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Editorial on the Research Topic
 Fungal Wheat Diseases: Etiology, Breeding, and Integrated Management




INTRODUCTION TO WHEAT DISEASES

Agriculture in 2050 will need to produce about 50% more food because of the increase in the world population and the change in diets (FAO, 2017). Wheat production should increase, as it is one of the main staple crops in the world, providing 20% of calories and proteins for human nutrition (Tilman et al., 2011); this growth will be mainly based on yield increases, as there is strong competition for scarce productive arable land from other sectors in society (FAOSTAT, 2020). Future demand will need to be achieved through sustainable growth combining integrated management of diseases and pests, adaptation to warmer climates and increased frequency of abiotic stresses, and reduced use of water and other resources. Among the biotic constraints, Savary et al. (2019) estimated that 21.5% of current yield losses are due to pests and diseases. Of the 31 pest and pathogens reported in wheat, fungal diseases as leaf rust, Fusarium head blight, Septoria leaf blotch, stripe rust, spot blotch, tan spot, and powdery mildew cause the most serious losses. Wheat diseases also cause alterations in chemical properties and quality (Gaju et al., 2014).

This special issue consists of 26 papers, including six reviews, one mini-review, 18 original papers and one methodology paper. Recent findings on the effects of fungal wheat diseases on yield and quality, modern methods for molecular diagnosis, the variability of pathogen populations and mechanisms for infecting the wheat crop were addressed. The state of the art in breeding for resistance, new tools to locate genes and quantitative trait loci (QTL), methods for cloning resistant genes and avirulent effectors, biological and chemical control, and the release of improved cultivars were also addressed.



EFFECTS OF WHEAT DISEASES ON YIELD GENERATION AND QUALITY

In this special issue, Simón et al. reviewed the impact of nitrogen fertilization and fungicides on the severity of foliar diseases and their effects on biomass accumulation, grain yield, milling, and end-use quality, as affected by the bread-making characteristics of the wheat genotypes and the nutritional requirements of the pathogen involved. Differential effects of three main pathogens representative of biotrophic, hemibiotrophic, and necrotrophic nutritional habits on nitrogen dynamics and quality of wheat and some general models of their effects are outlined.

Surovy et al. found that Magnaporthe oryzae B. C. Couch (anamorph Pyricularia oryzae Cavara), Triticum pathotype affected grain characteristics and seed germination. The protein content strongly increased, whereas grain moisture, lipid and ash concentrations slightly increased as a result of disease infection. Total antioxidant activity, flavonoid, and carotenoid concentrations significantly decreased under increasing blast severity. Moreover, grain K and total phenolic concentration were augmented at a certain level of severity and then reduced, whereas some other biochemical traits increased or decreased.

Fusarium graminearum (Schwabe), the causal agent of Fusarium head blight, is a problem for millers as it contaminates wheat grains with mycotoxins, such as deoxynivalenol (DON) (Andersen, 1948). One of the major problems in controlling the disease is the poor efficacy due to the lack of uniformity among the different plants in the field at the beginning of anthesis when fungicides must be applied. Rod et al. found that in-furrow phosphorus application had no effect on anthesis uniformity or DON levels. Harvesting at 20–22% moisture reduced Fusarium damaged kernel ratings and percent kernel infection but increased DON levels compared with harvesting at 13–15% moisture. The highest seeding rate used advanced the date of anthesis in a late-planted crop, and decreased Fusarium head blight incidence, but did not reduce DON contamination.



ETIOLOGY AND VARIABILITY OF PATHOGEN POPULATIONS

In the context of integrated disease management, the precise characterization of each pathogen using molecular techniques is crucial. In this special issue, Kashyap et al. developed a simple, fast and very specific molecular assay for the detection of Urocystis agropyri (G. Preuss) J. Schröter, the causal agent of flag smut, which showed 100% reliability.

Furthermore, the study of the variability and changes in pathogen populations is a pre-requisite for releasing cultivars with gene combinations that adequately control the predominant pathotypes. In this sense, Figlan et al. reviewed the variability and distribution of the Puccinia triticina Eriks. population, the causal agent of leaf rust and the scenarios of breeding wheat cultivars with durable resistance in southern Africa. Moreover, the applications of molecular markers and field pathogenomics tools using new DNA technologies are presented. How the recent availability of a high-quality reference genome of this pathogen and new DNA/RNA technologies will help to profile the gene expression of both the pathogen and the wheat crop is also described.

Skolotneva et al. studied the population composition of Puccinia graminis f.sp. tritici Eriks. and E. Henn, the causal agent of stem rust, in Siberia, where the genetic basis of resistance to the pathogen is limited. This paper found that most of the Siberian isolates collected were virulent to wheat lines with genes Sr5, Sr9a, Sr10, Sr38, SrMcN, and avirulent to lines with genes Sr24, Sr3. They also determined the ability of several genes to distinguish between the regional populations.



INTEGRATED MANAGEMENT OF WHEAT DISEASES

Prediction of epidemics is a relevant tool to develop proper integrated management strategies when the risk is high before the season starts. Among those strategies, acceptable levels of resistance and its mechanisms, cultural practices, such as adequate fertilization management the use of crop rotation, time of planting as well as tillage increasing residue decomposition (Simón et al., 2011) are important in reducing diseases intensity. Biological and chemical control are also key tools to reduce the disease severity minimizing yield losses. In this special issue, Kim and Choi performed a retrospective study based on an epidemic of wheat blast in Bangladesh and calibrated a model to determine the viability of seasonal wheat blast risk predictions for interventions to reduce epidemics.



