulence complexity as the dependent variable. Arcsine-transformed data fitted a linear regression model best and were chosen for testing whether means differed significantly. The data were fitted to a linear model using the modeling function “lm” in R. For statistical separation of countries’ virulence complexity means, a Dunnett–Tukey–Kramer pairwise multiple comparison test, implemented in the DTK package in R, was used with a familywise error rate of α = 0.05.



Genotyping

To test for the presence of certain Pm genes in cultivars from which isolates were sampled and/or that have been popular in Brazil and Australia, a genetic evaluation was conducted on 10 Brazilian spring wheat cultivars, provided by Biotrigo Genetica, and two Australian winter wheat cultivars provided by InterGrain through the Australian Grains GeneBank (Supplementary Table 2). DNA was extracted from three primary leaves per cultivar as biological replicates, using the EZNA HP Plant DNA Mini Kit D2485-02 (Omega Bio-Tek, Norcross, GA, United States), following the manufacturer’s protocol for dried specimens. DNA samples were tested by endpoint genotyping using the PCR Allelic Competitive Extension (PACE) assay (3cr bioscience) and kompetitive allele-specific PCR (KASP) markers to detect polymorphisms linked to Pm1a, Pm6, and Pm8 (Supplementary Table 3A; Sarinelli, 2017; Sarinelli et al., 2019). Gene-specific markers were unavailable for the other Pm genes used in this study.

To provide positive controls, DNA was extracted from the following genotypes: C.I. 14114 for Pm1a (Sears and Briggle, 1969), Coker 747 for Pm6 (Helmsj∅rgensen and Jensen, 1973), and Kavkaz for Pm8 (Hsam and Zeller, 1997). The cultivar Shirley was included as a control representing a modern United States cultivar and for testing the KASP markers for Pm1a and Pm8, which that cultivar is believed to possess (Hsam and Zeller, 1997; Baik and Sturbaum, 2014; Green et al., 2014). DNA from universally susceptible cultivar Jagalene was used as a negative control for all genes.

For endpoint genotyping, each DNA sample was analyzed in two independent reactions amplified on a QuantStudio 3 real-time PCR cycler (Thermo Fischer Scientific, Waltham, MA, United States), using thermal cycling conditions recommended by the manufacturer in a reaction volume of 10 μl (Supplementary Table 3B). Each reaction was composed of 10 ng of sample DNA, 0.138 μl PACE assay mix, 1.5 μM ROX as a reference dye, 30 μM of a common reverse primer, and each 12 μM of two allele-specific primers. The allele-specific primers contained unique 5′ tail sequences that corresponded to either the HEX (resistance allele) or FAM (susceptible allele) fluorescent cassettes present in the master mix. The excitation maxima (FAM = 493 nm and HEX = 538 nm) and emission maxima (FAM = 517 nm and HEX = 554 nm) of the dyes deviated by similar amounts from the wavelength spectrum of the QuantStudio 3 machine for excitation [channel x1 = 470 nm (FAM), channel x2 = 520 (HEX)] and emission [channel m1 = 520 nm (FAM), channel m2 = 558 (HEX)]. Real-time PCR reporter fluorescence, measured at 33–35 cycles and normalized to ROX, was used for allele discrimination using the “analyze” function in Design and Analysis Software 2.6.0 (Thermo Fischer Scientific, Waltham, MA, United States). Assays for Pm6 and Pm8 were rerun on additional DNA samples and new reagents to exclude any source of contamination. The two independent assays showed similar allele discrimination patterns for the tested samples.




RESULTS

In total, 346 isolates were derived from samples originating in six countries: 55 from Brazil, 59 from South Africa, 123 from Turkey, 83 from Russia, 11 from Kazakhstan, and 15 from Australia (Table 1 and Figure 1). As described in the methods, previously published data on virulence to the same set of 19 Pm genes from 70 Egyptian isolates and 320 United States isolates (Abdelrhim et al., 2018; Cowger et al., 2018) were compared with the data obtained in this survey. Virulence to Pm genes varied from complete fixation (all isolates were virulent) to total absence of virulence across countries and between Pm genes (Table 3).


TABLE 3. Virulence frequencies of Blumeria graminis f. sp. tritici isolates collected from six countries, compared to previously published frequencies in the United States and Egypt, for (A) ten older Pm genes, identified earlier and potentially in use internationally, and (B) nine newer Pm genes, more recently introgressed into hexaploid wheat in North Carolina.a
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Older Pm Genes (Pm1a–Pm17)

Among the older Pm genes, generally high frequencies of virulence were observed, although this varied considerably by country (Table 3A). Across all countries, the highest virulence frequencies were recorded for Pm6, Pm8, and Pm17, with most isolates virulent to at least one if not all of those genes. Beginning around the center of origin of Bgt, isolates from Turkey and the southern Russian Black Sea region (locations 28 and 29, Figure 1) exhibited comparatively moderate frequencies of virulence to the older Pm genes (35–65%), except for Pm1b, Pm6, Pm8, and Pm17 (Table 3A). Virulence to Pm1b was low in all surveyed populations, but the frequency was highest in Turkish isolates at 18%, in line with the generally intermediate levels of virulence among these isolates. Also in the Fertile Crescent, a pattern of mostly moderate virulence frequencies had been observed among Egyptian isolates previously tested on these older Pm genes (Abdelrhim et al., 2018).

Moving farther afield, isolates from the spring wheat region of Russia and Kazakhstan (Western Siberia) exhibited a different pattern than that found for Turkey and the Black Sea winter wheat region. Isolates from these Central Asian regions possessed near-complete virulence to Pm2, Pm4a, and Pm4b, but their virulence to Pm1a, Pm1b, Pm3a, and Pm3b was low (<30%).

In the diaspora of countries most remote from the Fertile Crescent, frequencies of virulence to the older Pm genes tended to be either high or low. For example, Pm1a was either virtually ineffective (Brazil, Australia) or fully effective (United States, South Africa). Among Brazilian isolates, virulence frequencies to the older genes were all ≥75% except for Pm1b, and for six of those ten genes (Pm2, Pm3a, Pm4a, Pm4b, Pm8, and Pm17), virulence was ≥95%, indicating a likely complete loss of effectiveness when confronted with natural Bgt populations in the field.

In South Africa, virulence to the majority of older Pm genes was absent or low (0–13%); however, as mentioned above, Pm3b, Pm6, Pm8, and Pm17 showed moderate to high virulence frequencies (58–75%). A distinctive virulence pattern was seen in the Australian sample, with Pm1a and Pm6 being completely ineffective, whereas virulence to Pm8 and Pm17 was relatively low (14 and 29%, respectively). Overall, virulence to seven of the ten older Pm genes was absent or <30% in Australia. However, these results should be treated with caution as the Australian sample was small.

For the older Pm genes, average virulence complexity (the percentage of Pm genes to which isolates of a country were virulent) was significantly higher in Brazil (85%) than in any other country (Figure 2A). South Africa and Australia had the lowest mean complexity of virulence to the older genes, whereas complexity in Egyptian, Turkish, Russian, and United States collections was intermediate.
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FIGURE 2. Complexity of virulence in recently phenotyped Blumeria graminis f. sp. tritici populations from several countries compared to previously published virulence data for the United States and Egypt, for (A) 10 lower-numbered, older Pm genes (Pm1a–Pm17) and (B) nine newer Pm genes recently introgressed into hexaploid wheat from wild relatives (Pm25–Pm53). Virulence complexity was calculated as mean percentage of Pm genes to which isolates were virulent. Within a panel, countries topped by the same letter did not have significantly different virulence complexities (p < 0.05). Within each box, medians of virulence complexity are indicated by lines and means by crosses. vAbdelrhim et al. (2018). wTurkey/Black Sea region: isolates from Russian locations Krasnodar and Rostov were grouped with those from Turkey (refer to Table 1). xWestern Siberia region: isolates from Karabalyk, Kazakhstan were grouped with those from Russia (refer to Table 1). yCowger et al. (2018). zGenes Pm25–NCA6 were effective in the field against a natural United States Bgt population (Cowger et al., 2018); see text.


Because isolates from Brazil had comparatively high frequencies of virulence to the older Pm genes, available KASP markers were employed to test whether cultivars from which isolates were derived possessed Pm1a, Pm6, or Pm8. Likewise, the fixation of virulence to Pm1a and Pm6 observed in the Australian Bgt collection was investigated by assessing whether two popular Australian cultivars (Wyalkatchem and Mace) contained Pm1a or Pm6. Endpoint genotyping for Pm1a using three diagnostic KASP markers confirmed the presence of a Pm1a allele conferring resistance to powdery mildew in C.I. 14114 (Pm1a control), Wyalkatchem and Shirley, whereas all other cultivars possessed the alternate allele, indicating the absence of Pm1a (Supplementary Table 2 and Supplementary Figure 1). Tests for Pm6 and Pm8 showed that only Shirley and the positive controls (cultivars Coker 747 and Kavkaz, respectively) had the resistance allele, whereas all other cultivars possessed the alternate allele.



Newer Pm Genes (Pm25–Pm53)

Overall, virulence to the recently introgressed set of Pm genes was low relative to the older genes (Table 3B). Across all countries, unweighted mean virulence frequencies were 31–41% for five Pm genes (Pm25, Pm35, Pm34, NCA6, and MlUM15) and ≤12% for an additional four genes (NCAG13, Pm37, MlAG12, and Pm53).

Isolates from the Fertile Crescent countries Egypt and Turkey (along with the adjacent Russian winter wheat locations 28 and 29) tended to exhibit low to intermediate frequencies of virulence to the newer Pm genes. For example, among Turkish isolates, some virulence was evident to all newer Pm genes, with virulence frequencies of 10–48% (Table 3B). The consistently moderate virulence in Turkish isolates was comparable to the virulence profiles of Egyptian isolates, although in the latter virulence to Pm35 and MlUM15 exceeded 60%.

Moving northeast to the Russian spring wheat region and Kazakhstan, virulence frequencies were still in the low to moderate range for Pm34, Pm35, NCA6, and Pm53, but high for Pm25 and very low for the four remaining genes (NCAG13, Pm37, MlAG12, and MlUM15). Virulence to the newer genes was generally low in isolates from countries where wheat powdery mildew epidemics have only recently increased. In Australia, virulence to the newer Pm genes was virtually absent, with the exceptions of virulence to Pm35 (43%) and MIUM15 (100%). Similarly, in South Africa, isolates were mostly avirulent to the newer Pm genes, except for Pm35 with 13%. Whereas Brazilian isolates displayed virulence frequencies ≤6% to five new Pm genes (Pm25, Pm35, NCAG13, Pm37, and MlAG12), these isolates were fixed for virulence to Pm34, and 72% were also virulent to NCA6.

Across countries, mean virulence complexity was significantly lower for the newer set of Pm genes than for the older set, as would be expected (p < 0.05; Figure 2B). The mean virulence complexity to the newer set was similar for Egypt, Turkey, Russia, Brazil, and Australia and ranged from 17 to 28%, whereas South Africa could be statistically separated from all countries with a virulence complexity of 2%. In the eastern US, the mean virulence complexity of 39% to the newer Pm genes was nearly exclusively due to the virulence frequencies ≥83% for Pm25, Pm34, Pm35, and NCA6 (Table 3B and Supplementary Figure 2A), although as previously reported (Cowger et al., 2018), those genes were fully effective against field populations in North Carolina and remain effective (C. Cowger, personal observations). The reason for the difference between the results of the detached leaf assay and field performance of these genes remains unknown. In contrast, there was a virtual absence of virulence (≤11%) among the United States isolates to the remaining five newer genes (Table 3B and Supplementary Figure 2B).

Of the isolates that were found to be virulent to newer Pm genes in each country, more than half showed intermediate levels of virulence, except for Brazil and Australia (Supplementary Figure 3B). Particularly, a high proportion of intermediate virulence was recorded for virulent South African isolates to older and newer Pm genes (65 and 100%, respectively), suggesting there was some level of resistance conferred by these Pm genes that had not been completely overcome.

It was noteworthy that in isolates of most countries (Egypt, Australia, United States, and South Africa), there was a near-perfect co-segregation of virulence/avirulence to Pm1a and MlUM15 (Supplementary Table 4). In contrast, however, more frequent recombination between these two virulence traits was observed in populations from Brazil and Turkey, with 70 and 19% recombinants, respectively; i.e., some isolates were virulent to Pm1a but not to MlUM15, and vice versa. MlUM15 mapped close to the multi-allelic Pm1 locus on wheat chromosome 7AL (Worthington et al., 2014).




DISCUSSION

Frequencies of virulence to powdery mildew resistance genes were investigated and compared for several global wheat production regions across the world where the disease was either relatively long endemic or recently emergent. The results indicated a widespread loss of effectiveness of many older Pm genes, likely in at least some cases because of greater exposure of pathogen populations to these Pm genes, or their genetic linkage to other resistance genes that have been deliberately used in commercial cultivars to control other diseases, such as stem rust and leaf rust. Fortunately, judging from the present results, a number of newer Pm genes more recently introgressed from wild relatives of wheat would likely be effective across most surveyed countries. However, many of these newly introgressed genes were already associated with moderate frequencies of Bgt virulence in countries closer to the Fertile Crescent landscapes where accessions contributing the genes were collected. This is likely due to standing variation for virulence in the Bgt populations that have co-evolved with those wild wheat relatives.

While it is nearly impossible to determine the relative area and duration of use of a Pm gene, widespread use of particular Pm genes appears to have driven the selection of virulent strains in local Bgt populations, such as virulence to Pm3a, Pm4a, Pm6, and Pm17 in the United States (Bennett, 1984; Niewoehner and Leath, 1998; Cowger et al., 2009, 2018). Moreover, the gene pool giving rise to commercial wheat cultivars has become smaller and is nowadays extensively shared among countries (Balfourier et al., 2019).

It is conceivable that some older Pm genes were introduced to the surveyed countries in common wheat lines distributed through efforts of the International Maize and Wheat Improvement Center (CIMMYT) and collaborating national agricultural research institutions (Evenson and Gollin, 2003; Lantican et al., 2005; Joukhadar et al., 2017; Kirsten and Nhemachena, 2017). Cultivars sampled in Turkish locations Menemen, Adapazari, and Adana represented mostly CIMMYT material (A. Morgounov, personal observation). Most of those wheat lines were developed for rust resistance, which may have led to an indirect selection of Pm genes in linkage (Lillemo et al., 2010). For example, selection for the rust resistance gene complex Sr31/Lr26/Yr9, translocated from rye into the B genome of hexaploid wheat, has been common in CIMMYT material and likely led to a co-selection of Pm8 (Hsam and Zeller, 1997; Mago et al., 2005).

However, the influence of CIMMYT germplasm is not the only factor contributing to the high levels of virulence to the older Pm genes. Winter wheat in Russian locations Krasnodar and Rostov often utilizes the Bezostaya-1 background, which contains the Lr34/Yr18/Sr57/Pm38 complex of genes (Morgounov et al., 2011; Rinaldo et al., 2017), as well as Pm8 in cultivars Kavkaz and Aurora derived from Bezostaya-1. This common background has probably helped to select for virulence at least to Pm8 (Bennett, 1984; Singrün et al., 2004). CIMMYT germplasm has not been important in cultivar development in the Russian-Kazakh spring wheat region (A. Morgounov, personal observation), yet virulence frequencies to genes such as Pm6, Pm8, and Pm17 were as high as those in Turkey. This indicated that these Pm genes may have also been present in germplasm used for breeding in this spring wheat region.

Historically, South African wheat germplasm has contained a low proportion of CIMMYT material (Byerlee and Moya, 1993; Trethowan et al., 2005). However, it is possible that high virulence frequencies to certain older genes, such as Pm8 and Pm17, were driven by the few cultivars derived from CIMMYT germplasm and released in that country. For example, cultivar Kavkaz (Pm8) and Amigo (Pm17) were used in breeding South African cultivars released in the 1980s and 1990s, such as Gamtoos (Kavkaz/Buho’S’//Kalyansona/Bluebird), Letaba (Warrior5*/Agent//Kavkaz), and Riemland (Flamink/Amigo) (Heisey et al., 2002; Smit et al., 2010; Kirsten and Nhemachena, 2017).

The development of Australian cultivars has drawn heavily from CIMMYT material since 1960 (Joukhadar et al., 2017), again with a focus on introgression of rust resistance genes, some of which are linked to Pm genes (Cuddy et al., 2016). For example, the Lr20-Sr15-Pm1 locus has tightly linked alleles for resistance to leaf rust and powdery mildew (Neu et al., 2002). A succession of popular wheat cultivars that has dominated the Western Australian wheat market since 2008 was thought to have this resistance gene complex, although responses to powdery mildew or the presence of resistance alleles were heterogeneous (Cuddy et al., 2016; Park et al., 2020; GRIS, 2021). First released in 2003, Wyalkatchem dominated over 30% of the area sown to wheat until 2010, when it was replaced by its descendant Mace out of the cross Wyalkatchem/Stylet//Wyalkatchem. Mace occupied over 50% of wheat plantings from 2013 to 2016 (Zaicou-Kunesch et al., 2017). Third in this succession was Scepter, a cultivar related to Mace (A. Milgate, personal communication), which was released in 2015 and overtook Mace by market share in 2018 (Shackley et al., 2019).

In Western Australia, wheat powdery mildew has been recognized as a disease that requires annual control and monitoring for virulence to Pm genes (R. Lopez and A. Milgate, personal communication). Surveys from 2011 to 2014 detected high virulence to Pm1a, Pm6, Pm8, and Pm17, whereas virulence was low for Pm2, Pm3a, and Pm4a (Golzar et al., 2016). Although Golzar et al. (2016) rated mean disease scores on single-gene differential seedlings using a composite inoculum from 40 plant samples originating in various locations across Western Australia, their study and the present one found similar levels of virulence to Pm1a, Pm2, Pm3a, and Pm4a, whereas virulence was higher to Pm6 and lower to Pm8 and Pm17 in the current collection. Discrepancies between the two studies could be due to the lower sample size in the present one or to a virulence shift in the population. Although Golzar et al. (2016) proposed that most Australian cultivars lack Pm genes, Pm1a was identified in Wyalkatchem in this study using KASP markers. At the time of those authors’ survey in 2011–2014, when they observed high Bgt susceptibility in both Wyalkatchem and the Pm1a differential line Thew, the Australian Bgt population had probably already been selected for virulence to Pm1a due to widespread planting of Wyalkatchem. The cultivar Mace, the dominant wheat cultivar in Western Australia in 2013–2016, was found in this study to not possess Pm1a. Interestingly, the apparent fixation of Pm1a virulence in the present sample of Australian isolates from 2016 was apparently maintained despite reduced exposure to Pm1a after Wyalkatchem declined in market share starting in 2010.

While certain Pm genes are apparently ineffective in Australia and South Africa, the generally low virulence frequencies among Bgt populations in those countries to other Pm genes are likely due to a combination of three factors. First, as the relatively hot and dry climate of those regions is less conducive to cereal powdery mildew epidemics, Bgt populations have historically been small, leading to a lower probability of the appearance and establishment of virulent isolates (Tadesse et al., 2019). Second, most commercial wheat cultivars in South Africa and Australia seem to lack known Pm genes, other than Pm1a, so that selective pressure for virulence has likely been generally low (Sensako, 2022; A. Milgate, personal communication). And third, a founder effect may have occurred when a subsample of the ancestral Bgt population (Troch et al., 2014) was disseminated to those countries, probably with wheat when it was introduced in Australia by colonists (Joukhadar et al., 2017). This is supported by findings on B. graminis f. sp. hordei, the forma specialis that pathogenizes barley (Hordeum vulgare), for which genetic variability was low in Australian subpopulations (Kominkova et al., 2016).

On the other hand, it is possible that high levels of virulence to particular Pm genes in countries where wheat powdery mildew is emergent, such as Australia and South Africa, can be attributed to standing variation; i.e., the presence of particular virulence alleles in the founding Bgt populations. The Bgt gene pool has maintained a high degree of genetic diversity, even through the shift from wild to domesticated wheat genotypes (Wicker et al., 2013), and this may include virulence alleles. For example, virulence alleles of AvrPm17 were present in Bgt populations prior to commercial deployment of Pm17, which led to a rapid selection of virulent isolates and loss of effectiveness of the resistance gene in wheat (Mueller et al., 2021).

In contrast to other older Pm genes, globally low frequencies of virulence to Pm1b indicate that this gene has likely not been widely used or has only been used in combination with quantitative resistance or other Pm genes, which would render it more durable. Pm1b originated from a Triticum monococcum accession collected in the Suweida province of southern Syria (Valkoun and Mamluk, 1993). Exposure to T. monococcum (einkorn wheat) or its wild progenitor T. boeoticum (Harlan and Zohary, 1966; Heun et al., 1997) likely explains the finding of some Pm1b virulence (7–18%) in Bgt populations from Turkey and Egypt, Syria’s neighbors in the Fertile Crescent.

Interestingly, isolate collections from Turkey and Egypt stood out for their generally moderate levels of virulence to both the older and the newer Pm genes, even though the newer Pm genes have likely never been commercially deployed there. The newer genes were introgressed mainly in the past two decades from accessions of wild wheat relatives, e.g., NCA6 and Pm25 from wild einkorn wheat T. monococcum subsp. aegilopoides collected in the Karacadag Mountain range of Iraq (Shi et al., 1998; Miranda et al., 2007b), MlUM15 from Aegilops neglecta collected in Karamusa, Central Turkey (Worthington et al., 2014), and Pm34 from Aegilops tauschii collected in Iran (Murphy et al., 1999). NCAG13 and MlAG12 were detected in T. timopheevii subsp. armeniacum accessions, which are native to the Transcaucasian region, including Azerbaijan and Iraq (Murphy et al., 2007; Maxwell et al., 2009). These Pm genes are likely not yet widely present outside their regions of origin and the southeastern US, where they were introgressed into regionally adapted winter wheat germplasm. Thus, finding low to moderate frequencies of virulence in Turkey and Egypt suggests previous exposure of B. graminis strains to these Pm genes in these geographic regions.

Moderate frequencies are the signatures of a stabilizing or balancing selection for virulence, often found in natural ecosystems where wild host plants and pathogen populations have coevolved in a reciprocal genotype frequency-dependent manner (Leonard et al., 2004; Brown and Tellier, 2011). Our findings suggest that the isolates from Turkey and Egypt make up a genetically diverse population and resemble part of the ancestral, natural population of Bgt in the Fertile Crescent (Troch et al., 2014), the center of genetic diversity of wheat and its wild progenitors, which Bgt can infect (Dubcovsky and Dvorak, 2007; Ben-David et al., 2016). Even though wild wheat relatives comprise a small proportion of the wheat population in the Fertile Crescent nowadays (Özkan et al., 2010), intermixing occurs occasionally between B. graminis from wild grasses and Bgt from commercial wheat fields, enhancing allelic diversity in the Bgt population (Parks et al., 2009; Ben-David et al., 2016). This contrasts to subpopulations on other continents that may have experienced genetic drift and a loss of virulence diversity after migration to locations remote from their center of genetic diversity.