MECHANISMS OF RESISTANCE TO WHEAT DISEASES

The study of the mechanisms of resistance to diseases is essential to fully understand the interactions between pathogens and the crop. In this special issue, Mohammadi et al. showed the significant biological function of the ZtR1m1 gene, encoding a MADS-box transcription factor in the last stage of infection of Zymoseptoria tritici P. Crous, the causal agent of Septoria leaf blotch, indicating that ZtR1m1 affects penetration, colonization, fungal biomass production, pycnidial formation, differentiation, and melanization required for fruiting body formation.

Furthermore, black point is a disease generating dark discoloration of the embryo of kernels, causing a reduction in grain yield, seed germination and seedling growth (Conner et al., 1996). Discoloration can be due to fungal colonization of the causal agents, such as Bipolaris sorokiniana (Sacc.) Shoemaker [teleomorph Cochliobolus sativus (Ito and Kuribayashi) Drechs. ex Dastur], Alternaria alternata (Fries) Keissler and Fusarium spp. (Kumar et al., 2002) or to biochemical changes produced by the pathogens and environmental stress (Walker, 2011). In this special issue, Li et al. using metabolomics and spectroscopic analysis found that blackening was produced by enzymatic browning instead of by the causal fungus.

Nilsen et al. found cell wall thickening within the rachis node and visible hyphae in the spikelets inoculated with Fusarium graminerarum, but restricted to the inoculation point in a resistant cultivar. Furthermore, the rachis node below the inoculation point in the resistant cultivar showed fewer differentially expressed genes compared with the non-inoculated control. Differentially expressed genes in the resistant and the susceptible cultivars resulted in the discovery of the activation of genes in response to infection. High nucleotide diversity in chromosomes, such as on 5AL differentiating both cultivars and also genes on that chromosome affecting pathways involved in the infection process and the production of DON by the fungus were identified. Fabre et al. reported that some crop mechanisms and the expression of specific genes are needed to stimulate this disease, reviewing recent findings on the existence of wheat susceptibility factors, the role of phytohormones on its development and the role of the effectors such as DON in the susceptibility.



GENES AND QTL DETERMINING RESISTANCE TO WHEAT PATHOGENS

Moderate to high levels of qualitative and quantitative resistance can be incorporated. Whereas qualitative resistance is almost complete, isolate specific and follows a gene for gene interaction (Brading et al., 2002), quantitative resistance is incomplete, polygenic, isolate-non-specific and more durable (Simón and Cordo, 1998).

For obtaining resistant cultivars, traditional breeding but also molecular tools to select plants according to the presence of specific genes and/or QTL are imperative. The QTL were originally mapped in biparental populations, restricted in allelic variations and with low genomic resolution. In recent years, some limitations of this traditional mapping were overcome by the genome-wide association studies (GWAS), which dissect the genetic basis of complex characters considering naturally occurring genetic variation providing higher mapping resolution (Korte and Farlow, 2013; Liu et al., 2016).

In this special issue, Babu et al. reviewed different strategies to control rusts, including the exploitation of complete and partial resistance, the pleiotropic effects of some resistance genes and the importance of molecular markers for the pyramidization of resistant genes in new varieties. Aspects of next-generation sequencing platforms and the development of the kompetitive allele-specific PCR (KASP) have been outlined. Additionally, the recent development of the sequence alignment of the genome and its importance to identify marker-trait associations, candidate genes and improved breeding values in studies of genomic selection were also summarized. The importance of advanced genotyping platforms to estimate genetic diversity and construction of the high-density genetic maps, isolation of genes and cloning were described.

Ghimire et al. reviewed that more than 500 QTL for resistance were reported for Fusarium head blight. Furthermore, 79 genes and more than 200 QTL were found for leaf rust and 82 genes and 140 QTL for stripe rust in the seedling and adult stages, respectively. Breeding efforts for incorporating resistance in the southeast of the USA mentioning the most used genes and QTL present in the current cultivars were reported. Carmack et al. found that optical sorter selection was useful to identify lines with resistant alleles for markers associated with some specific genes for Fusarium head blight, such as Fhb1, finding kernel damage and DON reductions after sorter selection.

Kumar et al. found 9, 18, and 26 QTL significantly associated with seedling resistance to two or more pathotypes of P. striiformis, P. triticina, and P. graminis, respectively, several of them for more than one rust type, in a panel of 483 spring wheats genotyped with a 35K SNP array in a GWAS. Furthermore, there were 16, 18, and 27 QTL associated with leaf rust, yellow rust and stem rust, respectively, in two out of four environments in the adult stage, some associated with more than one rust type. Candidate genes were also reported.

Huerta-Espino et al. detected that Lr34, Lr45, Lr67, and Lr68, conditioning resistance to leaf rust alone or in combinations, were present among 51 tall and semi-dwarf varieties released in Mexico before and after the Green Revolution, together with additional slow rusting and race-specific genes. Leaf necrosis associated with genes for slow rusting was evident in all cultivars and most of them showed the pseudo black chaff phenotype in the glumes and below the nodes (Borlaug et al., 1949) due to the presence of the gene Str2. Furthermore, associations of the slow rusting genes with durable resistance for leaf rust, yellow rust and stem rust, including the race Ug99, were found in cultivars released before the Green Revolution and their descendants.

Another important wheat disease affecting leaves, nodes and glumes is Septoria nodorum blotch caused by Parastagonospora (anamorph, Stagonospora; teleomoph, Phaeosphaeria) nodorum (Berk.) Quaedvlieg, Verkley, and Crous. Francki et al. detected significant genotype × environment interactions regardless of whether the same or different isolates were inoculated in the adult stage of 232 genotypes from diverse origins in Western Australia. However, several genotypes showed high levels of resistance against different isolates in multi-location trials. The GWAS also detected 20 QTL associated with the resistance on chromosomes 1A, 1B, 4B, 5A, 5B, 6A, 7A, 7B, and 7D, some of them novel and multiple against different isolates in some environments.

In the last years, new aggressive strains of Puccinia striiformis Westend caused epidemics in warmer regions across the world (Liu et al., 2017). Mu et al., using a GWAS, genotyped a panel of 857 USA genotypes with molecular markers for 18 resistance genes or QTL. They phenotyped the accessions in seedlings with six predominant or most virulent races of Puccinia striiformis and by natural infection in the adult stage, identifying 51 loci associated with resistance. Genes Yr5 and Yr15, which are resistant to all races in the USA and Yr 46, resistant to many races, were not present.

Phuke et al. also conducted a GWAS using 11,401 SNP markers and 184 genotypes from CIMMYT and South Asia, phenotyped in seedlings with race 1 of Pyrenophora tritici repentis (Died.) Drechs, anamorph Drechslera tritici-repentis (Died), the causal agent of tan spot. They found QTL on chromosomes 1B, 2A, 2B, 3B, 4A, 5A, 5B, 6A, and 7D, several of them novel. Marker-trait associations on chromosomes 5AL and 5BL were consistent across environments, being the Vrn–A1 locus identified on 5AL, whereas the marker on 5BL seems to correspond to gene ts1.

The pyramidization of major and minor genes could lead to a higher level and more durable resistance (Singh et al., 2014). But testing the effective function of each gene in this stack is essential as these genes can interfere with each other (Hurni et al., 2014) or reduce effectiveness in a certain genetic background (Hiebert et al., 2020). The Avr effectors can be used as probes to confirm the function of R genes in the absence of the pathogen (Vleeshouwers and Oliver, 2014). Several major genes for rust resistance and other diseases have been cloned. In this special issue, Zhang et al. indicated that 24 rust resistance genes have been cloned, most of them due to approaches summarized as target-sequence enrichment and sequencing pipelines. However, cloning of Avr effectors is scarce. Kangara et al. described a procedure to accelerate the Avr cloning, developing a mutant population of Puccinia graminis tritici spores and select for virulent mutants toward specific resistant genes.



GENOMIC SELECTION AND THE INCORPORATION OF RESISTANCE IN WHEAT CULTIVARS

Genomic selection (GS) is a form of marker-assisted selection for predicting the genetic values of untested populations using genome-wide markers and phenotype information from observed populations for acceleration of genetic progress (Wang et al., 2018). In this special issue, Verges et al. confirmed that regional nurseries are useful as a source of lines to predict genomic estimated breeding values for Fusarium head blight for local breeding programmes. They also constructed an index to identify lines with low DON content and Fusarium head blight resistance.

Sharma et al. described the resurrection of a previously widely grown Indian cultivar, which succumbed due to leaf and stripe rust, summarizing how the incorporation of stripe rust resistance genes was carried out and the outcomes after the release of the new cultivar.



BIOLOGICAL AND CHEMICAL CONTROL OF WHEAT DISEASES

Chakraborty et al. found that some secondary metabolites derived from a marine Bacillus subtilis strain inhibit mycelial growth, conidiogenesis, and conidial germination and produced morphological modifications in the germinated conidia of Magnaporthe oryzae Triticum pathotype and suppression of the wheat blast disease. Castro Tapia et al. reported that some strains of Pseudomonas protegens decreased by 16.8% the severity caused by the wheat crown and root rot pathogens Gaeumannomyces graminis var. tritici (Sacc.) Arx D. L. Olivier, Rhizoctonia cerealis van der Hoeven, and Fusarium culmorum (Wm.G.Sm) Sacc., whereas spikes m−2 and number of grains per spike increased.

In the context of integrated disease management, Carmona et al. reviewed the effectiveness of different fungicides to control Puccinia striiformis and a classification according to its mode of action, mobility, and impact on infection processes. Seed and foliar fungicide treatments and the optimal number and timing of application and its impact on the wheat yield were also summarized.

The papers brought together a wide range of aspects related to etiology, pathogen populations, resistance breeding and integrated management of fungal diseases of wheat to increase yield and wheat quality.
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Wheat blast is a devastating fungal disease caused by a filamentous fungus, Magnaporthe oryzae Triticum (MoT) pathotype, which poses a serious threat to food security of South America and South Asia. In the course of screening novel bioactive secondary metabolites, we found that some secondary metabolites from a marine Bacillus subtilis strain 109GGC020 remarkably inhibited the growth of M. oryzae Triticum in vitro at 20 μg/disk. We tested a number of natural compounds derived from microorganisms and plants and found that five recently discovered linear non-cytotoxic lipopeptides, gageopeptides A–D (1–4) and gageotetrin B (5) from the strain 109GGC020 inhibited the growth of MoT mycelia in a dose-dependent manner. Among the five compounds studied, gageotetrin B (5) displayed the highest mycelial growth inhibition of MoT followed by gageopeptide C (3), gageopeptide D (4), gageopeptide A (1), and gageopeptide B (2) with minimum inhibitory concentrations (MICs) of 1.5, 2.5, 2.5, 10.0, and 10.0 μg/disk, respectively. Application of these natural compounds has also completely blocked formation of conidia in the MoT fungal mycelia in the agar medium. Further bioassay revealed that these compounds (1–5) inhibited the germination of MoT conidia and, if germinated, induced deformation of germ tube and/or abnormal appressoria. Interestingly, application of these linear lipopeptides (1–5) significantly suppressed wheat blast disease on detached wheat leaves. This is the first report of the inhibition of mycelial growth, conidiogenesis, conidial germination, and morphological alterations in the germinated conidia and suppression of wheat blast disease by linear lipopeptides from the strain of B. subtilis. A further study is needed to evaluate the mode of action of these natural compounds for considering them as biopesticides for managing this notorious cereal killer.
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INTRODUCTION