Estimates of virulence to Pm genes based on laboratory detached leaf assays should be considered carefully, since in a previous study, Pm25, Pm34, Pm35, and NCA6 were rated susceptible to Bgt in the laboratory assay although they were and remain effective in the field against North Carolina Bgt populations (Cowger et al., 2018; C. Cowger, personal observation). In addition, large proportions of isolates with intermediate virulence to these four newer Pm genes were recorded for many countries in this study, such as Turkey (Supplementary Figure 3B). In cases where this study indicated high virulence frequencies to some of the newer genes, these genes may still be effective in the field and should be tested there (e.g., Pm34 in Brazil). Also, intermediate reactions may indicate that virulence has been developing; i.e., to Pm genes that have been deployed widely in the sampling area but relatively recently, or genes that have only been deployed in some parts of the sampling area (Supplementary Table 5). In a similar vein, resistance to the Australian Bgt population conferred by Pm6 and Pm8 was confined to the adult-plant stage and was not observed at the seedling stage (Golzar et al., 2016). This also illustrates the importance of phenotyping in the field to complement laboratory studies with seedling leaf tissue.

Surprisingly, Brazilian isolates registered significantly higher complexity of virulence to the older Pm genes than those from any other country sampled, despite the relatively recent emergence of serious powdery mildew epidemics in Brazil. Sampling locations for this study targeted the main wheat growing states in the south of Brazil, Parana and Rio Grande do Sul, where powdery mildew has been reported as a common disease (Costamilan, 2005). Surveys across those two states from 1995 to 2003 determined virulence levels to some older Pm genes, including a low frequency of virulence to Pm1a and Pm2, moderate levels to Pm4a and Pm6, and high frequencies to Pm3a, Pm4b, and Pm8 (Costamilan and Linhares, 2002; Costamilan, 2005). In general, wheat powdery mildew was not a major problem in Brazil until 2015 (P. Kuhnem, personal observation). However, in the past 6 years, it became the most prevalent wheat disease in southern Brazil (states of Parana, Santa Catarina, and Rio Grande do Sul). This was likely due to mild, humid winters conducive to Bgt epidemics, and the widespread use of susceptible cultivars (P. Kuhnem, personal observation).

From the present survey, virulence in Parana and Rio Grande appears to have increased dramatically in the past 15 years, such that now all the older Pm genes (except Pm1b) evidently have lost effectiveness against Bgt. Over 70% of the registered cultivars in Brazil had CIMMYT material as background in 2002 (Lantican et al., 2005), but the dominance of that background in current Brazilian cultivars has declined (P. Kuhnem, personal observation). Genes used in Brazilian breeding nurseries included Pm4a from cultivar Khapli (Reis et al., 1979; Bennett, 1984) and Pm17 in the 1A.1R wheat-rye translocation (Byerlee and Moya, 1993). Another factor that could have contributed to the high complexity of Bgt virulence in Brazil is the use of Pm genes in neighboring countries, such as Paraguay, where widespread planting of cultivar Timgalen in the 1970s caused an upsurge in virulence to Pm6 (Scott et al., 1980). Genotyping several wheat cultivars recently popular in South Brazil with KASP markers for Pm1a, Pm6, and Pm8 indicated that none of the cultivars had any of those genes.

A generally low level of virulence to the newer Pm genes in isolates from countries with recently escalating wheat powdery mildew epidemics suggested that these newer Pm genes would likely be effective there. An exception was MlUM15, which is tightly linked or allelic to Pm1 or another Pm gene on chromosome 7AL (Hsam et al., 1998; Perugini et al., 2008; Maxwell et al., 2009; Worthington et al., 2014). In this study, virulence to Pm1a and to MlUM15 was linked in most isolates except those from Brazil and Turkey. If Pm1a and MlUM15 were tightly linked, they would be expected to place simultaneous selection pressure on both AvrPm1a (Hewitt et al., 2021) and the Avr gene corresponding to MlUM15. In that case, Bgt isolates would require mutations in both Avr genes to become virulent to both Pm genes. If instead Pm1a and MlUM15 are allelic to one another, as Worthington et al. (2014) proposed, how could co-segregation of virulence/avirulence to the two alleles be explained? The wheat alleles Pm3a and Pm3f were shown to have different but overlapping recognition specificities for fungal effector alleles of AvrPm3a (Stirnweis et al., 2014; Bourras et al., 2015). It is possible that similarly, Pm1a and MlUM15 have different but overlapping recognition spectra for alleles of AvrPm1a and AvrMlUM15, such that in most Bgt populations, both Pm genes recognize both AvrPm1a and AvrMlUM15. However, perhaps, Brazilian and Turkish Bgt populations have private, unique forms of AvrPm1a and AvrMlUM15 that are recognized by MlUM15 but not Pm1a. This would explain the larger fractions of isolates virulent to Pm1a but avirulent to MlUM15 in Bgt populations of those two countries. Nonetheless, virulence to this gene appears to be linked to Pm1a virulence in most populations, and thus, the new gene would likely not be useful in those countries. In Brazil, where MlUM15 might have value, further testing of this gene in the field is advisable. Mapping and characterization of the Avr gene that is recognized by MlUM15 would also be useful.

As new Pm genes are made available, it is important to exercise responsible stewardship when they are deployed to help to prevent a rapid appearance of virulent isolates and limit the development of a larger, virulent population of Bgt (Li et al., 2019a; Tan et al., 2019; Simeone et al., 2020). Besides cultivar and crop rotations, it is recommended to introgress effective Pm genes in combinations of two or more into breeding lines with a quantitative resistance background (Brown, 2015; Rimbaud et al., 2018; Aravindh et al., 2020). Ideally, good stewardship should also include the stacking of resistance genes with complementary function, which can be elucidated by their molecular characterization (Hafeez et al., 2021). A coordinated, international effort to track deployed resistance genes in current and future cultivars with molecular markers and the periodic monitoring of pathogen populations for virulence frequencies would allow the timely identification of breakdowns in resistance gene stacks in the field and illuminate which genes need to be replaced. Seed of germplasm lines used in this study is freely available and can be obtained from the authors.
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Supplementary Figure 1 | Allele discrimination plots of kompetitive allele-specific PCR (KASP) markers linked to Pm gene resistance loci. KASP markers are diagnostic of alleles linked to the presence (red) or the absence (blue) of (A) Pm1a, (B) Pm6z, and (C) Pm8. Fluorescence values of reporter cassettes measured at 44 cycles were normalized to readings of the ROX reference dye. Gray lines indicate the real-time fluorescence signal of cycles 1–50. zDespite lower confidence in allele discrimination for Pm6 and Pm8 with medium FAM fluorescence signal (>60,000 relative fluorescence units) detected in all samples (including the no-template control, yellow), positive controls for both alleles separated into distinct clusters, so that all tested cultivar samples could be distinguished from samples with a resistance allele.

Supplementary Figure 2 | Complexity of virulence to wheat resistance genes among Blumeria graminis f. sp. tritici populations from several countries compared to previously published virulence data for the United States and Egypt, for recently introgressed genes subsetted into (A) four Pm genes that conferred susceptibility to Bgt in detached leaf assays, but were effective against United States Bgt populations in the fieldd (Pm25–NCA6), and (B) five Pm genes which were effective both in lab assays and in the field (NCAG13–Pm53). Virulence complexity was calculated as mean percentage of Pm genes to which isolates were virulent. Within a panel, countries topped by the same letter did not have significantly different virulence complexities (p < 0.05). Within each box, medians are indicated by lines and means of virulence complexity by crosses.  vAbdelrhim et al. (2018). wTurkey/Black Sea region: Isolates from Russian locations Krasnodar and Rostov were grouped with those from Turkey (refer to Table 1). xWestern Siberia region: Isolates from Karabalyk, Kazakhstan were grouped with those from Russia (refer to Table 1). yCowger et al. (2018). zGenes Pm25–NCA6 were effective in the field against a natural United States Bgt population (Cowger et al., 2018).

Supplementary Figure 3 | Complexity of virulence to wheat resistance genes among Blumeria graminis f. sp. tritici populations from five global regions compared to previously published data from the United States and Egypt, for (A) ten older Pm genes, in commercial use for a longer time (Pm1a–Pm17) and (B) nine newer Pm genes, more recently introgressed into hexaploid wheat from wild relatives (Pm25–Pm53). Virulence complexity was calculated as mean percentage of Pm genes to which isolates were intermediately virulent (yellow) and fully virulent (red). Within a panel, countries topped by the same letter did not have significantly different virulence complexities (P < 0.05); numbers below countries indicate the number of isolates analyzed. Error bars indicate standard error of the means. vAbdelrhim et al. (2018). wTurkey/Black Sea region: Isolates from Russian locations Krasnodar and Rostov were grouped with those from Turkey (refer to Table 1). xWestern Siberia region: Isolates from Karabalyk, Kazakhstan were grouped with those from Russia (refer to Table 1). yCowger et al. (2018). zNewer Pm genes Pm25–NCA6 were effective in the field against natural United States Bgt population (Cowger et al., 2018).
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Developing wheat varieties with durable resistance is a core objective of the International Maize and Wheat Improvement Center (CIMMYT) and many other breeding programs worldwide. The CIMMYT advanced wheat line “Mucuy” displayed high levels of resistance to stripe rust (YR) and leaf rust (LR) in field evaluations in Mexico and several other countries. To determine the genetic basis of YR and LR resistance, 138 F5 recombinant inbred lines (RILs) derived from the cross of Apav#1× Mucuy were phenotyped for YR responses from 2015 to 2020 at field sites in India, Kenya, and Mexico, and LR in Mexico. Seedling phenotyping for YR and LR responses was conducted in the greenhouse in Mexico using the same predominant races as in field trials. Using 12,681 polymorphic molecular markers from the DArT, SNP, and SSR genotyping platforms, we constructed genetic linkage maps and QTL analyses that detected seven YR and four LR resistance loci. Among these, a co-located YR/LR resistance loci was identified as Yr29/Lr46, and a seedling stripe rust resistance gene YrMu was mapped on the 2AS/2NS translocation. This fragment also conferred moderate adult plant resistance (APR) under all Mexican field environments and in one season in Kenya. Field trial phenotyping with Lr37-virulent Puccinia triticina races indicated the presence of an APR QTL accounting for 18.3–25.5% of the LR severity variation, in addition to a novel YR resistance QTL, QYr.cim-3DS, derived from Mucuy. We developed breeder-friendly KASP and indel molecular markers respectively for Yr29/Lr46 and YrMu. The current study validated the presence of known genes and identified new resistance loci, a QTL combination effect, and flanking markers to facilitate accelerated breeding for genetically complex, durable rust resistance.

KEYWORDS
  co-located resistance loci, Puccinia striiformis f. sp. tritici, P. triticina, QTL, adult plant resistance


Introduction

Wheat (Triticum aestivum L.) is grown on about 215 M ha globally and stands as an indispensable staple food for over 7.5 billion people and an important source of daily calories and protein (http://www.fao.org/home/en/). Biotic stresses, particularly diseases such as wheat rusts, significantly reduce crop yields and quality, particularly where varieties are susceptible and favorable conditions exist. Stripe rust (also known as yellow rust, YR) and leaf rust (LR), caused by Puccinia striiformis f. sp. tritici (Pst) and P. triticina (Pt), respectively, can cause total crop loss when an early infection strikes in susceptible varieties (Chen, 2005; Bolton et al., 2008). YR generally occurs in cool and moist environments, whereas LR is more adapted to warmer environments coupled with ideal moisture conditions (Zadoks, 1961), but migrating and evolving YR races have infected wheat crops in previously unaffected areas (Ali et al., 2014; Hovmøller et al., 2016). The rusts can be curtailed using fungicides and other measures, but the best control is to grow wheat varieties that carry genetically complex and thus durable disease resistance.

There are three common rust resistance mechanisms in wheat, depending on the host response, the crop growth stage at which the mechanism activates, and the type of resistance gene: (1) race-specific seedling/all-stage resistance, (2) race-specific adult plant resistance (APR), and (3) race non-specific APR (Lan et al., 2017a). The race-specific genes (R-genes) governing seedling/all-stage or adult plant resistance can provide relatively high resistance and are thus easier to select for in breeding. However, given the rapid evolution of the pathogen, R-genes tend to succumb quickly to new rust races, especially when deployed singly, resulting in “boom and bust” cycles of high productivity followed by widespread and potentially disastrous disease outbreaks. In contrast, race-nonspecific APR genes confer partial but broad-spectrum resistance against multiple rust races (Kolmer, 1996) and, when deployed in combinations in wheat varieties, can present a genetically complex resistance that pathogen mutations will not readily overcome. So far, 83 YR and 80 LR resistance genes have been cataloged in wheat (McIntosh et al., 2017; Kumar et al., 2021). Most of these are R-genes, against several of which virulence already exists in the pathogen population. But three pleiotropic multi-pathogen APR genes, Lr34/Yr18/Sr57/Pm38/Ltn1 (Singh et al., 2012), Lr67/Yr46/Sr55/Pm46/Ltn3 (Herrera-Foessel et al., 2014), and Lr46/Yr29/Sr58/Pm39/Ltn2 (Singh et al., 1998), confer partial resistance to LR, YR, stem rust (SR), and powdery mildew (PM) diseases. The first two genes have already been cloned and characterized (Krattinger et al., 2009; Moore et al., 2015), These pleiotropic genes condition partial levels of resistance and a combination of 4–5 APR genes can result in near-immune levels of resistance to rust diseases in CIMMYT wheat germplasm (Singh et al., 2000a).

High-throughput genotyping platforms provide dense coverage of markers, which have enabled the identification of molecular markers linked to resistance genes that are now widely used in wheat breeding programs (Chen, 2013; Rosewarne et al., 2013). Over the last two decades, more than 200 quantitative trait loci (QTL) for YR and LR resistance have been mapped on the 21 wheat chromosomes using diversity arrays technology (DArT), single sequence repeats (SSRs), and single-nucleotide polymorphisms (SNP) marker platforms (McIntosh et al., 2017). In addition, 11 potential co-located APR QTL conferring pleiotropic resistance to YR, LR, and PM on chromosomes 1BS, 1BL, 2AL, 2BS (two QTL), 2DL, 4DL, 5BL, 6AL,7BL, and 7DS were identified through comparative mapping (Li et al., 2014).

When distributed for international testing in 2013, the advanced CIMMYT breeding line “Mucuy” showed high levels of resistance to both YR and LR in several countries. Mucuy was released in 2017 as “Super 272” in the Northwestern Plain Zone of India, where YR is prevalent. The line also resisted YR races in Kenya and Ethiopia, where PstS2 and PstS11 are the predominant race groups, prompting further studies to understand the genetics of rust resistance in Mucuy. The current study sought to (1) investigate the genetic bases of YR and LR resistance using an F5 recombinant inbred line (RIL) population derived from the cross of “Apav#1” × “Mucuy;” (2) identify loci conferring resistance at both the seedling and adult plant stages using molecular markers; and (3) understand the QTL combinations effects on YR and LR, among identified resistance loci.



Materials and methods


Plant materials

We used 138 F4-derived F5 RILs from the cross of Apav#1 × Mucuy. The susceptible parent, Apav#1 (CIMMYT Germplasm ID: 1853706), derived from a cross of “Avocet-YrA” × “Pavon 76,” was susceptible to YR, LR, and stem rust (SR) at all growth stages, against predominant Pst and Pt races used in various trials in Mexico. In contrast, Mucuy (CIMMYT Germplasm ID: 5663955), derived from the cross “Mutus”*2 × “Akuri,” showed intermediate resistance during seedling evaluations in the greenhouse but high resistance to both YR and LR at the adult plant stage in field trials, in both cases against races Pst and Pt. The RILs were developed following a bulk advancement of the population until the F4 generation and then harvesting random plants individually to obtain F5 RILs (Basnet et al., 2014a). We multiplied the RIL seed and used it in all studies.



Seedling evaluations
 
Stripe rust

For YR seedling evaluations, the parents and F5 RILs were grown in a greenhouse, and seedlings inoculated at the two-leaf stage with Pst isolate Mex14.191 (Avirulence/virulence: Yr1, 4, 5a, 10, 15, 24, 26, 5b, Poll/Yr2, 3, 6, 7, 8, 9, 17, 27, 31, A; Randhawa et al., 2018). A set of 30 differential lines possessing the known YR resistance genes, mostly in the Avocet background, were also included. An atomizer was used to spray urediniospores suspended in light-weight mineral oil Soltrol 170 (Chempoint.com) at the two-leaf stage. Inoculated plants were moved to a dew chamber at 7°C for 24 h after mineral oil had evaporated from the leaf surface to facilitate spore germination and initiate infection, and then transferred back to greenhouse benches for disease development. The minimum, maximum, and average temperatures of the greenhouse were 9.4, 20.8, and 16.1°C. Infection type (IT) data was recorded 2 weeks post-inoculation using the modified 0-9 scale (McNeal et al., 1971), where 0 = no visible infection, 1 = necrotic/chlorotic flecks without sporulation, 2 = necrotic/chlorotic stripes without sporulation, 3 = necrotic/chlorotic stripes with trace sporulation, 4 = necrotic/chlorotic stripes with light sporulation, 5 = necrotic/chlorotic stripes with intermediate sporulation, 6 = chlorosis stripes with abundant sporulation, 7 = chlorotic stripes with abundant sporulation, 8 = stripe without chlorosis, moderate sporulation, 9 = stripes without chlorosis and abundant sporulation. Infection types “7,” “8,” and “9” were considered susceptible; all others were recorded as resistant.



Leaf rust

Parents and RILs were evaluated at seedling stage with Pt races MBJ/SP (isolate MEX96.560) [Avirulence/virulence: Lr2a, 2b, 2c, 3ka, 9, 16, 19, 21, 24, 25, 28, 29, 30, 32, 33, 36/1, 3, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 17a, 18, 20, 23, (26), 27+31, 37; Herrera-Foessel et al., 2012; Huerta-Espino et al., 2020] and TBD/TM [isolate MEX91.28A; Avirulence/virulence: Lr3ka, 11, 16, (23), 24, 26, 37/1, 2a, 2b, 2c, 3, 3bg, 10, 13, 14a, 15, 17, 18, 27+31, 28; Singh, 1991]. The latter race was used for better expression of Lr16 resistance, postulated to be present in Mucuy and segregated in the RIL population. A set of 48 lines with known LR genes, mostly in the “Thatcher” background, were also included. Inoculation was performed as for YR but with overnight misting at room temperatures and the minimum, maximum, and average temperatures were maintained at 9.0, 23.0, and 18.1°C, for disease development with both Pt races. LR ITs were recorded 11 days post-inoculation using the 0–4 scale (Roelfs et al., 1992), where 0 = no visible symptoms,; = necrotic/chlorotic flecks, 1 = small uredinia surrounded by necrosis, 2 = small-to-medium uredinia surrounded by chlorosis or necrosis, X = random distribution of variable-sized uredinia, 3 = medium-sized uredinia without chlorosis, 4 = large uredinia without chlorosis, and + and – indicated a bit larger or smaller uredinia than normal for the infection type. Infection types “3” and “4” were considered susceptible while all other infection types were considered resistant.




Field experiments
 
Stripe rust

We conducted YR field evaluations at the CIMMYT research station at Toluca, State of Mexico, Mexico, during the 2015, 2016, and 2017 seasons (hereafter referred to as YrMV15, YrMV16, and YrMV17), at Kenya Agriculture and Livestock Research Organization (KALRO) research station in Njoro, Kenya, during the main-season of 2016 and off-seasons of 2016, 2019, and 2020 (referred as YrKE16M, YrKE16O, YrKE19, and YrKE20), and at the research station of Borlaug Institute for South Asia (BISA) in Ludhiana, India, during the 2018–2019 and 2019–2020 seasons (referred as YrIN19 and YrIN20). Each genotype was sown in 0.7-m paired rows with a 0.3-m pathway between rows. Field trials were unreplicated, given rust resistance's highly heritability when phenotyping is conducted under managed epidemics at hot spot sites where disease pressure is maximum. At Toluca, the YR spreader rows consisted of a mixture of susceptible wheat lines (Yr27-carrying lines derived from the “Avocet” × “Attila” cross, “Morocco” and “Avocet+Yr31”). This spreader mixture was planted both as hill plots in the middle of the 0.3-m pathway and around the experimental nursery. The same Pst isolate (Mex14.191) used for seedling evaluations was sprayed onto YR spreaders about 4 weeks post-germination and this was repeated three times to initiate artificial epidemics. At the KALRO station, YR evaluations were carried out under natural epidemics and the causal race was identified as PstS11 [Avirulence/virulence: Yr1, 3, 5, 9, 10, 15, 24, 25, 26, Sp, Amb/2, (4), 6, 7, 8, 17, 27, 32, AvS] by the GRRC (Global Rust Reference Center), Denmark. Inoculation at Ludhiana was carried out using spreader rows of the variety PBW343, known to carry Yr27, inoculated with a mixture of races 110S84, 46S119, 110S119, and 238S119 (Supplementary Table 1) that are predominant in this region. Even though the inoculated races dominate in the screening nurseries, the presence of natural inoculum carrying other races at low frequencies cannot be ruled out. The key difference in Pst populations in Mexico vs. Kenya and India is the avirulence for resistance gene Yr4 in Mexico but virulence for it in the races of Kenya and India, based on the response of the “Avocet+Yr4” tester line.



Leaf rust

In the 2015–2016, 2016–2017, and 2017–2018 growing seasons, the parents and RILs were evaluated for APR to LR at Norman E. Borlaug Research Station (CENEB), Ciudad Obregón, State of Sonora, Mexico (hereafter referred to as LrY16, LrY17, and LrY18). The field experiment design was similar to that for YR. The susceptible LR spreader lines included Morocco and Avocet near-isolines carrying Yr24/26. The mixture of Pt races MCJ/SP [isolate MEX94.47; Avirulence/virulence: Lr2a, 2b, 2c, 3ka, 9, 16, 19, 21, 24, 25, 28, 29, 30, 32, 33, 36/1, (3), 3bg, 10, 11, 12, 13, 14a, 14b, 15, 17a, 18, 20, 23, 26, 27+31, 37; Herrera-Foessel et al., 2012] and MBJ/SP (isolate MEX96.560, same as MCJ/SP except virulent on Lr3 and avirulent on Lr26) was suspended in Soltrol 170 and sprayed on the spreaders to cause artificial epidemics.




Disease severity evaluation and statistical analyses

Disease severity (DS) of the parents and RILs were recorded on 3 occasions using the modified Cobb's Scale (Peterson et al., 1948). Initial data were recorded when the DS of Apav#1 was around 80% and repeated after 7 days. The last data set was recorded when it reached 100%. For multiple disease readings, the area under the disease progress curve (AUDPC) was calculated as per Bjarko and Line (1988). The correlation analysis of final disease severity (FDS) in each environment was conducted using SAS 9.4 software (SAS Institute, Cary, NC).