Wheat (Triticum aestivum L.) is a critical staple food providing 20% of the calories and over 25% of the protein consumed by humans [Food and Agriculture Organization (FAO),1 ]. Wheat blast disease caused by a filamentous fungus Magnaporthe oryzae Triticum (MoT) pathotype is the most destructive fungal disease affecting wheat production in several South American countries (Ceresini et al., 2019) and was recently introduced to Bangladesh (Islam et al., 2016a). Upon first emergence in Brazil in 1985, wheat blast was spread to Paraguay, Argentina, and Bolivia within a few years (Ceresini et al., 2019). Because of the wheat blast outbreak in 2016, nearly 15,000 hectares of wheat crops was devastated, which resulted in about 15% crop loss in Bangladesh (Islam et al., 2016a; Malaker et al., 2016). Plant pathologists have predicted that this fungal disease has a high possibility of spreading to some of the world’s top 10 wheat-producing countries such as China, India, and Pakistan, ranked first, second, and seventh, respectively (Islam et al., 2016a, 2019; Kamoun et al., 2019).

Wheat blast affects wheat plants at all developmental stages and can attack leaves, stems, nodes, and panicles (Wilson and Talbot, 2009; Islam et al., 2016a, 2019; Ceresini et al., 2019). Foliar infection is triggered by attaching of a hyaline, pyriform, a three-celled conidium of MoT to the cuticle of the leaf. Through an adhesive, the spore attaches to the hydrophobic cuticle and germinates, producing a small germ tube. Then the fungus destroys the plant hosts’ intact cuticles by developing complex structures called appressoria, which are melanin-pigmented and septate structures that initially develop at the tips of germ tubes (Tufan et al., 2009; Ryder and Talbot, 2015). Appressoria creates substantial turgor that translates into physical force and forms a narrow penetration peg at the base, rupturing the cuticle and allowing entry into the epidermis of the host. Invasion of plant tissue occurs by bulbous, invasive hyphae invaginating host plasma membrane and invading epidermal cells (Tufan et al., 2009; Wilson and Talbot, 2009). Wheat blast predominantly hits spikes; it bleaches the affected spikes, resulting in either deformed seed or no seed development. The heavily affected wheat head may die, resulting in drastic yield reduction. Bleaching of spikelets and whole head at the premature stage is thus the most common identifiable symptom (Igarashi, 1990; Islam et al., 2016a, 2019). Infected seeds and airborne spores typically spread the disease, and the fungus may survive in contaminated crop residues and seeds (Urashima et al., 1999). Therefore, critical stages in the disease cycle caused by MoT include pyriform conidia produced from cylindrical conidiophores and germination of conidia with appressorial structures at the tip of germ tubes (Tufan et al., 2009). The disruption of any of these asexual life stages eliminates the possibility of pathogenesis. Discovery of natural compounds that disrupt any of these asexual life stages considers as the first step of the development of a new fungicide against the MoT.

Fungicide application and growing resistant varieties are found to be effective methods of the wheat blast disease control caused by MoT. Farmers currently depend on extensive application of commercial fungicides to protect their wheat crop. Most of the chemical fungicides are hazardous to the environment or health of living organisms including humans (Nannipieri, 1994; Suprapta, 2012). Indiscriminate use of synthetic fungicides in plant protection results in pathogenic fungicide resistance (Kohli et al., 2011; Ceresini et al., 2019). Widespread resistance to fungicides limits their effectiveness, for example, extensive use of strobilurin (QoI) and triazole fungicides in Brazil has resulted in widespread distribution of cyt b, Pp, Pg, Pu, and Pygt mutants that are resistant to isolated strains from wheat and other poaceous species (Castroagudín et al., 2015; Dorigan et al., 2019). Moreover, antifungal resistance and toxicity issues of conventional fungicides illustrate the need to search for new antifungal agents to enable development of environmentally suitable alternative fungicides to protect plants against MoT.

Lipopeptides (LPs) have been reported to be produced by distinctly different groups of bacteria and fungi. These compounds have been found to have antagonistic functions in interactions with various microorganisms, including plant fungal pathogens. Therefore, these natural compounds possess antifungal, antibacterial, antiviral, antitumor, anti-inflammatory, and immunosuppressive activities (Mondol et al., 2013). They consist of a linear or cyclic sequence of peptides incorporating an acyl chain, generally attached to the N-terminus, which has antimicrobial properties (Meena and Kanwar, 2015; Malmsten, 2016). The mode of action of LPs involves cell membrane perturbation (Oliveras et al., 2018). Members of the genus Bacillus are considered useful microbial factories for the broad-scale production of such bioactive molecules with antimicrobial action, including plant defense lipopeptide antibiotics such as surfactin, iturin, and fengycin are active suppressors of many plant pathogens (Wulff et al., 2002; Todorova and Kozhuharova, 2010; Roongsawang et al., 2011; Mondol et al., 2013). One of such pathogens include the rice blast fungus M. oryzae pathotype Oryzae (MoO) (Leelasuphakul et al., 2006). It has been reported that LPs are biodegradable and less toxic and have different biomedical applications (Singh and Cameotra, 2004; Tareq et al., 2014b). LPs are unlikely to induce an evolution of pathogen-resistant strains, as they do not target a particular receptor (Mondol et al., 2013). These compounds are, therefore, broadly regarded as potential alternatives to the growing issue of conventional antibiotic resistance, fungal infections, and life-threatening diseases.

Biological control through implementing antagonistic microorganisms or their secondary metabolites to plant pathogens is considered as an attractive alternative and a sustainable plant protection strategy (Kloepper et al., 1999; Shoda, 2000; Chan et al., 2003; Islam et al., 2005, 2011, 2016b). Some Bacillus spp. with antagonism against wheat blast fungus have been reported (Surovy et al., 2017). However, no report has so far been described regarding the antagonistic effects of secondary metabolites of any Bacillus spp. in the suppression of the wheat blast disease. In our laboratory, 150 natural compounds isolated from plants and microorganisms were screened against mycelial growth of wheat blast fungus MoT. Among them, five recently discovered linear non-cytotoxic LPs, namely, gageopeptide A–D (1–4) and gageotetrin B (5), isolated from the marine Bacillus subtilis strain 109GGC020 (Tareq et al., 2014a, b) displayed potent inhibitory effects against MoT in vitro and in vivo. To our knowledge, this is the first indication of the biological control of the fearsome wheat blast disease by the linear LPs from the B. subtilis strain 109GGC020. The specific objectives of this study were to (i) test the effects of five linear LPs (1–5) on mycelial growth of MoT; (ii) evaluate the effects of compounds 1–5 on conidiogenesis of wheat blast fungus; (iii) examine the effects of these compounds (1–5) on germination of conidia and their subsequent developmental transitions in sterilized water medium; and (iv) evaluate the effects of LPs (1–5) on suppression of wheat blast disease development in the detached leaves of wheat.



MATERIALS AND METHODS


Chemicals

Gageopeptide A (1), gageopeptide B (2), gageopeptide C (3), gageopeptide D (4), and gageotetrin B (5) (Figure 1) were isolated from B. subtilis strain 109GGC020 (Tareq et al., 2014a, b). Fungicide Nativo® WG75 was purchased from Bayer Crop Science Ltd. Other compounds used in screening were either synthetic compounds purchased from the Sigma Aldrich or natural compounds available in the laboratory.
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FIGURE 1. Structure of linear lipopeptides (1–5) isolated from Bacillus subtilis strain 109GGC020 tested toward Magnaporthe oryzae Triticum (MoT) (Tareq et al., 2014a, b).




Wheat Blast Strain, Media, and Plant Materials

The wheat blast strain BTJP 4 (5) was isolated from a blast-infected wheat spike cv. BARI Gom 24 (Prodip) collected from a severely infected field in the Jhenaidah district of Bangladesh in 2016. The strain was preserved on dried filter paper at 4°C until used in this study (Islam et al., 2016a). It was re-cultured on potato dextrose agar (PDA; 42 g/L) medium and incubated for 7–8 days at 25°C. After a small block of Magnaporthe oryzae pathotype Triticum isolate BTJP 4 (5) was placed in the aforementioned medium, the plate was incubated at 25°C (Islam et al., 2016a).

To induce sporulation, 10-day-old cultures grown on PDA medium were washed with 500 ml of deionized distilled water to remove the aerial mycelia and subsequently kept at room temperature (25–30°C) for 2–3 days (Urashima et al., 1993; Islam et al., 2016a). The conidial and mycelial suspension was filtered through two layers of cheese cloth. Conidia were harvested and mounted in water. Conidial germination was observed under microscope, and the numbers of germinated conidia were counted. A susceptible wheat cultivar BARI Gom 24 (Prodip) was used in disease suppression assay. Wheat leaves were detached from seedlings at the five-leaf stage for in vivo disease suppression bioassay (He et al., 2019).



Inhibition of Mycelial Growth by Lipopeptides

The in vitro antifungal activity of the pure bioactive natural compounds and a commercial fungicide, Nativo® WG75, was assessed on the basis of mycelial growth inhibition rate of MoT isolate BTJP 4 (5) by the modified Kirby–Bauer disk diffusion method (Bauer et al., 1966). A series of concentrations of each natural compound were prepared in ethyl acetate and fungicidal suspension of Nativo® WG75 was prepared in distilled water. Filter-paper disks of 9-mm diameter (Sigma-Aldrich Co., St. Louis, MO, United States) were impregnated with bioactive compound solutions in concentrations ranging from 0.05 to 20 μg/disk. Paper disks were placed at one side of Petri dish (2 cm away from the edge) containing 20 ml of PDA. Five-millimeter-diameter size mycelial plugs from seven-day-old PDA cultures of MoT were placed at the opposite side of Petri dishes (diameter 9 cm) perpendicular to the paper disk. Petri dishes inoculated with fungal mycelia plugs against fungicide Nativo® WG75 served as positive control, whereas fungal cultures without any treatment were used as negative control. Both positive and negative control treatments were replicated thrice. The minimum inhibitory concentration (MIC) of these LPs (1–5) was also determined. Antimicrobial activity was defined by the diameter of growth inhibition zone after 10 days. This experiment was replicated thrice for each concentration used. Plates were incubated at 25°C until fungal mycelia completely covered the agar surface in control plate. The radial growth of fungal colony was measured in centimeter with a meter ruler along two diagonal lines drawn on the reverse side of each plate. Data were recorded by measuring inhibition zone and mycelial growth of pathogen, and percent inhibition of radial growth (PIRG) (±standard error) (Riungu et al., 2008) was calculated from mean values as follows:
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Morphologies of hyphae in the vicinity of compounds were observed under a ZEISS Primo Star microscope at 40× and 100× magnification. Images of inhibition zone were taken with a digital camera (Canon DOS 700D), and images of hyphal morphologies were recorded using a microscope camera (ZEISS Axiocam ERc 5s).



Inhibition of Conidiogenesis by Lipopeptides

Stock solutions of different LPs (1–5) were prepared in 100 μl of dimethyl sulfoxide (DMSO). Then 1,000 μg/ml of concentration of each compound was prepared in distilled water. The final concentration of DMSO in the working solution never exceeded 1% (v/v), which has no effect on mycelial growth and sporulation of the MoT. Fungicidal suspension of 10 ml of Nativo® WG75 was prepared in distilled water (1,000 μg/ml), which was used as a positive control. For the observation of conidium formation (i.e., conidiogenesis), mycelia from the Petri plate of 5-day-old PDA culture of MoT fungus were washed out to reduce nutrient for the induction of conidiogenesis in the mycelia. Exactly 50 μl of each compound and Nativo® WG75 at 1,000 μg/ml was applied on the 10-mm mycelial agar block of MoT fungus placed in Nunc multidish (Nunc), and only sterilized water with 1% DMSO was applied on the mycelial agar block of MoT fungus served as negative control. Plates with MoT mycelial agar blocks were incubated at 28°C with optimum humidity and lights. Conidium formation was observed under a light microscope (ZEISS Primo Star, Germany) at 10× magnification after 24 h, and the images were recorded with a microscope camera (ZEISS Axiocam ERc 5s). The experiment was repeated twice, and each time, it was performed in three replications.