Genetic linkage map construction and QTL mapping

DNA was extracted using the CTAB method (Dreisigacker et al., 2012) from one-week-old seedlings of the parents and RILs grown in a greenhouse and genotyped with the DArT-GBS platform (Reference for SAGA). In total, we genotyped 40,519 GBS-in-Silico and 39,849 GBS-SNP, in combination with closely linked molecular markers for different rust genes (Xgwm210 for Lr16, cslv46G22 for Lr46/Yr29, two Yr17-linked markers WGGB156 and WGGB159 by Wang et al. (2018), and one Yr17-linked marker provided by Evans Lagudah), in the entire RIL population. Genetic linkage maps were constructed using Joinmap 4.1 (Van Ooijen, 2006) with 12,681 polymorphic markers, and 56 linkage groups were constructed. In addition, QTL analysis was performed by inclusive composite interval mapping (ICIM) using IciMapping 4.2 (Meng et al., 2015) with the DS of each tested environment and the mean of FDS (referred to as YrM for YR and LrM for LR). The logarithm of odds (LOD) score was determined based on the 1,000 permutation test and a significance level of α = 0.05. The percentages of phenotypic variance explained (PVE) were determined using stepwise regression at the LOD peaks (Somers et al., 2004; Francki et al., 2009; Huang et al., 2012; Wilkinson et al., 2012).




Results


Seedling responses
 
Stripe rust

Apav#1 and Mucuy showed seedling infection type (IT) responses of “8” and “1,” respectively, against Pst isolate Mex14.191. Seedling evaluation of the RILs identified 67 resistant lines (ITs ranging from 1 to 6) and 63 susceptible lines (ITs ranging from 67 to 9); segregating lines were excluded from the analysis (Figure 1A). Chi-squared analysis of goodness of fit suggested segregation of a single resistance gene in this population (χ2 = 0.069, P = 0.73). It was temporarily named as YrMu, mapped on wheat chromosome 2AS at 16.6–19.1 Mb (International Wheat Genome Sequencing Consortium, 2018), and co-segregated with 79 molecular markers including WGGB156, WGGB159, and InD_hzau_MuYLr-2AS (Supplementary Figure 1A). WGGB156 and WGGB159 had previously been confirmed as closely linked to Yr17 (Wang et al., 2018). In addition, we phenotyped the Avocet+Yr17 isoline against Mex14.191 and the IT response was “8.” Thus, we speculated that YrMu might be a new stripe rust resistance gene in Mucuy at the seedling stage against Mex14.191, although the possibility of an enhanced expression of Yr17 due to the genetic background cannot be ruled out, due to the continuous variation for resistance phenotypes included in the resistance category.
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FIGURE 1
 Frequency distributions of the Apav#1×Mucuy recombinant inbred lines (RILs) for stripe rust (YR) responses (A) and leaf rust (LR) responses (B) grouped as resistant (R) and susceptible (S) at the seedling stage. For stripe rust, IF ≤ 6 is in the R group, while the rest lines with IF ≥ 67 are in the S group. For leaf rust, IF ≤ X is the R group and IF ≥ 3 is the S group.




Leaf rust

Seedling evaluation of parents under LR showed IT responses “4” for Apav#1 and “3C” for Mucuy, against the Pt race MBJ/SP. The distribution of 56 resistant and 54 susceptible RILs conformed to the segregation of a single resistance gene (χ2 = 0.009, P = 0.85) that mapped on the short arm of chromosome 2B in the interval of molecular markers 2325486 and 4405950 (Figure 1B, Supplementary Figure 1B). The infection types of Mucuy and resistant RILs were similar to the tester line for gene Lr16, hence this gene might be Lr16.




Adult plant response

The FDS and host response to YR for Apav#1 ranged from 70 to 100 S and for Mucuy ranged from 0 to 5 MS at the adult plant stage over 9 environments. The continuous distribution of YR DS for RILs in each environment indicated the polygenic inheritance of APR (Figures 2A–C).
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FIGURE 2
 Frequency distributions of Apav#1×Mucuy recombinant inbred lines (RILs) for the final stripe rust severities in three environments in Mexico (A), four environments in Kenya (B), and two environments in India (C), along with final leaf rust severities in three environments in Mexico (D).


LR FDS and host responses were 100 S for Apav#1 and 0 for Mucuy over all 3 seasons. The LR DS frequency distributions were distorted and skewed toward the resistance (Figure 2D), indicating the segregation of at least one large-effect LR resistance locus in the population.



Correlation coefficients

The correlation coefficients of FDS for RILs varied from 0.23 to 0.93 in the nine YR environments (Table 1), while the phenotypic correlation coefficient was 0.90 to 0.93 across the three Mexican environments. Low phenotypic correlation coefficients among Mexico, Kenya, and India were attributed to the presence of different rust isolates in these locations. For LR FDS, the correlation coefficients among the three test environments in Mexico were high, ranging from 0.86 to 0.89 (Table 1). In addition, significant phenotypic correlations, ranging from 0.30 to 0.75, occurred in all environments between LR and YR (Table 1), indicating the presence of pleiotropic/co-located resistance loci in the population.


TABLE 1 Phenotypic correlations among final stripe rust severities in nine environments (Toluca YrMV15, YrMV16, and YrMV17; Kenya YrKE16O, YrKE16M, YrKE19, YrKE20; India YrIN19, YrIN20) and final leaf rust severities in three environments (Ciudad Obregón LrY16, LrY17, and LrY18), all in Mexico.
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Co-located resistance loci

We identified two co-located resistance loci for YR and LR in the RIL population. The first locus was located on chromosome 1BL and designated QYr.cim-1BL/QLr.cim-1BL. This locus was detected in all tested YR and LR environments and accounted for 10.4–33.3% of YR phenotypic variation and 20.6–33.6% of LR phenotypic variation (Table 2, Figure 3A). Based on the closely linked molecular markers, we developed a KASP marker, such as Kasp_hzau_MuYLr-1BL, and genotyped the entire RIL population (Supplementary Figure 2, Supplementary Table 2). The single marker analysis showed highly significant mean differences of both YR and LR for RILs carrying the positive allele and those lacking it (Supplementary Table 3). Kasp_hzau_MuYLr-1BL was one of the flanking markers of QLr.cim-1BL (Table 2). Because the known pleiotropic multi-pathogen slow-rusting resistance gene Lr46/Yr29/Sr58/Pm39 is also located on 1BL, we genotyped the RIL population with the closely linked molecular marker cslv46G22. The result showed that cslv46G22 was one of the flanking markers of QYr.cim-1BL/QLr.cim-1BL as well.


TABLE 2 Position and effects of quantitative trait loci (QTL) for adult plant resistance (APR) to stripe rust, leaf rust, and mean of final stripe and leaf rust severities over all tested environments (YrM and LrM), using inclusive composite interval mapping (ICIM) by IciMapping 4.2 in the 138 Apav#1 × Mucuy F5 RIL population.
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FIGURE 3
 The logarithm of odds (LOD) plot of quantitative trait loci (QTL) for adult plant resistance to both stripe rust and leaf rust on chromosomes 1BL (A), 2AS for YR (B), and 2AS for LR (C) in the Apav#1×Mucuy RIL population. Positions (cM) of the molecular markers on chromosomes are shown on the vertical axes; cumulative genetic distances of linkage groups are also shown. QTL flanking markers are in bold.


The second QTL was QYr.cim-2AS/QLr.cim-2AS, located on the short arm of chromosome 2A and which explained 23.3–54.1 and 18.3–25.5% of YR and LR DS variations, respectively. QYr.cim-2AS was detected in all Mexican YR environments and 1 year of the Kenyan environment and was located in the interval of (DArT)-GBS markers 1208841 and 978751 (Table 2, Figure 3) within 2.1 cM from the seedling resistance gene YrMu. We also mapped a leaf rust resistance QTL, QLr.cim-2AS, on 2AS, which was flanked by molecular markers 100033379|F|0_5:A>G, 3952334, 997868 and 1085721 (Table 2, Figure 3C). We developed an InDel marker named InD_hzau_MuYLr-2AS that was genotyped on the F5 RIL population (Supplementary Table 2); the single marker analysis showed that it was significantly correlated with both YR and LR phenotypes and co-located with YrMu (Supplementary Table 4). Thus, the InDel marker InD_hzau_MuYLr-2AS can be used in wheat breeding to select for QTL QYr.cim-2AS/QLr.cim-2AS.



Other QTL conferring APR to YR or LR

In addition to the 2 co-located resistance loci mentioned above, we found 4 more resistance loci derived from Mucuy that confer APR to YR, named QYr.cim-3AS, QYr.cim-3BS, QYr.cim-3DS and QYr.cim-6BS, in combination with a locus, QYr.cim-1AL, contributed by Apav#1. Identified at both the Mexican and Kenyan testing locations in 2 years, QYr.cim-3AS was associated with molecular markers 4010188, 1092360, 4989420, 1140071, 1139244, 3937315, 4990593, 3951957, 4398142, 4536273, and 4009657 (Table 2). Its corresponding physical locations on the Chinese Spring (CS) reference genome (International Wheat Genome Sequencing Consortium, 2018) ranged from 6.6 to 10.2 Mb and it explained 3.7–12.6% of the YR phenotypic variation. QYr.cim-3BS was in vicinity of the molecular markers 1051249|F|0_64:T>G, 1128851|F|0_5:C>T, 1056536|F|0_58:A>G, 1004919|F|0_40:G>C, 1315407|F|0_8:G>A, 1318182, 1109710|F|0_29:C>T, and 1076654|F|0_12:T>C, and the corresponding physical locations on the CS reference genome (International Wheat Genome Sequencing Consortium, 2018) spanned from 10.6 to 24.9 Mb. It was detected in 2 years at each of the Mexican and Indian locations and accounted for 3.3–10.7% of YR phenotypic variation (Table 2). QYr.cim-3DS was detected in 2 years at the Kenyan location, explained 3.6–7.7% of YR phenotypic variation, and was linked to markers 1091508, 1215873, 2261207, and 1143346 in physical positions spanning from 78.7 Mb to 90.7 Mb (International Wheat Genome Sequencing Consortium, 2018; Table 2). QYr.cim-6BS was located near markers 2261971|F|0_23:A>C, 1000134|F|0_15:T>C, 1128426|F|022:C>T, 1109468|F|0_15:G>A, 1239693, 1218710, 7353260|F|0_50:A>T and 2261971|F|0_23:A>C, with physical positions ranging from 115.7 to 153.4 Mb (International Wheat Genome Sequencing Consortium, 2018). QYr.cim-6BS was detected for 2 years at the Mexican location and 1 year at the Kenyan location, and it explained 2.5–10.4% of the YR phenotypic variation. QYr.cim-1AL for YR resistance was the only locus identified that was derived from Apav#1. It explained 2.2–14.6% of the phenotypic variation, had a physical position ranging from 565.5 to 580.0 Mb (International Wheat Genome Sequencing Consortium, 2018), and was flanked by molecular markers 1125323|F|0_58:T>G, 22599648|F|0_5:A>G, 1101176, 4989882, 3064615|F|0_6:C>T, 996385|F|0_7:C>G, 989816|F|0_24:A>C, 126500, 987869|F|0_42:A>C and 989816|F|0_24:A>C (Table 2).

We found 2 more resistance loci derived from Mucuy that conferred APR to LR, named QLr.cim-2BS and QLr.cim-5AL. Both loci were consistently identified in all LR environments except for QLr.cim-5AL in LrY17. QLr.cim-2BS explained 9.0–17.5% of LR phenotypic variation and was located on the short arm of chromosome 2B. It was flanked by molecular markers 4989699, 1016414, 1100485|F|0_14:C>T, 1224458, and 1126406|F|0_59:A>G (Table 2). The seedling LR resistance gene Lr16 was also identified on 2BS. The physical location of Lr16 was 13.7–23.9 Mb, based on the CS reference genome (International Wheat Genome Sequencing Consortium, 2018), meaning it overlapped with QLr.cim-2BS at 13.9–23.9 Mb. This confirmed that QLr.cim-2BS and Lr16 should be the same gene that provided all-stage resistance to LR in the RIL population. QLr.cim-5AL was located in the interval of molecular markers 1204040|F|0_64:G>C and 1141498|F|0_63:T>C and explained 4.7–6.9% of LR phenotypic variation (Table 2).



Phenotypic effects of QTL combinations

Due to the differences among rust races in different countries, resistance effects provided by individual loci varied greatly at different locations. For example, QYr.cim-2AS provided significant resistance in Mexico, could not be detected in India and was identified in Kenya only in 2016. Therefore, we analyzed the phenotypic effects of QTL combinations among 4 stably detected QTLs according to the average DS in the three countries.

The F5 RILs were divided into 16 groups according to the genotypes of the 4 stable YR resistance QTL on chromosomes 1Bl, 2AS, 3AS, and 6BS derived from Mucuy. The presence of resistance alleles for the QTL in each RIL was inferred with the QTL combination based on the flanking molecular markers. In Mexico, the disease severity of lines with QYr.cim-2AS ranged from 4.5 to 21.3% (Figure 4A). In addition, QYr.cim-1BL played a great role in reducing YR severity: the mean DS of YR was 63.3% with QYr.cim-1BL present alone, whereas YR DS ranged from 4.5 to 52.7% when QYr.cim-1BL was present with other QTL (Figure 4A). Although the resistance effects of QYr.cim-3AS and QYr.cim-6BS were not significantly different from lines without any resistance QTL, they conferred a significantly lower YR DS when combined with QYr.cim-2AS or QYr.cim-1BL. In Kenya and India (Figure 4A), QYr.cim-1BL showed a higher effect than QYr.cim-2AS, when both were present alone but the presence of both loci reduced DS in the line, overall, with the highest average DS of 40.6%.
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FIGURE 4
 Mean stripe rust severity in three counties (A) and leaf rust severity in Mexico (B) for lines carrying different QTL combinations, based on the flanking molecular marker of each identified locus from the Apav#1× Mucuy F5 RIL population.


The F5 RILs were classified into 16 groups according to the genotype of 4 LR resistance QTL (Figure 4B). When present alone, QLr.cim-1BL, QLr.cim-2AS, QLr.cim-2BS and QLr.cim-5AL reduced the LR DS from 90.0% to 51.9, 60.3, 84.4, and 76.9%, respectively. Although the resistance effect provided by QLr.cim-2BS alone was small, it had a significant additive effect when combined with other loci. The DS ranged from 2.8 to 27.5% when QLr.cim-2BS was present with other QTL. In general, the number of QTL was negatively correlated with DS for RILs.




Discussion

Mucuy was highly resistant to YR in multi-year field trials in Mexico, Kenya, and India. Resistance in seedlings to Mexican Pst isolates and Pt races was based on YrMu and Lr16. In total, our molecular mapping identified 4 LR and 7 YR resistance loci. These loci together explained 74.4% of LR phenotypic variation at the adult plant stage, and 84.2, 43.2, and 58.9% of YR phenotypic variation for Mexican, Kenyan, and Indian Pst populations and field environments, respectively. All resistance loci/genes were derived from Mucuy, apart from QYr.cim-1AL. The newly developed molecular markers for the 2 co-located resistance loci will help wheat breeders to develop new varieties with more durable resistance to rusts.


Resistance loci on group 1 chromosomes

So far, chromosome 1AL lacks a formally designated Yr gene. In this study, the only resistance locus derived from susceptible parent Apav#1, QYr.cim-1AL, explained 2.2–5.4% of the YR phenotypic variation in Mexican environments and 3.8–14.6% of the YR phenotypic variation in Kenyan environments; however, no YR resistance conferred by this locus was detected in Indian environments, suggesting that QYr.cim-1AL provides either small race-specific resistance or is environmentally unstable. The physical location range of QYr.cim-1AL on the CS reference genome was 565.5–580.0 Mb (International Wheat Genome Sequencing Consortium, 2018). Several QTL have been reported near this interval (Ren et al., 2012a; Rosewarne et al., 2012; Basnet et al., 2014b). Thus, QYr.cim-1AL might be the same YR resistance locus from Pastor, Naxos, and TAM112, based on their physical positions of the CS reference genome (International Wheat Genome Sequencing Consortium, 2018). This needs to be further confirmed through gene cloning.

A co-located resistance locus QYr.cim-1BL/QLr.cim-1BL was identified on the long arm of wheat chromosome 1B. QYr.cim-1BL/QLr.cim-1BL showed stable and significant resistance effects in all tested environments for both YR and LR. We genotyped the RIL population with cslv46G22, a closely linked molecular marker for Lr46/Yr29/Sr58/Pm39 located on 1BL, which showed that cslv46G22 was loosely linked with QYr.cim-1BL/QLr.cim-1BL as one of the flanking markers. To further verify the relationship among QYr.cim-1BL/QLr.cim-1BL and Lr46/Yr29/Sr58/Pm39, we removed the effect of cslv46G22 and re-did the QTL analysis but were unable to detect any other resistance locus on 1BL. Therefore, we conclude that QYr.cim-1BL/QLr.cim-1BL should be the known APR gene Lr46/Yr29/Sr58/Pm39. Over the last two decades, many CIMMYT derived bread and durum wheat have been reported to possess Lr46/Yr29/Sr58/Pm39: for example, “Pavon 76” (William et al., 2006), “Saar” (Lillemo et al., 2008), “Pastor” (Rosewarne et al., 2012), “Quaiu 3” (Basnet et al., 2013), “Francolin#1” (Lan et al., 2014), “Sujata” (Lan et al., 2015), “Kundan” (Ren et al., 2017), “Bairds” (Lan et al., 2017b), “Chilero” (Ponce-Molina et al., 2018), and Arableu#1 (Yuan et al., 2020). Based on all reported studies, Lr46/Yr29/Sr58/Pm39 should be placed from 662.1 to 684.8 Mb, according to the CS reference genome (International Wheat Genome Sequencing Consortium, 2018). The relatively diffused localization of Lr46/Yr29/Sr58/Pm39 might be due either to the genetic background effect, phenotyping errors, different genotyping platforms, or population size. In addition, recent studies have reported that more than one pleiotropic APR locus could be present in the 1BL region (Yuan et al., 2020; Zhou et al., 2021), indicating that the 1BL region might carry a gene cluster composed of multiple APR genes, which will be confirmed by future gene cloning.



Resistance loci on group 2 chromosomes

Another co-located resistance locus, QYr.cim-2AS/QLr.cim-2AS, and the seedling YR resistance gene YrMu were located on 2AS (Supplementary Tables 5, 6). Yr17 is located on a translocation on wheat chromosome 2AS derived from the Aegilops ventricosa 2NvS segment, which is known to confer resistance against multiple wheat diseases but also plays role in increasing wheat yields (Gao et al., 2021) and has been used in CIMMYT wheat breeding. This translocation was initially reported to provide significant resistance to all three rusts due to the loci of Yr17, Lr37, and Sr38 (Bariana and McIntosh, 1993; Chen, 2005). However, races virulent to Yr17 rapidly evolved, once this gene was deployed in Europe (Bayles et al., 2000), Mexico (Randhawa et al., 2018), and in the Indian Pst population, due to the widespread cultivation of the Yr17-carrying variety HD2967 during the mid-2010's (unpublished results). However, we detected significant YR resistance on 2AS that was stable over 3 years in Mexico against the Pst isolates used in phenotyping, and this resistance was also identified in Kenya in 2016. PstS1 was an invasive strain that originated in East Africa in the early 1980's; PstS2 evolved from PstS1 and the two strains have become the dominant races in East Africa (Walter et al., 2016). As of 2019, the new genetic group PstS11 was reported as dominant in East Africa by the Global Rust Reference Center and, unlike PstS1 or PstS2, PstS11 is virulent to Yr17. Several reports have indicated that Yr17 might be considered a race-specific APR gene due to the difficulty and inconsistent seedling phenotypes, especially with the aggressive Pst1 lineage (Fang et al., 2011; Milus et al., 2015). In the present study, the seedling reaction of Mucuy was very low, while the single gene line of Yr17 (Avocet+Yr17) was susceptible to the Mexican Pst isolate Mex.14.191. However, YrMu was mapped on wheat chromosome 2AS at 16.6–19.1 Mb (International Wheat Genome Sequencing Consortium, 2018) and it co-segregated with 79 molecular markers including InD_hzau_MuYLr-2AS, WGGB156, and WGGB159, the latter of which were closely linked to Yr17 (Wang et al., 2018). Thus, YrMu should be the known YR resistance gene Yr17 and the enhanced expression of Yr17 in Mucuy seedlings might be due to the background effect of other APR loci, or due to the residual effect of the ineffective Yr17 on APR. Similarly, an LR APR QTL was also located on the translocation, in addition to Lr37, because Pt races MCJ/SP and MBJ/SP used in field trials are known to be virulent to Lr37 (Huerta-Espino et al., 2011).

Several previous studies have shown that chromosome 2BS possesses various race-specific and quantitative resistance loci to LR (Messmer et al., 2000; Xu et al., 2005). So far, six formally named LR resistance genes have been identified on chromosome 2BS, including Lr13 (Seyfarth et al., 1999), Lr16 (McCartney et al., 2005), Lr23 (Datta et al., 2008), Lr35 (Seyfarth et al., 1999), Lr48 (Bansal et al., 2008), and Lr73 (Park et al., 2014). In this study, polymorphism was found in both parents and RILs for Xgwm210, the closely linked molecular markers of Lr16 and the seedling reaction for Mucuy were similar to that of Thatcher+Lr16 against Pt races MBJ/SP. So, by comparing the physical locations, QLr.cim-2BS and Lr16 should be the same gene that conferred LR resistance in Mucuy. Lr16 was a widely deployed LR resistance gene and conferred moderate resistance at both seedling and adult plant stages, and also showed high additive effects with other resistance genes in the field (Lan et al., 2014), which can be considered useful for breeding.



Resistance loci on group 3 chromosomes

QYr.cim-3AS was detected in both Mexico and Kenya for multiple years, but not in India. Therefore, it was also considered an unstable or race-specific APR gene. So far, only one formally named gene, Yr76 (Xiang et al., 2016), is mapped on 3AS, but QYr.cim-3AS should be distinct from Yr76, given that the latter was a seedling resistance gene. For similar reasons, YrEDWL (Liu et al., 2017) and several YR resistance-linked SNPs (Jighly et al., 2015) were identified on 3AS but are unlikely to be QYr.cim-3AS. In addition, two APR QTL have been mapped on 3AS in the CIMMYT wheat line “Saar” (Lillemo et al., 2008) and the Swiss winter wheat cultivar Arina (Buerstmayr et al., 2014). QYr.cim-3AS might be the same as the two QTLs, according to its physical position based on the CS reference genome (International Wheat Genome Sequencing Consortium, 2018).

There are 4 officially named genes on 3BS: Yr4 (Bansal et al., 2010), Yr30 (Singh et al., 2000b), Yr57 (Randhawa et al., 2015), and Yr58 (Chhetri et al., 2016). QYr.cim-3BS should be different from Yr4 and Yr57 because the latter two provide resistance at the seedling stage and their physical positions are around 3.3 Mb (Xbarc75), which is at least 7.3 Mb away from QYr.cim-3BS. Yr58 starts to express and confer resistance at the four-leaf stage. Although Yr30 is a common APR gene in CIMMYT materials, the approximate physical interval of this gene is in the telomeric region distal to 10 Mb (William et al., 2006; Rosewarne et al., 2012; Basnet et al., 2014a; Lan et al., 2014; Wu et al., 2017; Jia et al., 2020), but QYr.cim-3BS is positioned at 10.6–24.9 Mb. Other YR resistance QTL located on 3BS, considered distinct from Yr30, include QYrhm.nwafu-3BS (Yuan et al., 2018), QYrsk.wgp-3BS (Liu et al., 2019), and Qyrto.swust-3BS (Zhou et al., 2019). The physical locations of QYrhm.nwafu-3BS and QYrsk.wgp-3BS overlapped with QYr.cim-3BS; it is possible that they are the same gene/allele, but this needs further verification. It seems that there is more than one APR gene with significant resistance to YR in the 3BS region, other than just Yr30, but we cannot rule out the possibility of the presence of Yr30 in Mucuy, since Yr30 is not cloned yet.