Inhibition of Conidial Germination and Developmental Transitions of Germinated Conidia by Lipopeptides

Stock solutions of different LPs (1–5) were prepared in small amounts of DMSO. Then 100 μg/ml concentration of each compound was prepared in distilled water where concentration of DMSO in final solution remained less than 1%. As a positive control, 100 μg/ml of Nativo® WG75 solution was prepared with distilled water. The bioassays for conidial germination were carried out following protocols described earlier (Islam and von Tiedemann, 2011). Briefly, 100 μl of sample solution in appropriate concentration was directly added to 100 μl of conidial suspension (1 × 105 conidia) of MoT taken in a well of a plant tissue culture multi-well plate to make a final volume of 200 μl at 50 μg/ml. Then it was quickly mixed with a glass rod and incubated at 25°C. The final concentration of DMSO in the conidial suspension never exceeded 1% (v/v), a condition that does not affect conidial germination or further developments of the germinated conidia. Control was treated with sterilized water with 1% DMSO. The multidishes containing conidia were incubated in a moisture chamber at 25°C for 6, 12, and 24 h in darkness, after which approximately 100 conidia from each of three replicates were examined under a light microscope (ZEISS Primo Star, Germany) at 100× magnification to determine the percentage of conidial germination and major morphological changes of the treated conidia, and the images were recorded with a microscope camera (ZEISS Axiocam ERc 5s). The experiment was repeated twice, and each time it was performed thrice. Time-course microscopic observation revealed that the treatments of conidia with tested compounds resulted in germination, no germination, normal/abnormal formation of the appressoria, alteration of the morphology of germ tubes, and/or mycelial growth. The percentage of conidial germination (±standard error) was calculated from mean values as follows: CG%=(C−T)/C× 100, where CG = conidial germination, C = percentage of germinated conidia in control, and T = percentage of germinated conidia in sample.



Suppression of Wheat Blast Disease on Detached Leaves by Lipopeptides

Stock solutions of different LPs were prepared in small amounts of DMSO. Then 1,000 μg/ml of concentration of each compound was prepared in distilled water. The final concentration of DMSO never exceeded 1%, a condition that does not affect conidial germination and/or further development of the germinated conidia. Commonly used fungicide Nativo® WG75 was used as a positive control. Sterilized water with 1% DMSO was used as negative control; 1,000 μg/ml of Nativo® WG75 suspension was prepared by distilled water. Detached leaves of wheat at the five-leaf stage of seedlings were placed into dishes lined with moist absorbent paper, and each leaf was inoculated with three 20-μl droplets of the prepared compounds, and the leaves were allowed to absorb the compounds for 15 min. Subsequently, 1 × 105 conidia of MoT were inoculated on the leaf surface. All dishes were incubated at 28°C with 100% relative humidity, first in darkness for 30 h and then in constant light for 2 days. The experiment was independently repeated five times. The diameter of wheat blast lesions was measured from 12 leaves per experiment. All data were statistically analyzed.



Statistical Analysis, Experimental Design/Replications

Experiments for evaluating the biological activities of the pure compounds were carried out using a completely randomized design (CRD). Data were analyzed by one-way analysis of variance (ANOVA), and the mean values were separated by Tukey’s honestly significant difference (HSD) post hoc statistic. All the statistical analyses were performed using SPSS (IBM SPSS statistics 16, Georgia, United States) and Microsoft Office Excel 2010 program package. Mean value ± standard error of 3/5 replications were used in tables and figures.



RESULTS


Inhibitory Effects of Lipopeptides on Mycelial Growth and Morphological Alterations of Magnaporthe oryzae Triticum

To see whether natural products inhibit MoT fungus, we tested a number of secondary metabolites from different plants and microorganisms. Out of 32 known natural compounds (Table 1) tested, the five-bioactive linear LPs (Figure 1) isolated from the Bacillus subtilis strain 109GGC020 displayed remarkable mycelial growth inhibitory capacity against MoT in PDA medium. Figure 2 shows the inhibition of mycelial growth of MoT by the tested LPs 1–5. Among the five compounds, three compounds showed strong but varying levels of hyphal growth inhibitory activity against MoT isolate BTJP 4 (5). The highest mycelial growth inhibition of MoT isolate was observed by gageotetrin B (5), followed by gageopeptide C (3), gageopeptide B (2), gageopeptide A (1), and gageopeptide D (4). All compounds showed effectiveness on the tested pathogen ranging from 45.7 ± 1.6% to 60.9 ± 2.5% at 20 μg/disk (Figure 3). The activities of these LPs were significantly weaker than those of the commercial fungicide used in the field, with Nativo® WG75 whose control percentage was 93.3 ± 0.9% (at 20 μg/disk).


TABLE 1. List of tested known compounds on mycelial growth of M. oryzae Triticum (MoT) fungus.
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FIGURE 2. Macroscopic and microscopic view of in vitro antifungal activity of lipopeptides (1–5) against Magnaporthe oryzae Triticum (MoT) at 20 μg/disk. (a) Control, (b) gageopeptide A, (c) gageopeptide B, (d) gageopeptide C, (e) gageopeptide D, (f) gageotetrin B, and (g) Nativo® WG75. Bar = 50 μm.
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FIGURE 3. Inhibitory effects of bioactive lipopeptides (1–5) and a commercial fungicide Nativo® WG75 on mycelial growth of Magnaporthe oryzae Triticum (MoT) in potato dextrose agar media. The data are the mean ± standard errors of three replications for each dose of the tested compound.