QYr.cim-3DS was identified only in Kenya for 2 consecutive years and accounted for 3.6–7.7% of the phenotypic variation. Singh et al. (2000b) and Boukhatem et al. (2002) both mapped a QTL on 3DS in the CIMMYT wheat “Opata 85.” The tightly linked marker, Xbcd532, is physically located at least 37.1 Mb away from QYr.cim-3DS. There are several other YR resistance genes identified on chromosome 3DS, such as Yr49 (McIntosh et al., 2017), Yr66 (McIntosh et al., 2013), YrY206 (Zhang et al., 2008), QYr.inra-3DS (Dedryver et al., 2009), YrS1 (Sun et al., 2019), and QYrsn.nwafu-3DS (Huang et al., 2020). Among them, QYrsn.nwafu-3DS provides resistance only in seedlings and YrY206 originated from Aegilops tauschii (Coss.) Schmal. According to the physical location of the flanking markers (International Wheat Genome Sequencing Consortium, 2018), Yr49 (Xgwm161) and YrS1 (Xcfd79) were mapped 71.7 and 65.6 Mb distal to QYr.cim-3DS, respectively. Yr66 (Xgwm341) and QYr.inra-3DS (Xgwm456) are at least 18.8 and 122.9 Mb away from QYr.cim-3DS, respectively. Based on the source of resistance, resistance characteristics, and physical location comparisons, QYr.cim-3DS might be a new YR APR QTL, in Kenyan environments.



Resistance loci on group 5 chromosomes

QLr.cim-5AL was located on 5AL, where no other LR resistance gene has been officially designated. Rosewarne et al. (2012) detected a QTL on 5AL derived from Avocet that provided APR to LR. The LOD peak of this locus was near wPt-0837, which corresponds to a physical location of 621.6 Mb, based on the CS reference genome (International Wheat Genome Sequencing Consortium, 2018). QLr.cim-5AL detected in the present study was located on 585.2–589.2 Mb and was derived from Mucuy, so the two QTL should be different, given the ~35 Mb gap between them. Recently, Zhang et al. (2019) identified QLr.hebau-5AL flanked by AX-110679506 and AX-110996595, which corresponded to 589.3–591.4 Mb of the CS reference genome (International Wheat Genome Sequencing Consortium, 2018). This locus explained 6.6–7.1% of the variation in the LR resistance response and was derived from a resistant cultivar SW 8588, whose pedigree includes the CIMMYT variety Milan. Therefore, this locus is likely to be QLr.cim-5AL. However, QLr.hebau-5AL also had an effect on YR across four environments in China, whereas no effect of QLr.cim-5AL on YR was identified in the present study. We speculate that this could be due to different Pst isolates present in China and Mexico or a genetic background effect.



Resistance loci on group 6 chromosomes

QYr.cim-6BS was identified on 6BS. There are three named YR resistance genes on this chromosome: Yr35 (Marais et al., 2003), Yr36 (Uauy et al., 2005), and Yr78 (Dong et al., 2017). Yr35 provides all-stage resistance and was transferred to wheat from T. turgidum ssp. dicoccoides. Yr36 also originated from T. dicoccoides and encodes a kinase-START protein that confers temperature-dependent broad-spectrum resistance (Fu et al., 2009). QYr.cim-6BS is unlikely to be Yr35 or Yr36, based on the source and its resistance characteristics. Yr78 provides APR only in the field (Dong et al., 2017). Comparing the genetic distance and physical position between the corresponding closely linked molecular markers (Somers et al., 2004), several QTL providing APR to YR that map on 6BS could likely be Yr78. These include QYrst.wgp-6BS.1 (Santra et al., 2008), QYr.inra-6B (Dedryver et al., 2009), QYr.caas-6BS (Lan et al., 2010), QYr.caas-6BS.3 (Ren et al., 2012b), and QYrMA.wgp-6BS (Liu et al., 2018). The physical locations of several markers closely linked to Yr78 are included in the range of QYr.cim-6BS detected in this study, such as Xwmc104 (149.1 Mb) and Xbarc136 (151.3 Mb). Therefore, it is likely that QYr.cim-6BS is the same as Yr78, but further verification of this is needed.

The evolution of new virulence and pathogen migration and adaptation to unconventional environments has been observed in the last decade. In addition to the rapid mutation from avirulence to virulence in rust fungi, global climate change and the limited use of resistance genes in complex combinations are important contributors. The average effective life of a race-specific resistance gene is 2–4 years, with the evolution of new races in Mexico. Breeding new varieties with durable resistance is the most effective way to control wheat diseases. Mucuy was distributed for international testing in 2013 and showed high resistance to both YR and LR in Mexico, India, Kenya, and China, suggesting that is a good choice as the donor for introducing resistance into other elite breeding materials. The new resistance loci identified in our study can be further studied to characterize their effects and interactions in other genetic backgrounds and thereby derive the best combinations of effective resistance genes to enhance durability.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

RS, CY, JH-E, MR, SB, EL, and CL conceived of the project. DL, CY, and CL wrote the article, performed QTL mapping, and SSR and KASP analyses. RS and CL performed the developmental analyses. JH-E, MR, SB, and EL evaluated the phenotyping of the RILs. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by International Cooperation and Exchange of the National Natural Science Foundation of China (Grant Nos. 31861143010 and 32101712), Hubei Hongshan Laboratory (Grant Nos. 2022hspy001 and 2021hskf008), the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDA24030102), Construction Project for Innovation Platform of Qinghai Province (Grant No. 2022-ZJ-Y04), Construction Project for Innovation Platform of Qinghai Province (Grant No. 2022-ZJ-Y01), Key R & D and Transformation Program of Qinghai Province (Grant No. 2022-NK-106), the Australian Grains Research and Development Corporation (GRDC) with funding to the Australian Cereal Rust Control Program (ACRCP), CGIAR Research Program WHEAT (CRPWHEAT), and the Foundation of Application of Basic Research Project of Qinghai Province (Grant No. 2022-ZJ-737).



Acknowledgments

We appreciate copy and content editing by CIMMYT communications consultant Mike Listman.



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.2022.880138/full#supplementary-material

Supplementary Figure 1.
Genetic linkage maps of stripe rust (YR) seedling resistance gene YrMu on the chromosome 2NS/2AS (A) and of leaf rust (LR) seedling resistance gene Lr16 on wheat chromosome 2BS (B), after removing redundant markers. Locus names and corresponding locations on the genetic map are indicated on the right side. Map distances in cM are shown on the left side.

Supplementary Figure 2.
Scatter plots for KASP marker Kasp_hzau_MuYLr-1BL genotyping in the “Apav#1 × Mucuy” F5 RIL population.

Supplementary Table 1.
Avirulence/virulence information for rust races used at Ludhiana, India. Yrso, Suwon92Omar; Yrsp, Spalding Prolific; Yrsk, Selkirk; Yrsd, Strubes Dickkopf; Yrks, Kalyansona.

Supplementary Table 2.
Sequences of newly developed primers used to detect the co-located resistance loci QYr.cim-1BL/QLr.cim-1BL and QYr.cim-2AS/QLr.cim-2AS.

Supplementary Table 3.
Single marker analysis of KASP marker Kasp_hzau_MuYLr-1BL.

Supplementary Table 4.
Single marker analysis of InDel marker InD_hzau_MuYLr-2AS.

Supplementary Table 5.
The physical position of QYr.cim-2AS/YrMU/QLr.cim-2AS's flanking marker based on reference genomes of Chinese Spring and Jagger.

Supplementary Table 6.
The physical location of QYr.cim-2AS's flanking marker showed that the actual genome sequence of Mucuy on Chromosome 2AS was different from that of Chinese Spring.
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DS QLrspa-1B BS00000010_51-RAC875_C3001_1236 8.5-10.6 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 3.94 0.000 0.017
R QLrspa-1B BS00084990_51-BS00000010_51 7.2-10.6 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 0.39 0.000 0.035
Morden 2019
DS QLrspa-1B EXCALIBUR_C64479_512-CAP7_REP_C6352_375 10.6-13.0 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 3.51 0.000 0.022
R QLrspa-1B BS00000010_51-RAC875_C3001_1236 8.5-13.0 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 0.13 0.040 0.008
Morden 2020
DS QLr.spa-1B BS00021877_51-BS00084990_51 7.2-13.0 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 2.15 0.007 0.008
DS QLrspa-2B.1 BS00081871_51- BS00028167_51 6.5-16.1 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 2.55 0.001 0.012
Swift Current 2014
DS QLrspa-1B EXCALIBUR_C64479_512-CAP7_REP_C6352_375 7.5-15.7 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 2.1 0.000 0.03
R QLrspa-1B BS00063537_51-RAC875_REP_C105597_205 0055 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 0.35 0.000 0.054
Swift Current 2015
R QLrspa-2B.3 IACX6292- EX_(C67202_741 328.7- 2D TA012840-0369-KUKRI_C14902_1112 79.1-89.5  -0.37 0.000 0.048
329.1
Swift Current 2016
DS QLrspa-1B BS00000010_51-RAC875_C3001_1236 7.2-13.0 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 2.05 0.005 0.014
DS QLrspa-2B.1 BS00081871_51- BS00028167_51 6.5-16.1 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 1.57 0.034 0.008
R QLr.spa-1B TDURUM_CONTIG43162_244-EXCALIBUR_C14102_459 5.5-6.5 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 0.16 0.044 0.011
Swift Current 2018
DS QLrspa-2B.1 BS00081871_51- BS00028167_51 6.5-16.1 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 1.00 0.014 0.017
DS QLr.spa-2D EXCALIBUR_C1944_1017-BOBWHITE_C16655_421 51.0-81.1 QLr.spa-7D  RAC875_C57622_77-Excalibur_C27950_459 0.0-3.59 0.96 0.017 0.016

aAA, Epistasis effect.

bHR(AA), epistatic QTL heritability.





OPS/images/fpls-12-745379/fpls-12-745379-i000.jpg
g~ N (0, o)





OPS/images/fpls-12-745379/fpls-12-745379-i001.jpg
(&5~ N (©, o7))





OPS/images/fpls-12-745379/fpls-12-745379-i002.jpg





OPS/images/fpls-12-745379/fpls-12-745379-g006.jpg
Blast index
- -
ok

o

i

Breeding panel Breeding panel - Lines with the 2NS translocation
- Lines with the 2NS translocation Model
) 1.0 B Fixed
. ; 0 GBLUP
LS .S B B B GBLUP + Fixed
05 3 s s ~ - § 9 _ S 0 BayesB
N RN L
: . 0.0 . - O-— - =] q-o-ﬁ OI__.
- - mE O -
H e
I T I S 3
©
Breeding panel S Breeding panel - Lines without the 2NS translocation
- Lines without the 2NS translocation | &
g
o 1.01
o

07

0.5; 2 o~ © © 2 2 - 2. L
. ! o . i
w & g 8 8 & 8 8§ u o S & & o © = a8 " B & F = & _ B
e o q ; o o o g o o : =) ) o :
® e i Bl
(om0 el e 0 '
0.0 mpE TR .. [ | B. | == -_—_—

¢ £ EE 8% 8% 2 £5 82 88 8%
== & I = = £ s = 1E
o\ .§N .§N .gN owN .§N .EN .‘gN

(¢] (] (¢} (¢} (¢} (¢}





OPS/images/fpls-12-745379/fpls-12-745379-g007.jpg
1.00 Model ll Fixed [] GBLUP [l GBLUP + Fixed [| Bayes B

: ©
o}
S : mg
g - i ™
.°m
© o
< L
o h e
- <
-n o
ﬂ |

BLUEs Jashore Jashore Jashore Jashore Okinawa Okinawa Okinawa Okinawa QuirusillasQuirusillasQuirusillasQuirusillas
2018 FP 2018SP 2019FP 2019SP 2018 FP 2018SP 2019FP 2019SP 2018FP 2018SP 2019 FP 2019SP

0.75;

Prediction accuracy
o
(¢)]
o

0.25;

0.00;






OPS/images/fpls-12-745379/fpls-12-745379-g008.jpg
Blast EBVs
b4 S S 3

N
(=]

MAS (Fixed)

‘..
S

20 o®
S BB

.‘.

&- Pock®

“‘.

Blast |nd|ces

@ Not selected by MAS and PS
O Selected by MAS and PS

© Selected by MAS only

@ Selected by PS only

Blast GEBVs

GS (GBLUP)

0 25 50 B

Blast indices

@ Not selected by GS and PS
(O Selected by GS and PS

© Selected by GS only

@ Selected by PS only

Blast GEBVs

N
o

(34
o

iy
o

w
o

N
o

GS + MAS (GBLUP + Fixed)

XX OO0 T
S» o P
o o % o
®e M Qe
®o .“oo
o 0

o %

“- .n..s-

75
Blast |nd|ces

@ Not selected by GS + MAS and PS
O Selected by GS + MAS and PS

@ Selected by GS + MAS only

@ Selected by PS only

Blast GEBVs

60

i
o

N
o

GS (Bayes B)

yr.
’
¢

.o.:

75
Blast indices

@ Not selected by GS and PS
O Selected by GS and PS

© Selected by GS only

@ Selected by PS only





OPS/images/fpls-12-745379/fpls-12-745379-g009.jpg
o
)
X
i
+
e
= -4
T 200
Liroom
o
= EOMEDS
L0°0 - 610 -
500 Z1'0 dS 6102
¥0°0- -— zzo ‘ se[IsnIInP
S0°0 zZLo
900 - 90°0 .-
Lo I8 6o | d4 6102
s1o-[ 1} 620 sej|isndind
wo- B 600
£0'0 100
100 J m v0°0- T | dS 8L0C
m s00 = 20°0- se|[IsniIinp
= goo 1 © zoo- I
© €20 o 0
Q 610 - o 500 L dd 8102
o bo ¢ n 1o | se||IsniInDd
0N I | c soo- [
= AN o 0}
© s00 -t Lo ds 6102
- 0} 2] $0°0 emeundo
2] soo #l 4 0}
4 80°0- [ N o0
&N Lo'o <) zLo | dd 610¢C
Q Lo ...m £0 eMeuno
= Bt 3 800 W
oo £0°0 5 :
- i 3 w00 ]
= 900 { = Lo |} | dS 8102
S L -. = 0'0 —_ EMEUDO
0 500 S 100
a £0°0- n 600
= z a £0'0- dd 8102
..U SL0- - 900 -— BMEBUD|O
' 610" = e00
— o [ : 800
nn.. zz ol - s00- [J | dS 6102
= 0} nnu oo | aloyser
o= A = soo- I
0 1o J o vZ'0 -
o v0'0 " LL0 | dd 6102
‘B 0o} o veo | aloyser
1 €00 i e zzo
= 10'0 0
= — 0
L 70°0 = v0°0- ds 810z
vo'o- L 1o aloyser
voo soo- [}
2o 00 g
(AN 200 | dd 8102
£2°0 1z'0 aloyser
O | 800
04 gzo ]
£0°0- r = hv 0 - ls3an1g
90°0- .
voo- & o Il
o 0 o < 0 o
-~ o o - o o
Adoeinooe uonaipald
S — -. dS 6102
sej|iIsnJInp
ve e e e \. dd 6102
se[|IsnJInP
(=
| I o _|ds 80z
(©) ..M se|lisnJInd
® . ee— o dd 8102
m L= se|IsnJIinp
7
7| — \. = dS 6102
- O — emeuno
m m m = dd 610¢
mm e ss 04 s 8 o mm ‘“;m:_xo
n < RN ds 8102
.-m oN * eese o eme e .-m m EMEUNG
- i dd 8102
— ¥ e s ooiw — o I
S M S nuV emeun|o
L L = ds 6102
w .o . s e s m wn—oswaq-
o| . o dd 6102
= o aloyser
= = ds 8102
: o I.h (aJoyser
IBAE B dd 8102
aloysep
.......\- 'sanTg

100
75
50
25

0-

X9pul 1se|






OPS/images/fpls-12-745379/fpls-12-745379-g003.jpg
Xapul }se|g

o
@
X
i
+
EYE
b O
< 200 gm
oL OO0 m«
o
= EBECOEOME
mr..o-.
- Q-l ds 6102
FNO.I se||ishdin®
goo [l
(= |dd 61L0C
m ke se||Isndin®
Bd
2 B
B 200 (o]
3] L o
o e - 7 ds 8102
) : = se||IsnJIND
c zoo | ©
© voo -
m voo ] m
= e d “ o~ | dd 8102
] oo g O se||IsnJIND
.nnu 9vo- = [
b= weol ] ..m e0o0
L 600- | | o 00 ||
u" €0°0- - h €0'0- - n_w w_‘ON
S 800~ [] = Lo [] .
% 00 [ = gsoo- [
= zeof ] % o
= o £ tco [ dd 8102
: e | e —1 emeunjo
i eve [ _ I —
2 — 0 [N
@ S o TR —
o I — o I — R
> (=2 o [a10ysep
£ o [T > wo [
i .w. Lo
e o [ = vo [T
=) 6co > avo [ d 8102
L0°0 - 0 vy'o I [ 240yser
o [ ] svo |
oo [l svo
i
seo (I o ] -s3aNd
800~ [] g0 f ]
eco (NN 250 (N
o 0 o = 0 o
- o o = o o
Aoeinooe uonoipaid
(= dS 6102
m tt= i) [ se||isniind
")
= . _ o I |d4 6102
m 0 se||IsnJinp
L o @ ds 8102
— m _® se|jisnJinpd
@ [T~
c B . ....._ c b l dd 8102
sejjisndin
pmv pm lisnJinp
810¢
...W.?. - I— .W.. o T .m_>m>m:=_O
6 6 1] |
oS o o dd 8102
> TN 2 2 [lemeunjo
as a2
3 . = dS 8102
= S aloysep
(<)
= -l 8 - — - (St
3 £
1 —
" r— . + 'sang
) 10 o 0 =) ) 10 ) 0 )
o ~ To] N o ~ n N
- b o





OPS/images/fpls-12-745379/fpls-12-745379-g004.jpg
1.00 Model W Fixed [0 GBLUP [l GBLUP +Fixed [ BayesB [ ABLUP
O ({o)
B M~ ™
() a 00
0.75; 10 g o g 8 g
-~ o L © T
S 2 2 2 T
S < o e o
S i %
= 0.50 e
o
o
©
o
o
0.25/
0.00/ || — I
BLUEs Okinawa Quirusillas Quirusillas Quirusillas

2018 SP 2018 FP 2019 FP 2019 SP





OPS/images/fpls-12-745379/fpls-12-745379-g005.jpg
MAS (Fixed)

GS + MAS (GBLUP + Fixed)

Blast EBVs
P 38 8

-
o

~
(4]

Blast GEBVs
(4,1
o

N
($)]

GS (GBLUP)
oe
o6
o®

® 9
o
of
2

i=S 2]
o o

Blast GEBVs
N
o

®
&

'0’

O
e

0 20
Blast indices

@ Not selected by MAS and PS

O Selected by MAS and PS
© Selected by MAS only
© Selected by PS only

40 60 80

20 40 60
Blast indices

@ Not selected by GS and PS
(O Selected by GS and PS

© Selected by GS only
© Selected by PS only

GS (Bayes B)

PedS (ABLUP)

Y (2]
o o

Blast GEBVs
N
o

o’. -

oy
o

;goo LR Y

(%)
o

N

Blast EBVs
o

=
o

@

s o

S
‘..V:. ""

0 20
Blast indices

@ Not selected by GS + MAS and PS

(O Selected by GS + MAS and PS
@ Selected by GS + MAS only
@ Selected by PS only

o

40 60 80

20 40 60
Blast indices

@ Not selected by GS and PS
(O Selected by GS and PS

© Selected by GS only
© Selected by PS only

20 40 60 80
Blast indices

@ Not selected by PedS and PS
O Selected by PedS and PS

© Selected by PedS only

@ Selected by PS only

0





OPS/images/fpls-12-684671/math_1.gif





OPS/images/fpls-12-684671/math_2.gif
W+ g+ 1+ L) + e






OPS/images/fpls-12-684671/fpls-12-684671-t001.jpg
Trait® Mean Mean Min® Max® SEY CV®  h2/rep
founders  population

AO (%] 423 8.04 0 98.13 021 18298 094"
IT[1-10] 1.28 i Bri ] 0 1000 0.06 129.08 0.769
Pi [%] 0.22 0.92 0 2500 0.07 18574 0.58%

%Average ordinate (AQ), infection type (), infected leaf area (P). °Minimum.
SMaximum. “Standard error. ®Coefficient of variance. 'Broad-sense heritability (H?).
9Repeatability (rep).
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Trait*/factor

AO

Genotype

Environment

Genotype x environment
T

Genotype

Replication

Pi

Genotype

Replication

DF®

402

2009

402

402
3

F value

58.16
101.67
1.99

429
1.54

252
1.80

P value

<0.0001
<0.0001
<0.0001

<0.0001
0.3369

<0.0001
02917

4 Average ordinate (AQ), infection type (IT), infected leaf area (P). ®Degrees of freedom.
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Trait Chr®  Pos[cM]®  SI[cM]® P value R¥ Eff (A° Eff(B)° Eff(C)® Eff(D)° Eff(E)° Eff(F)° Eff(G)°  Eff (H)°

AO

No. Env.

5 1A 16.37 0-34 2.47E-09 0.23 na +0.97 -1.98 na +2.02 -0.94 —-0.06 na

2 1D 62.37 51-76 1.18E-05 0.06 -0.71 +0.70 +1.24 -1.76 +1.63 +0.31 -1.78 +0.38

4 2B 105.67 101-182  5.17E-13 0.20 +1.84 -1.38 na na na -1.45 +0.35 +0.60

5 2B 163.5 1568-167  1.33E-18 0.29 na -1.27 na na na +0.14 +1.13 na

3 3B 218.05 212-225  2.09E-05 0.07 +0.12 -0.97 -1.20 +2.21 +1.71 +1.38 =111 =217

4 30 13.94 5-62 1.53E-05 0.01 +1.13 —-0.49 na =113 -0.53 na na na

6 BA 250.48 258-264 1.75E-23 0.16 -0.10 +1.80 +1.10 -1.28 +1.10 na na —2.62

3 el 19.64 12-30 2.16E-08 0.08 na +2.31 na na -0.57 -1.95 +0.07 0.12

T
1A 177 0-34 6.14E-09 0.11 na +0.53 -0.88 na +1.56 -0.70 —0.49 na
1A 210.76 197-215 0.0235 0.06 +0.45 -0.75 +1.55 +1.83 -0.73 -0.57 -1.00 -0.81
2A 05 0-13 0.0039 <0.01 +0.19 -0.83 +1.22 -0.98 na na +1.22 -0.83
2A 32.16 21-44 0.0377 0.01 +1.10 +0.06 —-0.19 -0.10 -0.38 -0.41 +0.02 -0.05
2B 163.5 1656-167  1.33E-18 0.16 na -0.82 na na na 025 0.56 na
2D 161.67 144-166 0.0426 0.09 -0.03 na na na +1.14 na na -1.10
A 259.98 258-263  6.57E-23 0.16 -0.15 +1.14 +0.98 -1.19 +0.88 na na -1.66

Pi
1A 204.48 191-215 0.0470 0.08 +0.22 -0.65 +1.37 +1.57 —-0.69 —-0.61 —-0.63 -0.63
2A 151 0-13 0.0041 <0.01 +0.73 -0.16 -0.22 -0.06 na na -0.10 -0.18
2B 163.5 166-169  1.33E-18 0.12 na -0.78 na na na +0.29 0.50 na
2B 197.6 184-217  8.11E-08 0.05 na -0.54 na na +0.53 na na na
20 161.57 144-166 0.0426 0.07 -0.07 na na na +1.10 na na -1.08
BA 250.98 268-265  6.57E-28 0.10 -0.62 +0.76 +0.50 +0.38 +0.40 na na -1.40

#Chromosomal position of QTL. ®Position of peak marker based on the study by Stadimeier et al. (2018). °Support interval. 4Proportion of phenotypic variance expleined by a single
QTL. *Additive effects () of the founders Event (), Baypd535 (8], Ambition (C), Fin3565 (D), Format (E), Potenial (F), Bussard (G), and Julus (H) relative to the population mean.
Shown values are back-transformed to the original trait scale. "Number of single environments in which a QTL was detected. Founder effects were reported as not available (na) it none
of the RILs reached the probabilty threshold.
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QTL Chr2  Peak markers for Determined Pos.  SI[cM]® Pos. RefSeq [bp]* Adjacent . aestivum  Orthologous. Identity  Functional

different traits by [eM]® gene gene annotation
Start End
QVrjki-1AT 1A AX-95080900 Field trials/ 177 0-34 11893447 11893547
Seedling test
RAC875_c38756_141 16.37 7336000 7335109  TraesCS1AO1GO17400LC
Qvrjki-1A2 1A wsnp_Ex_c2814937293173 Seedingtest  204.48  191-215 547965888 547966088 TraesCS1AO1G370800  TRIUR3_02049°  99.85
F775_06956' 96.27
wsnp_Ex_c6488_11266589 21075 550613052 550613249  TraesCS1A01G376400  F775_01986' 9866  CRS1-YhbY
(CRM-domain)
QVrjki-1D 1D AX-94614313 Field trials 6237 5176 262248014 262248114 TraesCS1D01G294200LC
Qvrjki-2A.1 2A BobWhite_c13373_250 Seedling test 0.50 0-13 3962381 3962481  TraesCS2A01G010100  TRIUR3_O1620°  97.70  Dehydrogenase E1
component
F775_30864' 97.24
wsnp_Ku_c23598_33524490 151 3447304 3447504  TraesCS2A01G007800  F775 31644 98.22
Qvrji-2A2  2A AX-95177447 Seedling test 3216 2144 18165504 18165604 Serine
carboxypeptidase-like
19t
QVrji-28.1 28 RACB75_rep_c109207_706  Field trials 10557 101182 60015103 69015203  TraesCS2B01G108000
Qvrji-282 28 RACS75_01226_652 Field trials/ 1635  165-169 157693534 157693634  TraesCS2B01G182800 BST_chr2B_nir_143
Seedling test
QVrjki-283 2B AX-94388449 Seedling test 1975 184-217 576083328 576083428 TraesCS2B01G406800  TRIURS_14851° 9897  Formin-like protein 3*
Qvrjki-2D 2D AX-94734962 Seedingtest 16157  144-166 636599900 636600000 TraesCS2D01G568600  F775_15392' 99556 GATA transcription
factor 28*
QVrjki-38 3B BobWhite_c14365_59 Field trials 21805 212205 640050368 640059468 TraesCS3BO1GA04700  TRIURS_12644°  98.84  Dual specificity
phosphatase -
catalytic domain
QVrjki-3D 3D Kuki_c3773_1450 Field trials 1394 562 na na
QVrjki-6A 6A  AX-94526138 Field trials, 25048  268-265 608502823 608502023 TraesCSEA01G598000LC
Seedling test
BS00067558_51 25098 606430738 606439838  TraesCSGA01G391800  TRIUR3_27114°  98.15
F775_21380' 9594
QYrjki-7D 7D TA005377-1076 Field trials 19.64 12-30 13205533 13295682  TraesCS7DO1G027100  TRIUR3_33401°  96.45
F775_32200' 100.00

aChromosomal position of QTL. ®Position of peak marker based on the study by Stadimeier et al. (2018). *Support interval. 9Position of peak marker in the reference sequence RefSeq v1.0. ® Triticum urartu. ! Aegilops tauschi. *Information
provided by https://www.cerealsdb.uk.net/cerealgenomics/Cereals DB/ axiom_download.php.
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QTL Number of Marker Position Stage Trait Marker R2 —log10(P) Favorable Effect References
MTAs (Mb) (%) allele
QYrCL.sicau-TAL 4 AX-109862603  587.93 Adult 16MY_AUDPC 10.37 5.43 (¢} —6.10 Bulli et al., 2016
AX-109864002  593.76 Seedling CYR32_IT 156.23 8.14 G 7.47
QYrCL.sicau-1BL 3 AX-109429172  664.08 Seedling  CYR32_IT 13.00 103 A 7.46 Bansal et al., 2014; Ye et al., 2019
AX-111009273  665.31 Adult BLUE_AUDPC 7.52 4.21 G —-5.01
QYrCL.sicau-2AL 13 AX-108867793  755.56 Seedling  CYR32_IT 7.68 4.22 A 2.21 Boukhatem et al., 2002
AX-109067160  761.41 Adult 17CZ_DS 9.38 5.08 ¢} 141
AX-108886459  767.51 Adult 17CZ_AUDPC 9.16 4.48 A —2.95
QYrCL.sicau-2DS 5 AX-110890887  16.85 Adult 17CZ_AUDPC 8.56 4.49 C —4.23 Lu et al., 2009; Naruoka et al., 2015
AX-110737036  24.32 Adult BLUE_AUDPC 7.32 4.07 G —2.05
QYrCL.sicau-3AL 3 AX-109477203  719.95 Adult 17CZ_AUDPC 9.14 4.82 C -5.69 New
AX-110970789  724.47 Seedling CYR34_IT 7.98 4.22 T 2.04
QYrCL.sicau-3BS.1 36 AX-109977908  0.34 Adult BLUE_IT 7.87 4.37 A —1.89 Khlestkina et al., 2007; Dedryver et al., 2009; Zhao
etal., 2012; Yang et al., 2013; Basnet et al., 2014;
Case et al., 2014; Lan et al., 2014; Randhawa et al.,
2015; Zhou et al., 2015a,b
AX-108747357  0.93 Adult 17CZ_AUDPC 8.05 4.36 C —1.33
QYrCL.sicau-3BS.2 10 AX-109818815  8.80 Adult 16MY_DS 7.67 4.06 A —40.25 Haoetal., 2011; Lowe et al., 2011;Chen et al., 2012;
Lan et al., 2014; Zhou et al., 2015b; Jia et al., 2020;
AX-109833897  11.66 Adult BLUE_AUDPC 8.62 4.77 G 0.96
QYrCL.sicau-3BS.3 3 AX-109969055  40.91 Adult 18CZ_DS 8.49 4.37 (¢} —22.85 Yaoetal, 2019
AX-110956592  43.09 Seediing  CYR34_IT 11.34 6.21 A 6.08
QYrCL.sicau-3B.4 3 AX-110412110 256.78 Seedling CYR32_IT 16.46 8.76 A 5.84 New
AX-109532001  257.82 Adult 18CZ_AUDPC 9.80 5.42 G —6.48
QYrCL.sicau-3B.5 6 AX-111760388  357.24 Adult 18CZ_AUDPC 10.08 5.41 T 2.17 New
AX-108920914  361.45 Adult 18CZ_DS 8.57 4.36 A 25.43
QYrCL.sicau-3BL.6 24 AX-110532776  573.40 Adult BLUE_AUDPC 7.47 4.15 G 1.07 Jighly et al., 2015
AX-109826941  576.05 Seedling  CYR32_IT 13.82 7.42 T 7.46
AX-111667495  578.59 Adult 16MY_DS 7.53 4.05 A —56.30
QYrCL.sicau-5AL. 1 4 AX-111070530  622.55 Adult 18CZ_IT 6.39 4.35 T 0 New
AX-108874798  622.56 Adult 18CZ_IT 6.57 4.29 ¢} 0
QYrCL.sicau-5AL.2 6 AX-110925235  663.07 Adult 18CZ_DS 8.43 4.14 T 0.30 Ren et al., 2012
AX-109533142  666.35 Adult 16CZ_AUDPC 11.44 4.95 C 0.33
AX-110673818  671.19 Adult BLUE_IT 8.20 4.43 A 0.14
QYrCL.sicau-5AL.3 9 AX-89474079 680.86 Adult 16MY_AUDPC 13.59 711 A —6.19 Lan etal.,, 2010
AX-111582891  680.88 Adult BLUE_DS 9.10 4.91 T —5.66
QYrCL.sicau-5BL 10 AX-110887113  545.94 Seedling CYR34_IT 7.54 417 T 2.51 Ye et al., 2019
AX-109584506  551.54 Adult BLUE_AUDPC 6.70 4.50 C —3.71
QYrCL.sicau-6DL 3 AX-108822201  467.03 Adult 16MY_AUDPC 7:52 4.09 G 0.84 Zegeye et al., 2014
AX-110991388  467.04 Adult 17CZ_DS 8.04 4.35 A 0.08
QYrCL.sicau-7AL 13 AX-110935797  693.58 Adult 17CZ_DS 7.89 4.34 C —2.24 New
AX-111108248  693.84 Adult 17CZIT 8.44 4.51 C —2.78
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KASP

AX-109477203A
AX-109477203B
AX-109477203C
AX-108747357A
AX-108747357B
AX-108747357C
AX-109409794A
AX-109409794B
AX-109409794C
AX-95168494A

AX-95168494B

AX-95168494C

AX-111108248A
AX-111108248B
AX-111108248C

QTL

QYrCL.sicau-3AL
QYrCL.sicau-3AL
QYrCL.sicau-3AL
QYrCL.sicau-3BS.1
QYrCL.sicau-3BS.1
QYrCL.sicau-3BS.1
QYrCL.sicau-5AL. 1
QYrCL.sicau-5AL. 1
QYrCL.sicau-5AL. 1
QYrCL.sicau-5AL. 1
QYrCL.sicau-5AL. 1
QYrCL.sicau-5AL. 1
QYrCL.sicau-7AL
QYrCL.sicau-7AL
QYrCL.sicau-7AL

Primer sequence (5'-3’)

GAAGGTGACCAAGTTCATGCTTGCCTCTCAATGTACATTGCATAG
GAAGGTCGGAGTCAACGGATTTGCCTCTCAATGTACATTGCATAC
CCGTCGGCACTCGTGTATAT
GAAGGTGACCAAGTTCATGCTACTTGTGAAACGTTGGGCTTTC
GAAGGTCGGAGTCAACGGATTACTTGTGAAACGTTGGGCTTTT
GCTTTCCTTTATTGTCCAAGCA
GAAGGTGACCAAGTTCATGCTTCATACATTTGAGCCCTGTATTGA
GAAGGTCGGAGTCAACGGATTTCATACATTTGAGCCCTGTATTGG
CTTCCAATTTCTTCTCTTGAGCC
GAAGGTGACCAAGTTCATGCTGGCTGGGTTTCTTTCTCCC
GAAGGTCGGAGTCAACGGATTGGCTGGGTTTCTTTCTCCA
TCTAGAAGAGCAGAAACCAAGATG
GAAGGTGACCAAGTTCATGCTCTCCTCTATCTGCTCCATCCC
GAAGGTCGGAGTCAACGGATTCTCCTCTATCTGCTCCATCCT
GACCGATGAGACGATGTGCT
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Environment Trait? ChromosomeP QTL Marker Position, cM LOD Thatcher Carberry PVE,% Additive effect®

allele value allele value

Swift Current 2014 DS 1BL QLr.spa-1B BS00000010_51 9.6 4.0 19.0 13.1 6.0 2.9

orden 2016 DS 1BL QLr.spa-1B BS00000010_51 9.6 6.7 49.8 31.3 101 9.2

orden 2016 R 1BL QLr.spa-1B BS00000010_51 9.6 5.4 6.1 4.9 8.0 0.6
Swift Current 2016 DS 1BL QLr.spa-1B BS00000010_51 9.6 4.3 21.1 12.6 6.4 4.3
Swift Current 2016 R 1BL QLr.spa-1B RAC875_c3001_1236 10.6 3.8 4.9 4.2 5.7 0.4

orden 2019 DS 1BL QLr.spa-1B BS00000010_51 9.6 8.3 40.8 24.4 12.0 8.2
Morden 2019 R 1BL QLr.spa-1B BS00000010_51 9.6 5.0 5.5 4.7 7.5 0.4

orden 2020 DS 1BL QLr.spa-1B RAC875_¢3001_1236 10.6 5.0 35.9 20 7.5 6.2

orden 2020 R 1BL QLr.spa-1B RAC875_c3001_1236 10.6 3.9 5.4 4.6 5.9 0.4
Swift Current 2014 R 2BS QLr.spa-2B.1 BS00028167_51 16.1 3.4 5.8 5.1 5.0 0.3
Swift Current 2015 DS 2BS QLr.spa-2B.1 BS00028167_51 16.1 3.6 17.3 124 5.2 2.5
Swift Current 2015 R 2BS QLr.spa-2B.1 BS00028167_51 16.1 9.2 6.0 4.8 125 0.6
Morden 2016 DS 2BS QLr.spa-2B.1 BS00028028_51 10.6 2.6 45.8 35.1 3.5 5.4
Swift Current 2016 DS 2BS QLr.spa-2B.1 BS00046019_51 11.0 5.2 211 1.8 7.7 4.6
Swift Current 2016 R 2BS QLr.spa-2B.1 BS00046019_51 11.0 8.0 5.0 4.0 1.6 0.5
Swift Current 2018 DS 2BS QLr.spa-2B.1 BS00046019_51 11.0 3.7 6.7 3.0 5.5 1.9
Swift Current 2018 R 2BS QLr.spa-2B.1 BS00046019_51 11.0 3.3 4.6 4.0 5.0 0.3
Morden 2019 R 2BS QLr.spa-2B.1 BS00028028_51 10.6 3.6 5.4 4.7 5.5 0.3
Morden 2019 DS 2BS QLr.spa-2B.1 BS00046019_51 11.0 3.9 37.3 25.9 5.8 5.7
Morden 2020 R 2BS QLr.spa-2B.1 BS00028028_51 10.6 2.5 5.3 4.8 3.5 0.3
Morden 2020 DS 2BS QLr.spa-2B.1 BS00046019_51 11.0 5.9 36.1 23.3 8.0 6.4
Swift Current 2014 DS 2BS QLrspa-2B.2 Excalibur_c45094_602 156.0 3.6 18.4 12.9 5.3 2.7
Swift Current 2014 R 2BS QLr.spa-2B.2 Excalibur_c45094_602 156.0 1.8 5.7 5.2 2.6 0.2
Swift Current 2015 DS 2BS QLr.spa-2B.2 Excalibur_rep_c106124_239 150.9 2.7 25.7 3.5 3.8 111
Swift Current 2015 R 2BS QLr.spa-2B.2 Excalibur_c45094_602 156.0 5.0 5.8 4.9 6.7 0.4
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Puccinia triticina Isolate

Line 1-1 BBBD 96-12-3 MBDS 94-128-1 MBRJ 95-74-2 MGBJ 11-180-1 TDBG 06-1-1 TDBG 95-77-2 TJBJ 9-1 SBDG 161-1 FBDS 18-10-1 TBBS
Carberry oP 0 0; 0 1+ 1+ 13¢ : 0 1+
Thatcher 3 3 3 3 3+ 3+ 3 3 3 3
Te-Lr2a? 0; 0; 0 0 3+ 3 3 3+ 1=

Tc-Lr16 e 11— 1— 13 1+ 1+ 13- 1— 1+ 1+
Te-Lr23 33+ 3+ 3+ 3+ 3+ 3+ 3+ 1—2— 2 3
Te-Lr10 = 3 3+ 3+ 3 3 3 3 3 3

aThe Thatcher near isogenic wheat lines used included RL (Te-Lr2a), RL (Tc-Lr16), RL (Tc-Lr23), RL (Tc-Lr10).

bHost lines that produced infection types “” (hypersensitive flecks), “1” (small uredinia with necrosis), and “2” (small- to medium-sized urediinia with chlorosis) were considered resistant, and those that produced infection
types “3” (medium sized uredinia without chlorosis or necrosis) were considered susceptible. Pustules larger than normal for the infection type were indicated with “+” and those smaller were indicated with a “—” or a
“=" for very small pustules.

¢In some cases, a range of pustule types were observed on the same leaves, and these are listed with a space between each different pustule type.
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Isolate Gene(s) detected Progeny Lines Expected ratio X2 P-value
Resistant Susceptible

11-180-1 TDBG? Lr16 157 141 11 0.86 0.35

96-12-3 MBDSP Lr2a, Lr16 217 80 3:1 0.59 0.44

9-1 SBDG Lr16, Lr23 215 83 3:1 1.29 0.26

161-1 FBDS Lr2a, Lr16, Lr23 278 27 71 3.70 0.03

aProgeny lines reacted the same to 11-180-1 TDBG, 06-1-1 TDBG, 95-77-2 TJBJ, and 18-10-1 TBBS.

bprogeny lines reacted the same to 96-12-3 MBDS, 94-128-1 MBRJ, and 95-74-2 MGBJ.
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Location-Year Population Carberry Thatcher Components of variance for disease severity?

Min Max Mean V(G)/V(P) V(A)/V(P) V(AA)/V(P) V(e)/V(P)

Disease severity (%):

MD2016 0.0 90.0 38.6 3.9 7B.7 0.61 0.59 0.02 0.39
MD2019 0.0 87.5 315 2.1 65.9 0.53 0.51 0.02 0.47
MD2020 0.0 90 28.2 0.0 79.3 0.63 0.61 0.02 0.37
SC2014 0.5 60 15.4 3.1 33.5 0.39 0.36 0.03 0.61
SC2015 0.5 60 14.5 41 29.9 0.29 0.29 — 0.71
SC2016 0.5 80 16.2 1.3 451 0.43 0.40 0.02 0.57
SC2018 0.5 80 4.5 0.2 18.0 0.25 0.22 0.03 0.75
Infection response®

MD2016 R S R S 0.54 0.51 0.04 0.46
MD2019 R S R S 0.44 0.43 0.01 0.56
MD2020 R S R S 0.36 0.36 — 0.64
SC2014 RMR S MR MSS 0.35 0.30 0.05 0.65
SC2015 R S MR MSS 0.40 0.35 0.05 0.60
SC2016 R S MR MSS 0.19 0.18 0.01 0.81
SC2018 R S RMR MSS 0.25 0.25 — 0.75

aV(G), genotype variance; V(A), additive variance; AA, additive x additive variance; V(P), phenotypic variance; V(G)/V(P), variance of genetic main effects divided by
phenotypic variance (broad sense heritability); V(A)/V(P), narrow sense heritability; V(AA)/V(P), additive x additive epistasis heritability; V(e)/V(P), variance of residual effects
divided by phenotypic variance.

bR, resistant; RMR, resistant to moderately resistant; MR, moderately resistant; MSS, moderately susceptible to susceptible; S, susceptible.





OPS/images/fpls-12-775383/fpls-12-775383-t004.jpg
Leaf rust severity (%)

SC 2015 SC 2016 SC 2018 MD 2016 MD 2019 MD 2020
SC 2014 0.622 0.64 0.64 0.69 0.68 0.72
SC 2015 = 0.56 0.68 0.64 0.60 0.67
SC 2016 = 0.57 0.70 0.71 0.72
SC 2018 = 0.55 0.54 0.63
MD 2016 — 0.89 0.88
MD2019 — 0.90

aThe correlation coefficients were significant at P < 0.0001.
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Bokore et al. 2020
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Dataset Mean Standard Median Minimum Maximum

deviation
Quirusillas 2018 FP 32.0 25.5 35.9 0 90.7
Quirusillas 2018 SP 22.3 241 11.0 0 77.0
Quirusillas 2019 FP  38.5 35.1 36.9 0 100.0
Quirusillas 2019 SP 29.9 27.4 27.9 0 98.2
Okinawa 2018 FP 21.8 205 18.3 0 76.4
Okinawa 2018 SP 314 22.9 38.7 0 72.7
Jashore 2018 FP 1.2 12.3 8.9 0 48.0
Jashore 2018 SP 18.5 17.5 14.4 0 741
BLUEs 25.7 18.2 28.3 0 61.3

FPR, First planting; SP, Second planting; BLUEs, Best linear unbiased estimates.
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Dataset Mean Standard Median Minimum Maximum

deviation
Okinawa 2018 SP 10.6 18.1 0 68.6 0
Quirusillas 2018 FP 10.2 19.2 0 87.2 0
Quirusillas 2019 FP  14.6 275 0 100 0
Quirusillas 2019 SP 141 24.7 1 941 0
BLUEs 124 20.1 2.3 77.9 0

FPR, First planting; SP, Second planting; BLUES, Best linear unbiased estimates.





OPS/images/cover.jpg
EDITED BY: Peter Bulli, Christina Cowger, Marc
and Morten Lillemo

PUBLISHED IN: Frontiers in Pla

R
o
et

=

23!

7
i

P frontiers Research Topics





OPS/images/fpls-13-793925/fpls-13-793925-t001.jpg
Genotype Tsct allele Reference

Opata 85 Tsct Faris et al., 1997
Louise Tscl Kariyawasam et al., 2016
LMPG-6 Tsc1 Liuetal., 2017

68365 Tect Lamari and Bernier, 1989
Kulm Tsct Effertz et al,, 2002
Trenton Tsct Effertz et al, 2001

Ning 7840 Tsct Sunetal, 2010
W-7984 tsct Faris et al., 1997
Penawawa tsc1 Kariyawasam et al., 2016
PI 626573 tsc1 Liuetal., 2017

Glenlea tsc1 Lamari and Bernier, 1989
68662 tsc1 Lamari et al., 1995
Salamouni tsct Lamari et al., 1995
Chinese Spring tsc1 Tadesse et al,, 20068
Erik tsc Singh and Hughes, 2006

Katepwa tscl Lamari et al., 1995





OPS/images/fpls-13-793925/fpls-13-793925-g005.jpg
emdajed

hCE]

Bundg asaulyd
unowejeg
29989

ed|ua|e)
£159291d
EMEMEUSH
V68LM

BuIN

uojual|
winy

Lines with Tsc1 Lines with tsc1

emdajed
Bunds asai i m
lunowejes
29999
B3[us|
€159291d
ememeusd
V68LM
buiy
uojual]
Wi
596499
9-OdIN1
9sIno
ejedo

=

==

Lines with Tsc1

400 bp -

Lines with tsc1





OPS/images/fpls-13-793925/fpls-13-793925-g004.jpg
4,580,000 4,600,000 4,620,000

4,640,000

4,660,000

4,680,000 4,700,000

4,720,000

4,740,000 4,766,877

| 4]

<

L AR

P

fcp730 fep731 fep732 fcp734
Gene Gene ID Protein domains Pfam IDs Position
raesCS1A03G0017700 _ INB-ARC PF00931.24, PF05729.14 14605426-4609380 (-strand)

raesCS1A03G0018400

PProtein kinase, LRR

IPF00069.27, PF13855.8, PF12799.9,
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Type QTL Chr EXP Flanking SNP markers LOD R2 Add.