All the different LPs inhibited mycelial growth of MoT but at varying strengths. The suppressive effect increased with the increase in concentration at 1.5–20 μg/disk (Figure 3). However, none of the LPs displayed any activity on MoT at concentration lower than 1.5 μg/disk. Compound 5 showed significantly higher inhibition of the pathogen at 20 μg/disk (60.9 ± 2.5%), followed by 10 μg/disk (59 ± 0.9%) and 5 μg/disk (51.4 ± 1.7%). The inhibition percentage of compounds 4 and 3 were 45.7 ± 1.6%, 30.5 ± 0.9%, 27.6 ± 0.9% and 58.1 ± 0.9%, 54.3 ± 1.6%, 49.5 ± 0.9%, respectively, at 20, 10, and 5 μg/disk. Again, compounds 2 and 1 showed 54.3 ± 3.3% and 50.5 ± 0.9% inhibitory percentage at 20 μg/disk. MICs of 10, 10, 2.5, 2.5, and 1.5 μg/disk (Figure 4) of these five natural compounds (1, 2, 3, 4, and 5) were also able to inhibit mycelial growth at 12.5 ± 1.8%, 11.5 ± 1.6%, 42.9 ± 1.6%, 20 ± 1.7%, and 22.9 ± 1.6%, respectively. Compared with the MICs of these five LPs, MIC of Nativo® was 0.05 μg/disk (Figure 4).
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FIGURE 4. Minimum inhibitory concentration (MIC) values of bioactive lipopeptides (1–5) and a commercial fungicide Nativo® WG75 on mycelial growth of Magnaporthe oryzae Triticum (MoT) in potato dextrose agar media.


Microscopic observations revealed that the untreated hyphae of Magnaporthe oryzae Triticum had regular and tubular growth with smooth, hyaline, branched, septate, plump, and intact hyphae (Figure 2a). On the contrary, the morphology of hyphae treated with the natural LPs was obviously different from that of the normal control hyphae. Unlike the tubular hyphae of the control group, remarkable increase in branch frequency per unit length of hyphae, reduced polar growth, and irregular swelling of the hyphal tips developed were observed when MoT was treated with compound 1 (Figure 2b). Compound 2 induced swelling of hyphal cells, hyper-branching, loss of apical growth, and swelling of hyphal tips (Figure 2c). Compound 3 commonly induced extensive branching, irregular growth, and swelling in MoT hyphae (Figure 2d). Compound 4 also caused disruption of normal polar growth of hyphae by inducing excessive branching and swelling of hyphal tips (Figure 2e). Compound 5 treated hyphae appeared as coarse, loss of radial growth, and irregular swelling on the tips (Figure 2f). In the presence of Nativo® WG75, MoT hyphae showed crystal like appearance, irregular branching, and swelling with distorted grooves and corrugations (Figure 2g).



Inhibitory Effects of Lipopeptides on Conidiogenesis of Magnaporthe oryzae Triticum

We also tested whether the linear LPs (1–5) have an effect on the process of conidium formation. All the compounds inhibited conidiogenesis of MoT fungus. After 24 h of incubation, huge conidium formation was observed in the negative control mycelial agar block (Figure 5a). In case of positive control mycelial agar block, no (zero) conidium formation was observed (Figure 5g). Compared with negative control, conidiogenesis was completely inhibited by all the compounds (1–5) at 1,000 μg/ml of concentration (Figures 5b–f). However, microscopic observation showed the presence of broken hyphal tips and their slight growth on the surface of agar medium treated with LPs with no trace of conidiophore and conidial development.
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FIGURE 5. Effects of bioactive lipopeptides (1–5) on the suppression of conidiogenesis of Magnaporthe oryzae Triticum (MoT) in Nunc multidish at 1,000 μg/ml. (a) Control, (b) gageopeptide A, (c) gageopeptide B, (d) gageopeptide C, (e) gageopeptide D, (f) gageotetrin B, and (g) Nativo® WG75. Bar = 50 μm.




Inhibitory Effects of Lipopeptides on Conidial Germination of Magnaporthe oryzae Triticum

We used compound solution at 50 μg/ml to evaluate the inhibition of MoT conidial germination in a multi-well plate. Conidial germination percentage was recorded after 6 h of incubation (Table 2). In water, the conidial germination percentage was 100%, but in the presence of Nativo® WG75, the conidial germination percentage was 0%. LPs (1–5) significantly suppressed the germination of MoT conidia. Among five compounds, gageopeptide D (4) showed the lowest conidial germination (25 ± 1.7%), followed by gageotetrin B (5) (45 ± 2.9%), gageopeptide B (2) (51 ± 2.1%), gageopeptide C (3) (52 ± 1.5%), and gageopeptide A (1) (61 ± 2.1%).