DA Qda.ndwp-2B 2B GH17P S2B_53430011—S52B_89567835 5.72** 0.13 -2.02
DA Qda.ndwp-2B 2B FAR17P S2B_53430011—S52B_89567835 8.63™* 0.19 -1.26
DA Qda.ndwp-2B 2B GH18P S2B_53430011—S2B_89567835 5.45* 0.13 -1.63
DA Qda.ndwp-2B 2B FAR18C S2B_53430011—S2B_89567835 5.12* 0.12 =1.11
DA Qda.ndwp-2D 2D FAR17P S§2D_115622287 12.47 0.26 -1.66
DA Qda.ndwp-2D 2D GH18P 8§2D_115622287 8.91™ 0.20 -1.91
DA Qda.ndwp-2D 2D FAR18P S§2D_115622287 12.74 0.27 -1.565
DA Qda.ndwp-2D 2D FAR18C S§2D_115622287 10.34** 0.23 -1.50
DA Qda.ndwp-5A 5A FAR18P SBA_552675375 6.28™* 0.14 1.24
DA Qda.ndwp-68B 6B GH16P S6B_481863585 5.59" 0.13 0.34
DA Qda.ndwp-7A 7A GH18P S7A_51100870—S7A_64598458 7.20™ 0.16 1.57
PH Qph.ndwp-2D 2D FAR18P S§2D_115622287 5.16™ 0.12 -0.95
PH Qph.ndwp-2D 2D FAR18C 8§2D_115622287 6.70™* 0.15 -1.04
PH Qph.ndwp-4D 4D FAR18P S4D_43140163—S4D_45526446 9.04** 0.20 -1.63
PH Qph.ndwp-4D 4D FAR18C S4D_43140163—S4D_45526446 8.19™ 0.18 -1.50

QTL, quantitative trait loci; DA, days to anthesis; PH, plant height; Chr, chromosome; EXR, experiment in which the QTL was detected; GH16FR GH17R, and GH18P
represent the experiments conducted in greenhouse in 2016, 2017, and 2018, respectively, using the point-inoculation method. FAR16P, FAR17P, and FAR18P indicate
the field experiments performed in 2016, 2017, and 2018, respectively, at the Fargo location with the point-inoculation method, while FAR18C was used to represent
the corn-spawn inoculated experiment conducted at the Fargo location in 2018. LOD, logarithm of odds; *P < 0.05; **P < 0.01 following 1,000 permutation tests; R,
proportion of phenotypic variance explained by each QTL,; Add., additive effect denoting the contribution of resistant or susceptible allele.
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Type QTL Chr EXP Flanking SNP markers LOD R2 Add. Parent

SEV Qfhb.ndwp-3A 3A FAR18C S3A_64027637—S3A_516888164 4.5* 0.10 -3.09 WHTN
SEV Qfhb.ndwp-5A 5A GH17P S5A_419786980—S5A_533294156 4.48* 0.11 5.53 SPRS
SEV Qfhb.ndwp-6A 6A GH18P S6A_24773746—S6A_573400299 5.42** 0.13 5.53 SPRS
SEV Qfhb.ndwp-7A 7A GH16P S7A_64598458—S7A_496824831 6.3* 0.14 -7.55 WHTN
DON Qdon.ndwp-1B 1B FAR18P-DON S1B_432817546 8.44* 0.19 -0.81 WHTN

QTL, quantitative trait loci; SEV, disease severity; DON, deoxynivalenol; Chr, chromosome; EXR, experiment in which the QTL was detected; GH16R, GH17F, and GH18P
represent the experiments conducted in greenhouse in 2016, 2017, and 2018, respectively, using the point-inoculation method. FAR18P indicates the field experiment
performed in 2018 with the point-inoculation method, while FAR18C was used to represent the corn-spawn inoculated experiment conducted at the Fargo location in
2018. FAR18P-DON represents DON testing for the grain samples harvested from field experiment FAR18R LOD, logarithm of odds; *P < 0.05; P < 0.01 following
1,000 permutation tests; R, proportion of phenotypic variance explained by each QTL; Add., additive effect denoting the contribution of resistant or susceptible allele;
WHTN, Wheaton,; SPRS, Surpresa.
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GH16P GH17P GH18P FAR16P FAR17P FAR18P FAR18C GH18P-DON FAR18P-DON FAR18C-DON

GH16P .. 0.35"* 0.48™* 0.28* 0.16* 0.26™ 0.17* 0.36™* -0.08"¢ 0.0078
GH17P o 0.46™* 0.26™* 0.25" 0.18* 0.20* 0.46™** 0.09"8 0.16*

GH18P ) 0.23* 0.27* 0.33** 0.32 0.75** 0.10"8 -0.01"¢
FAR16P w0 0.21* 0.09"s 0.06"8 0.117s -0.06"¢ 0.09"s
FAR17P ) ) e 0.21* 0.08"8 0.06"s 0.17* -0.17*
FAR18P o - o e 0.49 0.17* 0.017s 0.03"s
FAR18C : ) 0.19* 0.18* 0.16*

GH18P-DON 0.05"8 0.14*

FAR18P-DON ] ) -0.05"¢
FAR18C-DON B

GH16R, GH17R, and GH18P represent the experiments conducted in greenhouse in 2016, 2017, and 2018, respectively, using the point-inoculation method. FAR16F,
FAR17F, and FAR18P indicate the field experiments performed in 2016, 2017, and 2018, respectively, at the Fargo location with the point-inoculation method, while
FAR18C was used to represent the corn-spawn inoculated experiment conducted at the Fargo location in 2018. DON content was assessed for grain samples of each
line harvested from three FHB-inoculated experiments in 2018: GH18R, FAR18F, and FAR18C. The three DON testing experiments were designated as GH18P-DON,
FAR18P-DON, and FAR18C-DON, respectively. ***P < 0.0001,*P < 0.001; *P < 0.05; ns, non-significant.
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Source Greenhouse Field

df MS F-value df MS F-value
Year (Y) 2 587.21 0.39"¢ 2 1454.43 0.66"°
Rep x Year 6 523.94 0.35"¢ 4 22.73 0.0178
Genotype 186  9926.77 6.62*** 186  4484.51 2.03**

Genotype x Year 370  3194.35 213 364  2895.00 1.317

Year, Environment in which the analysis of variance is assessed; Rep, Biological
replication; MS, Mean sum of squares. ***P < 0.0001; "SP > 0.05.
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Trait Experiment

FHB Severity GH16P
GH17P
GH18P
FAR16P
FAR17P
FAR18P
FAR18C
DON Content (ppm) GH18P-DON
FAR18P-DON
FAR18C-DON
Days to anthesis (DA) GH16P
GH17P
GH18P
FAR16P
FAR17P
FAR18P
FAR18C
Plant height (PH) (inches) GH18P
FAR18P
FAR18C

Surpresa

na
0.40
0.36
0.28
0.59
0.30
0.35
7.35
3.40
10.30
na
81.00
74.00
59.00
55.00
57.00
59.00
48.42
37.25
35.50

Wheaton

0.86
0.89
0.91
0.86
0.85
0.66
0.76
47.10
5.90
39.80
69.00
73.00
78.00
52.00
56.00
57.00
58.00
32.00
27.36
26.95

RILs
Mean + SD Range H?2
0.73+0.24 0.13—1.00 0.64
0.60 £ 0.20 0.17—0.95
0.61 £0.19 0.22—0.97
0.50+0.28 0.14—0.97 0.47
0.37 £0.15 0.10—0.84
0.46 £ 0.17 0.19—0.71
0.55 £ 0.16 0.31—-0.76
37.45 + 30.81 0.33—202.4 -
11.42+6.78 1.00—49.90
23.30 + 12.48 6.80—72.10
54.06 + 5.43 45.00—76.75 0.80
54.99 + 5.84 44.33—70.83
73.10 +£ 4.26 65.67—88.33
54.95 + 5.23 48.00—70.00 0.77
55.48 +2.83 52.00—63.00
55.69 + 2.60 49.50—62.25
5F.12 £3i7 49.33—68.67
40.34 + 6.28 27.00—57.00 0.67
31.84 £ 3.15 26.00—40.75
31.07 £ 3.02 25.833—80.25

RILs, recombinant inbred lines; SD, standard deviation; H?, broad-sense heritability; FHB severity, mean of the symptomatic proportions of infected spikes; GH16R,
GH17R, and GH18P represent the experiments conducted in greenhouse in 2016, 2017, and 2018, respectively, using the point-inoculation method. FAR16F FAR17F,
and FAR18P indicate the field experiments performed in 2016, 2017, and 2018, respectively, at the Fargo location with the point-inoculation method, while FAR18C was
used to represent the corn-spawn inoculated experiment conducted at the Fargo location in 2018. DON content was assessed for grain samples of each line harvested
from three FHB-inoculated experiments in 2018: GH18R, FAR18R, and FAR18C. The three DON testing experiments were designated as GH18P-DON, FAR18P-DON,

and FAR18C-DON, respectively.
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Dataset Mean Standard Median Minimum Maximum

deviation
Quirusillas 2018 FP 19.4 21.3 13.4 0 90.1
Quirusillas 2018 SP 32.4 28.4 37.9 0 100
Quirusillas 2019 FP  41.6 36.9 4341 0 100
Quirusillas 2019 SP 43.6 38.4 481 0 100
Jashore 2018 FP 29.1 281 24.5 0 100
Jashore 2018 SP 28.5 24.8 24.7 0 100
Jashore 2019 FP 32.3 25.3 30.8 0 100
Jashore 2019 SP 45.8 40.0 39.5 0 100
Okinawa 2018 FP 34.8 28.6 42.6 0 92.9
Okinawa 2018 SP 28.0 25.8 29.3 0 96.0
Okinawa 2019 FP 857 41.8 70.3 0 100
Okinawa 2019 SP 46.5 39.3 49.5 0 100
BLUE 36.5 25.6 455 0 90.1

FPR, First planting; SP, Second planting; BLUEs, Best linear unbiased estimates.
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Recipientlines  Backcross Population No. plants carrying

generations size Fhb1, Fhbd, and
Fhbs
Bainong418 BCiFy 31 5
BCF; 39 5
BCF; 30 4
BC3F2 122 2
Bainongd 199 BCiF; 40 5
BCF 42 6
BOsFy 36 4
BCsF2 140 2
Zhoumai2? BCiF; 45 5
BCFy 43 6
BCsFy 34 4
BC3F2 138 1
4,446 BCiFy 36 5
BO:Fy 39 5
BCoF+ 41 6
BCsF2 115 3
Chuanmai64 BCiFy 34 5
BC:Fy 38 5
BCsFy 32 3
BCsF2 109 2
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Lines

NMAS022
Bainong4 18
Bainong4 18IL.

Bainong4 199
Bainong4 199IL

Zhoumai27
Zhoumai27IL

4,446

44461

Chuanmai64
Chuanmai64iL

2018-2019
PIS(%)

132+£24
510+ 1.4
16.5+£23"

51.7£3.2
160+ 1.6™

539+£19
14318

50.1£3.0

124 £29"

487+18
14.1£1.6"

was not shown in the table.

NDS

1.0+00
6.1£0.1
1.0+ 00"

6.4+0.1
11204

59+02
1.0+£00"

6.0£0.1

1101

56+0.1
1.0£00"

LDR(cm)

03+0.1
4.4£0.1
1.0+0.1"

43+0.1
11£04"

43+03
1.0£0.4"

4201

10404

3901
09+0.1*

Lines

NMAS022
Bainong418
Bainong418IL-1
Bainong418IL-2
Bainong418IL-3
Bainong4199
Bainong4199IL-1
Bainong4199IL-2
Bainong4199IL-3
Zhoumai27
Zhoumai271L-1
Zhoumai27IL-2
Zhoumai27IL-3
4,448

44461L-1
44461L-2
Chuanmai6d
ChuanmaiB4iL-1
Chuanmai64IL-2
Chuanmai64iL-3

2019-2020
PIS(%)

90+ 1.4
385+2.1

9.0+ 14"
90+28"
100 £28"
37.0+28

110+ 14"
105 2.1
90+£28"
300+ 1.4

9521
80+ 1.4"
70+ 1.4
400%28
95+ 21"
70+ 1.4
35:+21

100 £ 1.4
80+ 1.4"
90+£00"

NDsS

1.0+£00

56+03

1.0+ 0.0
1.0+ 0.0
1.0+ 0.0
57+0.1

1.0+£0.0"
1.0+0.0"
1.04£0.0"
55+0.1

1.0+£0.0"
10+£0.0"
1.0+ 0.0
53%0.1

10400
1.0+ 0.0
49+£04

1.0£0.0"
10400
1.0+£0.0"

LDR(cm)

02+0.1
41£02
10£03%
0.9+£0.0"
09+0.1"
40+0.1
08+0.1"
09+£0.1"
08+£0.1"
40£0.1
07 £0.1"
07 £0.4*
0.8+0.0"
41401
09:+0.4*
08+£0.1"
38+04
08+£0.1*
08+00"
09 0.1

indlcate significance at P = 0.01, compared with the respective recipients. Comparison of the introgression lines with NMAS022 reveaed significant differences only for LDR, which
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Lines

NMAS022
Bainong4 18
Bainong4 18IL-1
Bainong4 18IL-2
Bainong4 18IL-3
Bainong4 199
Bainongd 199I1L-1
Bainong4 199IL-2
Bainong4 199IL-3
Zhoumai2?
Zhoumai27IL-1
Zhoumai27IL-2
Zhoumai27IL-3
4446

44461L-1
44461L-2
Chuanmai6d
ChuanmaiB4lL-1
Chuanmai6dlL-2
Chuanmai6dL-3

Anthesis (day)

183 £ 0.0
176 £0.0
176 £0.0
175 £0.0
176 £0.0
176 £0.0
176 £0.0
176 £0.0
176 0.0
178 £0.0
177 £00
179 £ 0.0
177 £0.0
176 £0.0
176 £0.0
176 £ 0.0
176 £0.0
176 £0.0
176 £0.0
176 £0.0

Plant height (cm)

1455 £1.7
845+08
859+1.0
87.3+£0.5"
90.5 + 0.4
793+0.9
80.9+£0.4
835+0.8"
83.9+0.8"
81.1+£08
89.8+ 08"
81.5+£08
840+ 0.7
855+1.0
87.4+£12
85.1+08
104.1 £0.9
1206+ 0.3
1221 £ 0.4
1043 £ 0.4

No. productive tillers

123+06
121£08
133+0.4
126+0.5
128+0.7
121 +06
13104
11.4+£06
117£05
11106
12204
11.4£07
120+07
8905
109+ 08"
93+05
1.7 £06
11.9+05
11.74£08
123404

No. kernels per spike

51.7+08
579+1.0
585+0.8
57515

56.7 £0.9
59111

55.1 £0.6™
58209
53.9 £ 0.5
68.3+0.6
636+ 0.6
703+06"
68.3£1.0
57.7+1.2
583+13
582 +0.9
56.3+09
569+13
56.3+0.6
562+ 05

TKW (g)

483403
54.7£0.7
49.9 £ 0.5
528 +1.0"
530+06
443+0.8
45006
509+ 0.6
48.8 £0.8™
48007
52.4%0.
45.4 +£0.8"
438+£0.7
57208
573+04
54.3 +0.6"
43107
460 +0.7
42611
39.4 £ 0.6

0.5-m? yield (g)

306.7 5.8
3633+58
366.7 5.8
360.0 £0.0
366.7 5.8
380.0 +£0.0
383358
3933458
376.7 £5.8
376.7 £5.8
406.7 + 58"
3733+5.8
380.0 £0.0
333358
360.0 + 10.0*
340.0 +£0.0
423358
420.0 +£0.0
426.7 £5.8
416.7 £5.8

*, " indicate significance at P = 0.05 and P = 0.01, respectively, compared with the respective recipients. All the recipient lines were significantly different from NMAS022 in anthesis,

plant height, number of kemels per spike, and 0.5-m? yield (P =

which were not shown in the table.

.01), and NMAS022 had more productive tillrs than 4,446 and higher TKW than all the recipients but Zhoumai 27,
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Population/Test?
RL6058 x BQM/
Greenhouse, 2018

RL6058 x BQM/
Field, Gansu, 2018

AKB8 x BQM/
Greenhouse, 2018

JM22 x BQM/
Greenhouse, 2018

Source

QTL group®
Replicate
Error

QTL group®
Replicate
Error

QTL group®
Replicate
Error

QTL group®
Replicate
Error

2
26

Mean square

52801.2
42.4
89.5

5408930.9

447431

31563.3

24946.6

182.9
46.7
25137.3
1671
47.2

F-value
589.91
0.47

171.37
1.42

534.73
3.92

532.29
3.54

P-value
<0.0001
0.6233

<0.0001
0.2444

<0.0001
0.0325

<0.0001
0.0437

aAnalysis of variance was conducted based on the final disease severity in
the greenhouse trials and AUDPC values in the field trial. bThe groups were
selected based on the positive or negative states for the markers cfd188 and
cssfr5, respectively. The markers cfd188 and cssfr5 represent QLr.cau-6DL and
Lr34, respectively. °The groups were selected based on the positive or negative
States for the marker cfd188.
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Population/QTL Test Chr. arm Adjacent marker (physical position, Mb)2

Analysis on the complete set of 186 RILs/

QLr.cau-6DL 2015GS 6DL cfd188 (259.41) IWB55857
2016GS 6DL cfd188 (259.41) WB55857
2017GS 6DL cfd188 (259.41) IWB55857
2015SD 6DL cfd188 (259.41) IWB55857
2016SD 6DL cfd188 (259.41) IWB55857
2017SD 6DL cfd188 (259.41) WB55857

Analysis on the subset of 96 RILs, with negative states for cfd188/

QLr.cau-5BL 2015GS 5BL IWB12416 (5659.44)
2017SD 5BL IWB12416 (5659.44)

QLr.cau-5DL 2015GS 5DL IWB10111 (629.73)
2017GS 5DL IWB10111 (629.73)

LoD®

43.4
44.8
40.3
36.3
30.7
28.9

4.6
4.8
2.9
4.4

PVE (%)°

59
64
48
45
46
34

12
13
9

12

Donord

BQM
BQM
BQM
BQM
BQM
BQM

BQM
BQM
NG
NG

aphysical position was inferred by aligning the adjacent marker sequence with IWGSC RefSeq v2.1. bl oD = logarithm of odds. °PVE = the phenotypic variation

explained by QTL. 9Donor = the parental line with the resistance allele.
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Test

2015GS
2016GS
2017GS
20158D
2016SD

2016GS 2017GS

0.81#++a 0.81%%
Q.77

2015SD

0.81%
0.80"**
075

2016SD

0.7+
0.81%+
0.75%
0.76"*

2017SD

—
—
—
——
-

as*tsignificant at P < 0.0001.
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Season

2018-2019

2019-2020

Line

P, huashanica
7182

E24- 2-1
24-6:3-1
P, huashanica
7182
£24-3-1-6-2-1
24-63-1

Plant height
(em)

508+ 4.250
62.7 £ 2.40¢
70.7 £2.520
102.0 = 2.65a
5183250
613153
72.0 +3.00b
103.7 = 1.53a

Spike length
(em)

6.6+ 0.55¢
7.3£0.15¢
9.9+ 0.53a
830200
6.4 +0.60d
75£0.15¢
103+ 0.20a
8.7+0.20b

Number of
spikes per m?

Clump
508.7 = 10.69b
525.0+7.000
588.0+7.00a

Clump
4760 £ 7.000
508.7 + 5.35b
5612 +881a

Number of
fertile spikelets
per spike

15.7 £ 1530
13.0 £ 1.00¢
18.0 + 1.00a
15,3 0580
16,3+ 1.150
14.0 £ 1.00¢
19.0 + 1.00a
16.7 £ 0.58b

Number of
kernels per
spike

253+ 0.75¢
34.4+0.74a
309 +0.70b
26.3+0.87c
36.5+0.93a
33.1£1.530

Thousand-
kernel weight

(9

4.1£0.35d
37.2:£0.60b
41.5+082a
30.3+0.78c
4310.45d
38.3:+0.800
42.3+1.45a
322+ 1.25¢

Grain yield
(Uha)

447 £021c
5.32+0.13a
4.68+0.17b

4324018
5.59+0.12a
5.03+0.27b
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Source df
RIL 185
Environment 5
RIL x Environment 925
Replicate (environment) 2

Error 2214

Mean square

608130.8
986828.3
24586.7
18506.5
7373.7

F-value

82.47
133.83
3.33
2.51

P-value

<0.0001
<0.0001
<0.0001

0.0028

H2

0.96
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Parental lines RIL population Check

Test environment BQM NG Mean Min Max MX

2015GS 16.7 (165)2 90.3 (972) 33.1 (325) 2.4 (29) 93.3 (1076) 90.2 (1045)
2016GS 17.1 (170) 91.2 (988) 34.5 (356) 5.0 (63) 99.0 (1283) 91.1(1163)
2017GS 17.8 (169) 90.8 (957) 33.1 (306) 2.4 (27) 96.7 (1185) 90.5 (1055)
2015SD 19.5 (158) 90.0 (924) 30.1 (280) 2.3 (26) 96.7 (1052) 88.7 (1048)
2016SD 22.7 (181) 89.5 (904) 29.9 (263) 2.6 (27) 93.3 (1091) 89.6 (1036)
2017SD 20.3 (155) 83.7 (904) 27.7 (242) 1.5(17) 85.1 (1043) 84.7 (1014)

aDjsease severity was indicated by percentage of infected leaf area (%) and the area under the disease progress curve (AUDPC; in parenthesis). AUDPC was calculated
based on the data in Supplementary Table 2.
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Greenhouse® Field®
Seedling Adult plant Adult plant

Wheat line THTT FHTR THTT FHTR Natural infections
Bai Qimai 4 4 3+/17.4 3+/16.7 34+ /19.7
Nugaines 4 4 4/85.3 4/86.7 4/89.3
RL6058 4 4 3+/30.7 3+/28.7 3+/356.2
Aikang58 4 4 4/76.7 4/75.4 -
Jimai22 4 4 4/78.7 4/79.3 -
Mingxian 169 4 4 4/96.7 4/96.0 4/88.9

aInfection types are based on a 0-4 scale (Long and Kolmer, 1989), where
8 = moderate size uredinia without chlorosis or necrosis, 4 = large size uredinia
without chlorosis or necrosis, and + = uredinia somewhat larger than normal
for infection type. PDisease severity was scored on adult plants using the modified
Cobb scale (Peterson et al., 1948), and the mean values were calculated by averag-
ing over plants with repeated trials. ©In the greenhouse trial, the tested plants were
inoculated with the Puccinia triticina races THTT and FHTR, while in the field trial,
plants were infected by the naturally occurring P, trticina population.
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QTL No. of lines LR2016B LR2017B LR20170 LR20180 LRM YR2017 YR2018 YRM

+Lr67/Yr46 23 18.7a 32.5a 19.5a 30.6a 25.3a 12.9a 32.5a 22.6a
-Lr67/Yrd6 112 56.6b 76.1b 86.4b 91.9b 78.0b 61.5b 67.6b 64.2b
+QLr.cim-7BL/QYr.cim-7BL 37 36.4a 44.9a 50.6a 60.9a 48.1a 24.3a 40.3a 32.2a
~QLr.cim-7BL/QYr.cim-7BL 98 56.4b 78.3b 85.6b 89.9b 78.1b 65.2b 71.1b 68.2b

Different letters within each column following the mean indiicate significant differences based on the T-test (P < 0.01).
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arLe Environment®  Position  Marker interval Physical position ~ LODY PVE(%)° ADD'

eM)° (Mb)
QLrcim-1AS  LR16B 250 1240002|F|0-25:A>G—100055130]F|0-20:T>C 1.1-46.1 53 9.4 =74
LR16B-A 250 1240002|F|0-25:A>G—100055130]F|0-20:T>C 1.1-46.1 59 9.6 -34.8
LR17B 16.0 1204785|F|0-68:T>C—1224449|FI0-31.T>C 46-8.0 75 120 -86
QYrcim-18S  YR17 5.0 1130108|FI0-63:C>T—1227051|F0-32:G>A 3.7-31.9 139 129 =79
YRI7-A 20 4991863|F|0-7:C>A—1043386|FI0-14:A>G 3.7-7.0 171 155 -108.9
YR18-A 20 4991863|F|0-7:C>A~1043386|Fl0-14:A>G 3.7-7.0 132 141 -56.2
YRM 20 4991863|FI0-7:C>A—1043386|FI0-14:A>G 3.7-7.0 206 205 -106
QLrcim-2AL  LR17B-A 320 1010332|FI0-55:G>A—3959842|FI0-17:A>G 644.4-654.3 33 30 -230
LR180 320 1010332|Fl0-55:G>A—3959842|FI0-17.A>G 644.4-654.3 121 1.4 =120
LR180-A 320 1010332|F|0-55:G>A-3959842|FI0-17:A>G 644.4-654.3 1.2 78 —46.8
QYrcim-2AL  YR17 116.0 5370736|F10-13:C>T—1269847|FI0-7.T>A 762.6-764.7 85 125 =91
YRI7-A 116.0 5370736|Fl0-13:C>T—1269847|FI0-7.T>A 762.6-764.7 100 85 —40.0
YR18-A 116.0 5370736|F10-13:C>T—1269847|FI0-7:T>A 762.6-764.7 5.6 70 -49
YR18-A 116.0 5370736|F|0-13:C>T—1269847|FI0-7:T>A 762.6-764.7 58 5.4 -325
YRM 116.0 5370736|FI0-13:C>T—1269847|FI0-7:T>A 762.6-764.7 9.1 74 -6.0
L7 LR16B 122 1070439-2261300 234.4-434.2 203 47.2 -16.1
LR16B-A 122 1070439-2261300 234.4-434.2 209 455 =737
LR178 1.2 2245206-1070439 234.4-4193 17.4 33.6 -157
LR17B-A 1.2 2245206-1070439 234.4-4193 95 109 =375
LR170 1.2 2245206-1070439 234.4-419.3 489 4.1 =314
LR170-A 1.2 2245206-1070439 234.4-419.3 M99 545 —-1835
LR180 12 2245206-1070439 234.4-4193 49.4 48.1 -27.0
LR180-A 1.2 2245206-1070439 234.4-419.3 40.2 56.4 -1115
LRM 1.2 2245206-1070439 234.4-419.3 428 50.0 -209
Yrd6 YR17 6.2 1205869-1106786 63.5-67.5 197 217 -11.4
YR17-A 1.2 2245206-1070439 234.4-4193 13.2 121 =122
YR18 1.2 2245206-1070439 234.4-419.3 18.0 296 -122
YR18-A 1.2 2245206-1070439 234.4-419.3 222 298 -92.2
YRM 1.2 2245206-1070439 234.4-419.3 209 228 -13.0
QLrcim-6BL  LR17B-A 1120 2276919|FI0-10:G>T—-3026491|F0-21:A>G 530.1-685.2 85 8.7 -30.3
LR180 108.0 1200827|F0-33:A>G—1001678|FI0-37:A>G 495.2-576.7 312 17.7 -145
LRM 108.0 1200827|FI0-33:A>G—1001678|F0-37:A>G 495.2-676.7 26.4 17.9 =111
Qlrcim-7AL  LR17B 68.0 1111941|FI0-50:T>C—4992965|F0-22:A>G 699.0-701.5 99 173 -89
LR17B-A 68.0 1111941|F0-50:T>C—4992965|FI0-22:A>G 699.0-701.5 184 217 -52.7
LR180 68.0 1111941|FI0-50:T>C—4992965|F0-22:A>G 699.0-701.5 78 6.7 -8.0
LR180-A 68.0 1111941|F0-50:T>C—4992965|FI0-22:A>G 699.0-701.5 120 8.4 -41.6
Qlrcim-78L  LR17B 96.0 1269410|FI0-8:G>A~7353602|FI0-9:A>G 728.9-729.8 6.6 1.9 -6.4
LR17B-A 109.0 1024468|F|0-22:C>T-3951774|FI0-29.:G>C 752.4-754.2 187 17.2 =117
LR170 109.0 1024468|F10-22:C>T-3951774|F0-29:G>C 752.4-754.2 329 163 -17.6
LR170-A 109.0 1024468|F|0-22:C>T-3951774|FI0-29:G>C 752.4-754.2 18.0 125 =775
LRM 109.0 1024468|F|0-22:C>T-3951774|FI0-29:G>C 752.4-754.2 141 75 =72
Qvrcim-78L  YR17 96.0 1269410|FI0-8:G>A~7353602|FI0-9:A>G 728.9-729.8 17.2 19.3 -12.8
YRI7-A 96.0 1269410|FI0-8:G>A~7353602|FI0-9:A>G 728.9-729.8 18.1 174 -1179
YR18 109.0 1024468|F|0-22:C>T-3951774|FI0-29:G>C 752.4-754.2 11 151 =77
YR18-A 108.0 3946279|F|0-23:C>T—1024468|F10-22:C>T 752.4-756.5 14.0 154 -58.7
YRM 96.0 1269410|FI0-8:G>A~7353602|FI0-9:A>G 728.9-729.8 139 126 -85

2QTL that overlap in the one-log support confidence intervals were assigned the same symbol.

©LR16B and LR16B-A, MDS and AUDPC for leef rust at El Batén in 2016; LR178 and LR167-A, MDS and AUDPC for leaf rust at El Batén in 2017; LR170 and LR170-A, MDS and
AUDFC for leaf rust in Ciudad Obregén during the 2016-2017 (LR170) seasons; LR180 and LR180-A, MDS and AUDPC for leaf rust in Ciudad Obregdn during the 2017-2018
(LR20180); LRM, mean MDS for all the leaf rust environments; YR17 and YR17-A, MDS and AUDPC for stripe rust at Toluca during the 2017; YR18 and YR18-A, MDS and AUDPC for
stripe rust at Toluca during the 2018; YRM, mean MDS for all the stripe rust environments.

©Peak position in centi-Morgans from the first linked marker of the relevant linkage group.

9Logarithm of odds (LOD) score.

°Percentages of phenotypic variance explained by indlvidual QTL.

1 Additive effect of resistance allele.
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Response category of BlLs

HPTS®
HPTRY
OTHER®
Missing

Total

No. of genes
P Value'

LR16B

34
2
111
1
148
4
0.02

LR17B

35
1
112
[
148
4
0.26

No. of BLs (APR)®

LR170

63
3
82
0
148
3
0.52

LR180

68
1
79
[
148
3
0.25

YR17

42

104

148

4
07

YR18

30
1
17
0
148
4
0.05

No. of BILs (seedlings)®

Mex14.191

101
42
6
0
148
1
0.29

4Disease severity and host response to infection determined for leaf rust at £l Batan 2016 (LR168) and 2017 (LR178); Ciudad Obregon during the 2016-2017 (LR170) and 2017-2018

(LR180) seasons, and for stripe rust at Toluca during the 2017 (YR17) and 2017 (YR18) seasons.
bSeedling tests with Pst pathotype Mex14.191 conducted twice in the greenhouse to determine the seediing response category of BILs.
cHomozygous parental type susceptible.

9Homozygous parental type resistant.

Lines with responses different from the two parents.

"P-value is for the x? test. The expected ratio of BlLs grouped under HPTS, HPTR, and OTHER are 0.734:0.234:0.0313, 0.396:0.0129:0.591, and 0.291:0.003:0.706 for segregation
of 1, 8, and 4 independently inherited genes, respectively, in the Fs-derived Fg generation.
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Genes Puccinia graminis 1. sp. tritici races (isolates)

TRTTF BCCBC TTKSK TKTTF JRCQC 21C3CTTTM 34MKGQM  34MTGSM  34C3RTGQM
(06YEM34-1)  (09CA115-2)  (04KEN156/04) (13ETH18-1)  (09ETH08-3)  (20GH13)  (201AL06)  (20GSA1) (201AL32)
Sr9a s R s s s 8 s s s
Srob s R s s R s s s s
Sr9d s R S s s s s s s
sr9e R R s s s R R R R
Srof s NA s s s s s s NA
S99 s s s s s s s s $
Sroh s NA R s s NA NA NA NA
sr28 s R R s NA s s S S
STKN R R s s s R R R R

R, resistant; S, susceptible; NA, not available.

28/9e was initially reported to be susceptible to TRTTF (Olivera et L, 2018).

1, 2012) but a more recent report suggested that it confers partial resistance to this race
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SNP id SNP Name Chr. Allele Re-scaled distance cM® Location in RefSeq v1.0 (bp)

WB51318 Ra_c18654_239 2B AG 106.563 chr2B:632381106
WBs1319 Ra_c18654_370 2B GIT 106.563 chr2B:632381287
IWB69070 Tdurum_contig26423_72 2B cm 108.453 chr2B:653914722
IWB73343 Tdurum_contig76090_916 2B AG 109.526 chr2B:666482800
IWB72965 Tdurum_contig63945_206 2B AC 110.873 chr2B:682848528
wB1188 BobWhite_c18540_3561 2B cm 119.071 <hr2B:682848604
IWA8195 IWA8195 28 cm 119.071 chr2B:682851442
WB26189 Excalibur_c40976_111 2B AC 109.245 <hr2B:683027002
IWB37190 JD_c2156_2040 2B AG 110.873 chr2B:683029851
WB73472 Tdurum_contig80351_311 2B G/T 110.873 chr2B:683047326
IWB68671 Tdurum_contig17626_268 2B NG 109.245 chr2B:683176627
wB21691 Excalibur_c10634_156 2B AG 112.451 chr2B:689485124
IWB35200 IAAV6424 2B Tc 112.868 <hr2B:691780716
IWB43934 Kukri_c31059_130 28 T7c 112,946 chr2B:692468899
IWB68283 Tdurum_contig14707_251 2B T7c 115,008 chr2B:6927 12251
wB67251 Tdurum_contig11711_384 2B AG 115.862 chr2B:714785476
IWB39394 Ku_c4168_1399 2B Tc 116.819 chr2B:727206329
IWB36706 Jagger_c6844_121 2B Tc 119.071 <hr2B:730191209
WB73196 Tdurum_contig71365_233 2B AG 119613 chr2B:738410414

2Re-scaled distances for the markers are from https://triticeaetoolbox.org/wheat/.
The details of the SNP markers are available online (https://triticeaetoolbox.org/wheat/).
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Markers

IWB73343F1R1
pkud773F3R3
pkud774FIRT
pu4806FIRT
pku4832F2R2
pud844F2R1
pu485TFIRT
pkud856F2R2
pku4861F7R7
Pu4886F3R3
pkud901FIRT
pu4907FIRT
pud917F3R3
pud922F2R2
IWB35200F1R1
pud954F2R2
wme332

Marker type

dominant
CAPS
CAPS
dominant
CAPS
CAPS
Sequencing
CAPS
CAPS
InDel
Sequencing
CAPS
CAPS
CAPS
CAPS
CAPS
SSR

Forward primer (5'-3)

AGAATACAGAAATAAGGAGGTGC
CGGGGATTAGACTTATTTCCTG
GAGATCATCCAGTTAGTAACGT
AGAAATAGCCCAGGGAATAGG
CTGGCCTTGGAAGTTTACC
TTGATCTCGGTGAAGAAGC
GATTACTACTCCAATACTTCCG
TCCTTGGTCATCGAGATAGG
CTTTGGGGGTAATAGACACTCTA
CCAACTGTGCTGGTTCCTT
GTCTTTCAGTTATGCACTTTATTAT
TTCCAGCTTTATGTACGTGTAGT
TCAATAGGCTGAGATAACTGC
AACCTGGTCCGTGAAAGA
TTAGAACAAAGAGAAAATCCAGC
CCAGGTTCACCCTCAACTTC
CATTTACAAAGCGCATGAAGCC

Reverse primer (5/-3)

GATGTTTAAGAGCTGGTAAACACT
GGTTAGCTCTGCATCATAACTTCA
TATATTCTGCTTGCTGGGT
ATCCTGAATCTGTGGCCGTCT
‘CCTACAGCTAACTAGATGAACCTTA
CCCACCAAATTAAGTCGTT
AAGTCCTTTCCCTTGCTGT
GCTGGTCAAAGCTTGAATTTG
TGATTCCCACCCTGTTCTTG
TTGCTTTGATTGGCTGTCTAA
TGTAGGAGCCAAGCGTATT
TCCATTCAGGACGAAGTGC
TGTGTACCCAAAGAAGAAGG
AGTTGCGAAATCCCTTGCC
TCAAGCCCCTGACTAGCAGT
CAGCTTTCTTTCACACAGCAA
GAAAACTTTGGGAACAAGAGCA

CAPS, cleaved amplified polymorphic sequence; SSR, simple sequence repeat; InDel, insertion/deletion.
#The expected size corresponds to the original size without digestion. For the InDel marker, the former represents the size in Kronos and the latter represents in Rusty.

Restriction
enzyme

Avall
SSpl-HF

SfaN|
Stul

Msel
BsmAl

Hhal
Hhal
Asel
HoyCHAIll
BsmAl

AnnT(C)  Expected
size (bp)*
51 374
5 890
50 1,319
58 319
52 673
50 958
59 520
52 300
54 429
52 640/712
52 1,300
58 671
52 1,400
53 1,039
56 757
57 587
61 169
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Marker name

kelse6BS_167037

kelse6BS_4554201

kelse6BS_6196634

6BS_1938589

6BS_1945923

6BS_4491744

6BS_4944301

6BS_5555111

6BS_6540875

Specificity (SP)

Sensitivity (SN) Primer name

100% 100% kelse6BS_167037_R
kelse6BS_167037_S
kelse6BS_167037_Common
kelse6BS_4554201_R
kelse6BS_4554201_S
kelse6BS_4554201_Common
kelse6BS_6196634_R
kelse6BS_6196634_S
kelse6BS_6196634_Common

NA NA 1938589_R
1938589_S

1938589_Common
NA NA 1945923_R
1945923_S

1945923_Common
NA NA 4491744 R
4491744_S

4491744_Common
NA NA 4944301_R
4944301_8

4944301_Common
NA NA 5555111_R
5555111_8

5555111_Common
NA NA 6540875_R
6540875_S

6540875_Common

100% 100%

100% 100%

Primer sequence

5’-gcacccgeacttcgaaattcT-3'
5’-gcacccgcacttcgaaattcA-3/
5'-aggcgcagcecatcatctgg TT-3'
5'-ctctggagtgaatgagcatT-3
5'-ctctggagtgaatgagcatC-3’
5'-ctgggtacgccataagattT-3'
5'-ccaacaaggttgttctgCtA-3
5'-ccaacaaggttgttctgTtG-3'
5'-gccaaaggctctcttcaacT-3
5'-tgcacagatgctgcccagttgC-3’
5'-tgcacagatgctgcccagttgT-3/
5'-tggtattgcacgtatatactt-3’
5'-ttgcctaaacgtcacccatgA-3”
5'-ttgcctaaacgtcacccatgG-3'
5’-gaccagacctgtgcagecaTA-3'
&'-tgtcaaaattagagctgcaaA-3’
5'-tgtcaaaattagagctgcaal-3’
5'-acgagcagcagagacctgaaA-3’
5'-tcggeggtgtgcggegacgtC-3
5'-tcggeggtgtgcggegacgtG-3'
5'-acgaagtcgacgaggatccgG-3’
5'-gttccgagacccagagcaccA-3'
5'-gttccgagacccagagcaccC-3'
5'-ccggttatccacatgcatgeC-3'
5'-gctggcaatgtgaaagttggC-3/
5'-gctggcaatgtgaaagtigg -3’
5/-ttccacacctattgacaacA-3/

Fluorescent tag not included in sequence. The R or S at the end of each marker name signifies if it aligns to the resistant or susceptible allele; NA indicates which markers

were not run-on validation panel.





OPS/images/fpls-13-779096/fpls-13-779096-g004.jpg
1.1 cMl

OVv0/88-dSV

G£80¥S9 S99

. V£99619 589935|3)

LLLSSSS S89

LLLSSSS Sg9
LOEVY6 S99

- | OZHSSH SG99S|9¥
v/ L6V S99

LV6ECSHOy.

€765r61 S99
6858€61 S99

Chromosome 6BS

e

dg ovr0/88

dg 5/80¥59

dg ¥£99619

dg LLLSSSS

dq 691205
dg LOEYY6Y

dq L0ZPSSh
da v/ L6l

dq 7865t78¢

dg £265¥61
dg 6868€61

o Hessian fly
1ENOLYPE  pesistance ( Te)

Line

100

R

Seahawk

Melba

100

R

59-1101-T3-153

59-1239-2-93

S

59-1197-6





OPS/images/fpls-13-779096/fpls-13-779096-g003.jpg
VIC (633-580)

VIC (533-580)

12 o ®
® o
.&0 10 o
® - ®,
= " %
s, - ‘ a8 % -
a R
9 -\‘- - “ﬂf 8 ®
& B l A =
: : - g
e Ada o %
0, 4 -
6 A O
>
4
3
0"' 2 o o
4 6 8
FAM (465-510)
125 e
#a
o
10.0 ®
%
@ : [ :.
. $ Foly
& ’ "
"
5.0
A L i‘
A*& A A A
25

4 6 8 10
FAM (465-510)

6
FAM (465-510)

AA‘AA h‘ * A





OPS/images/fpls-13-779096/fpls-13-779096-g002.jpg
Chr_6BS

0~

23

£

L

L

AR RS T,

_— A32338_B17527
_~IWA3316
7 A20404_B10802
A44943 B24365
A3546_B2015
/ A14353_B7440
A46722_B25236
A45893_B24842
IWB52738

A459_B274
IWB71331
IVWAB66

AB4362_B34068
A19618_B10282
AS5623_B29731

~ - IWBS9376.1

| 1] |

| |

|

|

N

A30191_B15742

IWB13658
- IWB42821

\

P,

AB519_B3484

IWB26083
I\WB73576
IWB30316

"\ A48375 B26133
~ A36467_B19843
— IWA7725

~~ A24811_B12707

AS52499 B28133

A39020_B21210

A44209_B23967

A32316_B17500
— |WB213500
— [WADS2

IWB7468

A64600_B34165

IWB12597
— A52130_B27957

— A58321_B31089

A12900_B6712 A53983_B283898

A35458_B19361 A39367_B21395

A40942_ B22248 IWB60100
A Phenotype I\WB2693
| IWB71436 IWB36361
ZE A27516_B14775

IWWB643846 \WB66298

IWB238634 IWB62933

A48721_B26293 A71701_B37764

| IWB32767 IWB54971





OPS/images/fpls-13-779096/fpls-13-779096-g001.jpg
Frequency

80

60

40

20

Hessian Fly Screening

20 40 60 80
Percent of Plants per 170 RILs Infected

|
100





OPS/images/fpls-13-779096/cross.jpg
3,

i





OPS/images/fpls-13-871970/fpls-13-871970-t002.jpg
Population RA/RB vs. RA/RB vs. RA/RB vs. RA/SB vs. RA/SB vs. SA/RB vs.

A/B RA/SB SA/RB SA/SB SA/RB SA/SB SA/SB
Lr13/Lr34 <0.0001 <0.0001 <0.0001 <0.0001 0.2101 <0.0001
Lr13/Lr67 <0.0001 0.5239 <0.0001 <0.0001 0.1959 <0.0001
Lr16/Lr34 <0.0001 <0.0001 <0.0001 <0.0001 0.3063 <0.0001
Lr16/Lr67 <0.0001 <0.0001 <0.0001 <0.0001 0.7872 <0.0001
1132/Lr34 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Lr32/Lr67 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 <0.0001

‘Gene A i the first gene listed and gene B is the second gene. “R" indicates the resistant allele at this locus, and *S” indicates the susceptible allele.
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Population
A/B?

Lr13/Lr34
Lr13/Lr67
Lr16/Lr34
Lr16/Lr67
1132/Lr34
Lr32/Lr67

‘Gene A i the first gene listed and gene B is the second gene. “R" indicates the resistant allele at this locus, and “S” indicates the susceptible allele.

Gene A

FValue Pr>F
18.74 <0.0001
0.41 0.5233
5.93 0.0154
2298 <0.0001
472,02 <0.0001
541.34 <0.0001

Gene B
F Value Pr>F
2938.98 <0.0001
1785.96 <0.0001
946.57 <0.0001
1068.38 <0.0001
113218 <0.0001
690.83 <0.0001

Interaction
F Value Pr>F
5.78 0.0164
20 0.1574
16.1 <0.0001
19.21 <0.0001
1.28 0.2579
9.33 0.0023

Average Leaf Rust Severity and Standard Error (%)

RA/RB

17.7 20)

36.19(4.0)

245(1.7)
380(1.5)
31(07)
21(05)

RA/SB

29.7(3.9)

SA/RB

238(25)
37.0(4.0)
34.7(1.7)
50.1(1.6)
16.92.7)
23.6(3.3)

SA/SB

85.7(1.8)
790(29)
803(1.7)
82.3(1.0)
826(2.7)
77.0(33)
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Trait

Seedling IT

AUDPC

DS (%)

aMin, minimum; Max, maximum; STDEV, standard deviation; H?, broad-sense heritability; —, not applicable as the test did not have repeats.

Environment

CYR32
CYR34
16CZ
16MY
17Cz
18CZ
BLUE
16CZ
16MY
17CzZ
18CZ
BLUE
16CZ
16MY
17CZ
18CZ
19Cz
BLUE

Min

- O O O OO O O O O O o o o o o o o

Max

14.00
14.00
13.30
13.68
12.60
100
100
100
100
100

© © © © ©

Mean

7.42
7.67
3.42
3.51
3.19
3.01
2.96
46.15
36.50
31.77
42.40
34.70
6.45
6.20
5.54
6.80
6.28
6.08

STDEV

1.32
1.82
3.05
3.50
3.40
2.95
2.55
34.27
32.65
33.00
32.76
25.02
2.45
212
2.71
213
2.19
1.94

cv

0.18
0.17
0.89
1.00
1.06
0.98
0.86
0.74
0.89
1.04
0.77
0.72
0.38
0.34
0.49
0.31
0.35
0.32

0.66

0.90

0.74
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Genotype

Eftan
HilB1
Lewjain
Madsen
PI561725
PI561727

Uninoculated

Shoot Length

Mean Standard

Deviation
16.60° 087
15.16° 284
16.29° 189
16.76" 1.25
18.49* 1.02
17.88% 226

Shoot Weight
Mean  Standard
Deviation
0201 003
0.186° 004
0.184° 004
0205 003
0.267* 0.08
0.238% 004

Shoot Length

Mean Standard

Deviation
12.21° 212
13.93% 245
14.89% 1.08
12.83% 374
15.81* 1.94
15.91° 131

100 ppg of R. solani AG8

Shoot Weight
Mean Standard
Deviation
0111 003
04312 003
0.141% 003
0.107¢ 004
0.149° 0.03
0.136% 002

Root Score*

Mean Standard

Deviation
6.36° 094
6.33% 075
5.50% 071
6.43* 1.10
5.36° 090
5.43° 045

*Root score using 0-8 scale (0o lesion; 8-severe lesion with almost no root growth). Different letter annotations in the means of each genotype indlcate statistical significance

(using Fisher's least significant difference a=0.05).





OPS/images/fpls-12-718264/fpls-12-718264-t002.jpg
oTUs
REF3578

REF4717

REF1650
REF2166
REF8601
REF4166

shoot length and shoot weight
REF603

REF8018

REF3283

REF3099

DENOVO02423
DENOVO11
REF6743

REF4027

REF961
DENOVO2719

DENOVO4

DENOVO2959
DENOVOB1
DENOVO828
REF115

DENOVO37

Genus
Janthinobacterium

Variovorax

Unidentified
Sphingomonas
Pseudoxanthomonas
Streptomyces

Peripheral (PI561725)
Unidentified

Unidentified

Unidentified

Candidatus Koribacter

Unidentified
Unidentified
Asteroleplasma

Unidentified

Unidentified
Asteroleplasma

Unidentified

Asteroleplasma
Unidentified
Chryseobacterium
Unidentified

Burkholderia

Correlated Traits®

Positively correlated with reduced root
disease, shoot length, and shoot weight
Positively correlated with reduced root

disease, shoot length, and shoot weight

Positively correlated with root disease and
negatively correlated with shoot length
Positively corelated with root disease

Positively correlated with root disease
Positively correlated with

Positively correlated with shoot length and
shoot weight

Positively correlated with shoot length and
shoot weight

Positively correlated with shoot length and
shoot weight

Positively correlated with shoot length and
shoot weight

Positively correlated with shoot length and
shoot weight

Positively correlated with shoot length and
shoot weight

Negatively correlated with increased shoot
weight (Uninoculated only)

Positively correlated with shoot length and
shoot weight (Uninoculated only)

Positively correlated with shoot weight
(Uninoculated only)

Negatively correlated with increased shoot
weight (Uninoculated only)

Negatively correlated with increased shoot
weight (Uninoculated only)

Negatively correlated with increased shoot
weight (Uninoculated only)

Negatively correlated with increased shoot
weight (Uninoculated only)

Positively correlated with shoot length and
shoot weight (Uninoculated only)

Positively correlated with shoot length, and
shoot weight (Uninoculated only)

Positively correlated with reduced root
disease; Increased shoot length, and shoot
weight (Uninoculated only)

“Traits based on suppression assay identified to be correlated with OTU abundance.

“Network roles of OTUs (G

imera and Amaral 2005); OF

) in corresponding module per genotype.

Network Role x Module per Genotype®

Connector (PI561725), Ultra peripheral
(PIS61727, Madsen, Lewijain, Hill1, Eitan)
Peripheral (PI561725, PI561727), Ultra
Peripheral (Madsen, Lewjain, Hilg1),
Connector (Eltan)

Peripheral (PI561727), Ultra peripheral
(Madsen, Lewjain, Hil81, Eltan)
Ultra-peripheral (Lewjain, Hillg1)

Peripheral (PI561725, PIS61727), Connector
(Madsen), Utra-peripheral (Lewjain, HilB1,
Eltan)

Connector (PIS61725, Lewjain, Eltar),
Peripheral (PI561727), Utra-peripheral
(Madsen, Hils1)

Peripheral (PI561725, PIS61727), Ultra-
peripheral (Madsen, Lewjain, Eltan), Connector
(HilB1)

Peripheral (PI561725), Connector (PIS61727,
Hil1, Eftan), Ultra peripheral (adsen,
Lewjain)

Ultra-peripheral (PI561725)

Peripheral (PI561725, PIS61727), Ultra
peripheral (Madsen, Lewjain, Hillg1, Eltan)
Connector (Madsen, Eltan), Peripheral Hub
(Lewjain), Uttra peripheral (Hilg 1)
Connector (PIS61725, Madsen), Peripheral
(PI561727), Ulira Peripheral (Lewjain, Hil81,
Eftan)

Peripheral (PI561725), PI561727(Peripheral
Hub), Ultra peripheral (Madsen, Lewjain, HilB1,
Eftan)

Ultra-peripheral (Madsen, Lewijain, Eltan)

Uttra-peripheral (Lewjain, Hillg1)

Gonnector (PI561725), Ultra peripheral
(PIS61727, Eltar)

Module Hub (PI561725), Ulra-peripheral
(PI561727, Lewjain, Madsen, Hil81, Eitan)
Connector (PI561725), Module Hub (Lewjain),
Peripheral (PI561727), Utra-peripheral
(Madsen, Eltan)
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QTL? Trait name Position® Left marker Right marker Physical position® Lopd PVE (%)° Add®

QLr.cim-1BL LiY16 45 Kasp_hzau_MuYLr-1BL 1236863 669.2-670.5 67 206 53
(Lrd6) LrY16AU# 47 5324108|F|0_18:A>G 1059913 669.0-669.2 7.2 220 110.6
LeM a7 5324108[F|0_18:A>G 1059913 669.0-669.2 103 293 17.1
LiY18 47 5324108|F|0_18:A>G 1059913 669.0-669.2 98 282 17.8
LiY17AU 8 1102414 1132278|F[0_20.C>T 669.2-669.8 105 295 193.6
LeY17 8 1102414 1132278|F[0_20:C>T 669.2-670.5 123 336 207
LrYI8AU 8 1102414 1132278|F[0_20:C>T 669.2-670.5 96 274 125.4
QLr.cim—248 LrY16 74 100033379|F|0_5:A>G 3952334 49-19.4 169 48 139
(2NS) LrY16AU 74 100033379|F|0_5:A>G 3052334 49-19.4 255 129.6
LeY17 74 100033379|F|0_5:A>G 3952334 49-194 203 153
LiY17AU 74 100033379|F0_5:A>G 3952334 49-19.4 213 143.0
LiY18 91 997868 1085721 153-154 209 242 173
LrY18AU 9% 997868 1085721 153-154 129 183 101.6
LeM 74 100033379[F|0_5:A>G 3952334 49-194 19.6 19.6 147
QLr.cim-2BS LrY16 183 4989699 1016414 14.4-174 99 96 108
(Lri6) LrY16AU 183 4989699 1016414 144-174 7.8 9.0 7.3
LeY17 203 1100485(E[0_14:C>T 1224458 13.9-239 119 13.1 9.5
LiY17AU 204 1224458 1126406]F|0_59:A>G 239 95 175 87
LiY18 203 1100485(F|0_14:C>T 1224458 13.9-239 8.1 17 115
LrY18AU 203 1100485E[0_14:C>T 1224458 13.9-239 109 158 933
LeM 203 1100485[F|0_14:C>T 1224458 13.9-239 97 120 95
QLr.cim-5AL LrY16 170 1204040]F|0_64:G>C 1141498|F[0_63:T>C 585.2-589.2 56 6.0 31
LrY16AU 170 1204040]F|0_64:G>C 1141498|F[0_63:T>C. 585.2-589.2 6.1 69 649
LrY18 170 1204040]F|0_64:G>C 1141498|F|0_63:T>C 585.2-589.2 53 65 97
LrY18AU 170 1204040]F|0_64:G>C 1141498|F[0_63:T>C 585.2-589.2 59 48 575
LeM 170 1204040]F|0_64:G>C 1141498|F[0_63:T>C 585.2-589.2 49 47 7.2
QYrcim-1AL YrMV15 201 1125323[F[0_58:T>G 2259648|F|0_5:A>G 578.3-580.0 48 54 54
YrMV16AU 181 1101176 4989882 578.2-579.0 4.0 22 —455
YrKE16M 213 3064615[F|0_6:C>T 996385[E[0_7:C>G 578.7-579.3 54 38 40
YIKE19 169 989816|F|0_24:A>C 1265000 575.2-577.9 165 146 —6.1
YrKEI9AU 167 987869|F|0_42:A>C 989816]F|0_24:A>C 565.5-575.2 89 66 —69.4
YrM 162 987869|F|0_42:A>C 989816/F|0_24:A>C 565.5-575.2 7.8 44 45
QYr.cim-1BL YrMV16AU 37 1122155[F|0_53:C>G eslva6G22 670.2-670.4 47 158 143.9
(¥r29) YrM 38 cslva6G22 4005225(F|0_9T>G 669.9-670.2 10.6 30.1 111
YrMVI5 38 cslva6G22 4005225(F|0_9T>G 669.9-670.2 33 104 8.5
YrMVI5AU 38 cslva6G22 4005225(F|0_9.T>G 669.9-670.2 33 105 618
YrMV16 38 cslvd6G22 4005225|F|0_9T>G 669.9-670.2 5.0 16.2 133
YrMV17 38 cslva6G22 4005225(F|0_9T>G 669.9-670.2 48 150 116
YrKE160 39 1255829 4007935 39 123 21
YrKEI6M 47 5324108[F|0_18:A>G 1059913 669.0-669.2 18 333 115
YrKEI6MAU 47 5324108[F|0_18:A>G 1059913 669.0-669.2 838 266 125.3
YrIN20 a8 1102414 1132278]F|0_20:C>T 669.2-669.8 48 148 125
YrINI9 67 1253007 1198967 674.5 66 199 93
YIKE19 68 2299010[F|0_36:C>T 4408560 6735 36 13 7.9
YrKEI9AU 68 2299010[F|0_36:C>T 4408560 6735 33 104 877
YrKE20 68 2299010|F|0_36:C>T 4408560 673.5 45 143 5.8
YrKE20AU 68 2299010]F|0_36:C>T 4408560 6735 45 142 320
QYr.cim-248 YrMV15 120 1208841 978751 319-328 218 323 132
(YrMu) YrIMVI5AU 120 1208841 978751 319-328 211 25 79.0
YrMV16 120 1208841 978751 319-328 196 247 137
YrMV16AU 120 1208841 978751 319-328 269 233 146.9
YrMV17 120 1208841 978751 319-328 421 541 28
YrMVI7AU 120 1208841 978751 319-328 294 313 188.4
YrKEI6MAU 120 1208841 978751 319-328 176 28.1 127.6
YrM 120 1208841 978751 319-328 304 262 111
QYr.cim-3AS YrMVI5 266 4010188 1092360 - 60 37 42
YrMV16 250 4989420 1140071 43 45 39
YrKE16M 25 1139244 3937315 44 37 21
YrKE20 29 4990593 3951957 82 55 7.1 43
YrKE20AU 242 4398142 4536273 85 123 126 350
YrM 243 4536273 4009657 68 38 42
QYrcim-3BS. YrMV16 610 1051249]F[0_64:T>G 1128851[F[0_5:C>T 249 48 5.1 63
YrMV16AU 613 1051249]F[0_64T>G 1128851[F[0_5:C>T 249 75 48 665
YrMV17 621 1056536]F|0_58:A>G 1004919|F[0_40:G>C 248-249 52 33 56
YrINI9 797 1315407|F|0_8:G> A 1318182 10.6-109 85 107 81
YrIN20 722 1109710]E|0_29:C>T 1076654|F|0_12:T>C 17.8-179 16 102 102
QYrcim-3DS YIKE16M 26 1091508 1215873 85.0-90.7 47 36 39
YIKE19 37 2261207 1143346 78.7-81.7 96 7.7 6.4
YrKEI9AU 37 2261207 1143346 78.7-81.7 95 7.1 728
QYrcim-6BS, YrMV15 55 2261971[F|0_23:A>C 1000134[F[0_15:T>C 126.1-153.4 4.1 25 34
YrMVI5AU 67 1128426]F|0_22:C>T 1109468|F|0_15:G>A 115.7-117.3 102 104 494
YiMV17 193 1239693 1218710 134.7-151.4 40 10.1 49
YIKE19 55 2261971[F|0_23:A>C 1000134[F[0_15:T>C 126.1-153.4 69 68 49
YrKE19AU 53 7353260[F|0_50:A>T 2261971[F|0_23:A>C 126.1-151.9 67 47 583

QL that extends across single one-log support confidence gaps was assigned the same symbol.
®Ppeak position in centi-Morgans from the first linked marker of the relevant linkage group.
¢Based on the reference genome of Chinese Spring (CS) (IWGSC).

4 Logarithm of odds (LOD) score based on 1,000 permutations.

“PVE is the proportion of phenotypic variance explained by the QTL.
fAdditive effect of phe
$The area under the disease progress curve (AUDI

otypic variance for each Q1
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Resistance gene/locus Chromosome Donor genotype Corresponding AVR Corresponding References
gene pathotype®
Rmg1 (Rwt4) 1D Norin 4 PWT4 MoA Takabayashi et al., 2002
Rmg2 7A Thatcher MoT Zhan et al., 2008
Rmg3 6B Thatcher MoT Zhan et al., 2008
Rmg4 4A Norin 4 MoD Nga et al., 2009
Rmgb 6D Red Egyptian MoD Nga et al., 2009
Rmg6 (Rwt3) 1D Norin 4 PWT3 MoL, MoE, MoA Vy et al., 2014
Rmg7 2A T. dicoccum lines KU112, AVR-Rmg8 MoT Tagle et al., 2015
KU120, and KU122
Rmg8 2B S-615 AVR-Bmg8 MoT Anhetal., 2015
RmgTd(t) 7B T. dicoccum KU109 A mutant progeny of MoA  Cumagun et al., 2014
and MoT
RmgGR119 GR119 MoT Wang et al., 2018
Rwt1# PWT1 MoS, MoO Tosa et al., 2006; Chuma
etal, 2010
Rwt2* PWT2 MoS, MoO Murakami et al., 2000; Tosa
et al., 2006
Rwt5* PWT5 MoO Tosa et al., 2006
2NS/2AS translocation  2AS/2NS Ae. ventricosa MoT Cruz et al., 2016

&MoA represents the Avena pathotype of M. oryzae, MoT the Triticum pathotype, MoD the Digitaria pathotype, MoL the Lolium pathotype, MoE the Eleusine pathotype,
MoS the Setaria pathotype, and MoO the Oryza pathotype.
#These three genes have not been identified in wheat.
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(A)

Country/region No. of isolates Pm1a Pm1b Pm2 Pm3a Pm3b Pm4a Pm4b Pm6 Pm8 Pm17 Mean
Egypt® 70 7 28

Turkey® 130 - 18 85

Russia/Kazakhstand 85 9 5 24

United States® 320 0 0

Brazil 53 0

Australia 14 - 0

South Africa 53 2 0

Mean9 725 - 4

(B)

Country/region No. of isolates Pm25 Pm34 Pm35 NCA6 NCAG13 Pm37 MIAG12 MIUM15 Pm53 Mean
Egypt? 70 24 1o [ o 26 9 30 6 28
Turkey® 130 32 28 23 22 18 10 32 - 20 26
Russa/kazaknstard 85 [NESHEM 0 | 48 14 2 2 6 7 12 00
United States® 320 83" 80" 89" 96" 0 1 0 0 1
Brazil 53 0 0 0 2 23 36 26
Australia 14 0 0 0 o 1l 17
South Africa 53 0 0 0 0 0 0 2
Mean9 725 32 85 41 31 7 3 10 34 12

aFor each country or region, virulence frequency was calculated as the percentage of isolates virulent to a Pm gene. Color gradient indicates low (white) and high (red)
virulence frequency.

b Apdelrhim et al. (2018).

CTurkey/Black Sea region: Isolates from Russian locations Krasnodar and Rostov were grouped with those from Turkey (refer to Table 1).

d\Vestern Siberia region: Isolates from Karabalyk, Kazakhstan were grouped with those from Russia (refer to Table 1).

eCowger et al. (2018).

fGenes Pm25-NCAB were effective in the field against natural United States Bgt populations (Cowger et al., 2018).

9Unweighted global mean.
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Gene set?

old
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old
old
old
old
old
old
new
new
new
new
new
new

new
new

new

Gene

Pmia
Pm1b
Pm2
Pm3a
Pm3b
Pm4a
Pm4b
Pm6
Pm8
Pm17
Pm25
Pm34
Pm35
NCA6
NCAG13
Pm37

MIAG12
MIUM15
Pmb53

Cultivar

C.l. 14114
MocZlatka
C.l. 14118
C.l. 14120
C.l. 14121
C.l. 14123
Ronos
Coker 747
Kavkaz
Amigo
NC96BGTAS
NC97BGTD7
NC96BGTD3
NC96BGTAG
NCO6BGTAG13
NC99BGTAG11

NCO6BGTAG12
NC09BGTUM15
NC0O9BGTS16

Resistance donor species

Triticum aestivum
T. monococcum
Aegilops tauschii
T. aestivum
T. aestivum
T. dicoccum
T. carthlicum
T. timopheevii
Secale cereale
S. cereale
T. monococcum subsp. aegilopoides
A. tauschii
A. tauschii subsp. strangulata
T. monococcum subsp. aegilopoides
T. timopheevii subsp. armeniacum
T. timopheevii subsp. armeniacum

T. timopheevii subsp. armeniacum
A. neglecta
A. speltoides

Chromosome

7TAL
7TAL
5DS
1A
1A
2AL
2AL
2B
T1BL.1RS
T1AL.1RS
1A
5DL
5DL
7TAL
unknown
TAL

TAL
TAL
5BL

References

Sears and Briggle, 1969
Hsam et al., 1998
Mclntosh and Baker, 1970
Briggle and Sears, 1966
Briggle and Sears, 1966
Ma et al., 2004
Yiet al., 2008
Helmsj@rgensen and Jensen, 1973
Hsam and Zeller, 1997
Heun et al., 1990
Shiet al., 1998
Miranda et al., 2006
Miranda et al., 2007a
Miranda et al., 2007b
Murphy et al., 2007

Perugini et al., 2008; Baik and
Sturbaum, 2014; Green et al., 2014

Maxwell et al., 2009
Worthington et al., 2014
Petersen et al., 2015

apm1a to Pm17 were introgressed and/or identified in common wheat earlier (1960s-2008) and may have been in commercial use relatively longer, compared to Pm25
to Pmb3, introgressed more recently from wild wheat relatives into a hexaploid wheat background in North Carolina.
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Location number

(see Figure 1)

Town, province

Production region

Country

Number of isolates
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total

aCollection year of isolates: Brazil, 2019; South Africa, 2017; Australia, 2016; Turkey, 2017/2018; Russia, 2017/2018.

Santa Isabel do Ivai, Parana State
Campo Mouréo, Parana State
Cascavel, Parana State
Santa Izabel do Oeste, Parana State
Santa Rosa, Rio Grande do Sul
Condor, Rio Grande do Sul
Passo Fundo, Rio Grande do Sul
Coxilha, Rio Grande do Sul
Wellington, Western Cape Province
Caledon, Western Cape Province
Napier, Western Cape Province
Geraldton, Western Australia
Woorree, Western Australia
Moora, Western Australia
Goomalling, Western Australia
Kellerberrin, Western Australia
Perth, Western Australia
Bentley, Western Australia
Bibra Lake, Western Australia
Wiliams, Western Australia
Narrogin, Western Australia
Arthur River, Western Australia
Edirne, Edirne
Menemen, Izmir
Adapazari, Sakarya
Eskisehir, Eskisehir
Adana, Adana
Krasnodar, Krasnodar Krai
Rostov on Don, Rostov Oblast
Timiryazevskaya, Chelyabinsk Oblast
Kurgan, Kurgan Oblast
Karabalyk, Kostanay Oblast
Omsk, Omsk Oblast

South Brazil
South Brazil
South Brazil
South Brazil
South Brazil
South Brazil
South Brazil
South Brazil
Swartland
Rdens
Riens
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
Western Australia
West Turkey
West Turkey
Northwest Turkey
Northwest Turkey
South Turkey
Black Sea
Black Sea
Western Siberia
Western Siberia
Western Siberia
Western Siberia

Pjsolates from Krasnodar and Rostov were grouped with those from Turkey (refer to Figure 1).

Clsolates from Karabalyk were grouped with those from Russia (refer to Figure 1).

Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
South Africa
South Africa
South Africa
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Turkey
Turkey
Turkey
Turkey
Turkey
Russia®
Russia®
Russia
Russia
Kazakhstan®
Russia
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Daysafter  Temp°C Day/Night Lightintensity Relative

vernalization (Hours) pmol m~2s~" humidity %
1 3 8/16 250 80
2 6 11/13 400 80
3 9 14/10 400 80
4 12 177 400 80
5 15 204 400 50
6 18 222 400 50
7 20 2002 400 50
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Environment YrMV15 YrMV1é6 YrMV17 YrKE160 YrKE16M YrKE19 YrKE20 YrIN19 YrIN20 LrY16 LrY17

YIMV16 093+

YrMv17 090" 091

YIKE160 042+ 047+ 042+

YIKE16M 070" 073 073+ 051%

YIKEL9 023 029* 0347 023 053

YrKE20 026" 031° 0347 026 0517 076

YrINI9 034 037+ 037+ 0447 047° 030" 037+

YrIN20 052 054+ 0547 036* 057° 033+ 036 0447

LrY16 0.68* 074 072% 047* 0.67* 041% 0.38% 0.32% 043

Liy17 0647 070" 067 046 0.69% 0.43% 037+ 0.28% 047+ 0.88%
LrY18 0.60° 067 064+ 0.49° 065 038" 033+ 0.31% 042+ 086" 0.89*
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