TABLE 2. Effects of linear lipopeptides from marine Bacillus subtilis strain 109GGC020 on germination of conidia and their subsequent developmental transitions of Magnaporthe oryzae Triticum (MoT) at the dose of 50 μg/ml in vitro.
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Effects of Lipopeptides on Morphological Changes of the Treated Conidia of Magnaporthe oryzae Triticum

Following incubation at 25°C for 24 h in darkness, 100% conidial germination with normal germ tube development and mycelial growth was observed in treatments with water after 6, 12, and 24 h (Table 2 and Figure 6a), whereas the effects of the five linear LPs on the further development of the conidia varied with time, and abnormal morphological changes were also observed by some compounds at 50 μg/ml. In the presence of gageopeptide B (2) and gageopeptide D (4), 51 ± 2.1% and 25 ± 1.7% conidial germination took place after 6 h but induced 51 ± 2.1% and 25 ± 1.7% abnormally swollen germ tubes with no appressorial formation and mycelial growth after 12 and 24 h, respectively (Table 2 and Figures 6c,e). In case of gageotetrin B (5), 45 ± 2.9% conidia germinated after 6 h; 41 ± 3.8% conidial germ tubes were deformed (swollen) after 12 h, and the rest produced abnormal appressoria after 24 h (Table 2 and Figure 6f). Gageopeptide A (1) induced 61 ± 2.1% conidial germination after 6 h, with 31 ± 1.7% normal germ tube and 27 ± 1.5% normal appressorial formation after 12 and 24 h but inhibited 100% mycelial growth (Table 2 and Figure 6b). In the presence of gageopeptide C (3), 52 ± 1.5% conidia were germinated after 6 h. Among them, 10 ± 1.5% germ tubes became swollen after 12 h. At 24 h after treatment, 30 ± 0.7% conidia produced normal appressoria, whereas 11 ± 0.7% produced abnormal appressoria (low melanization) without progressing to mycelial growth (Table 2 and Figure 6d). Conidial lysis was not found in any treatment. The results showed that the five LPs cause significant malformation of germ tubes and inhibit appressorial formation and mycelial growth of M. oryzae Triticum. In case of Nativo® WG75, no conidial malformation was observed (Figure 6g).


[image: image]

FIGURE 6. Time-course changes in germination of Magnaporthe oryzae Triticum (MoT) conidia and their developmental transitions in the presence of linear lipopeptides (1–5). Dose of lipopeptides was 50 μg/ml. (a) Control, (b) gageopeptide A, (c) gageopeptide B, (d) gageopeptide C, (e) gageopeptide D, (f) gageotetrin B, and (g) Nativo® WG75. Bar = 10 μm.




Suppression of Wheat Blast Disease by Lipopeptides From Bacillus subtilis

Application of compounds 1–5 at 1,000 μg/ml significantly reduced wheat blast symptoms in detached leaves inoculated with the conidia of MoT. The average lesion length recorded in the leaves treated with compounds 1–5 were 1.5 ± 0.2, 1.6 ± 0.2, 1.8 ± 0.1, 1.8 ± 0.1, and 1.5 ± 0.1 mm (Figures 7A,B). These results indicate that all natural compounds significantly inhibited wheat blast development on detached wheat leaves. On the other hand, in inoculated negative control plants having water treatments, typical blast disease spots were 11.5 ± 0.2 mm in length, but no visible disease symptoms were observed on the leaves when treated with Nativo® WG75 at 1,000 μg/ml (Figures 7A,B).
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FIGURE 7. Effects of bioactive lipopeptides (1–5) on the suppression of lesion formation in detached wheat leaves by Magnaporthe oryzae Triticum at 1,000 μg/ml. (A) Blast lesion symptoms on treated and untreated wheat leaves: (a) control, (b) gageopeptide A, (c) gageopeptide B, (d) gageopeptide C, (e) gageopeptide D, (f) gageotetrin B, and (g) Nativo® WG75. (B) Diameter of lesions were measured. Bars represent ± standard error. Means followed by the same letters are not significantly different at the 5% level according to Tukey’s honestly significance difference (HSD) post hoc statistic.




DISCUSSION

In this study, we found that five linear LPs, namely, gageopeptide A (1), gageopeptide B (2), gageopeptide C (3), gageopeptide D (4), and gageotetrin B (5), isolated from the marine bacterium, Bacillus subtilis strain 109GGC020, showed strong antifungal activities against a destructive wheat blast pathogen, Magnaporthe oryzae Triticum. Bioassay results revealed that all the compounds remarkably inhibited mycelial growth as well as conidiogenesis, germination, and developmental transition of the germinated conidia and further suppressed wheat blast disease in detached wheat leaves. Therefore, these results suggest that inhibition of mycelial growth and conidial germination by these LPs correlates with the suppression of wheat blast disease upon leaf inoculation. Inhibition of hyphal growth, conidiogenesis, and conidial germination of different fungi including rice blast fungus by several natural secondary metabolites on in vitro bioassay have been reported by many earlier investigators (Romero et al., 2007; Kopecká et al., 2010; Tang et al., 2014; Gond et al., 2015; Liao et al., 2016; Zhang and Sun, 2018; Rodríguez-Chávez et al., 2019). This is the first report of controlling the destructive wheat blast fungus using secondary metabolites (linear LPs 1–5) isolated from B. subtilis. In addition, LPs are unlikely to induce pathogen-resistant strains to evolve, as they do not target a particular receptor (Mondol et al., 2013). Despite the outstanding biological properties of LPs, so far, only a few studies have focused on their development as plant protection agents. Most of the reports focused on cyclic LPs synthesized by B. subtilis strains because of their diversity of biological properties, including the ability to respond to plant defense (Meena and Kanwar, 2015). However, this is also a first report on suppression of wheat blast fungus MoT by some natural linear LPs from B. subtilis.

One of the striking findings in this present study is the swelling behavior of these LPs on the hyphae and on the hyphal tips of MoT (Figures 2b–f). We tested a range of concentrations ranging from 0.05 to 20 μg/disk. Swelling increased with increasing concentrations. Swelling in the fungal hyphae and on the tips of hyphae has been reported earlier by cyclic LPs fengycin (Gond et al., 2015; Liao et al., 2016; Zhang and Sun, 2018) and tensin (Nielsen et al., 2000). According to a recent report of Omoboye et al. (2019), some newly purified cyclic LPs, bananamides D–G from Pseudomonas sp. COW3, significantly inhibited mycelial growth of Pseudomonas oryzae and Pseudomonas myriotylum followed by extensive branching, hyphal leakage, and vacuolization of the mycelia. So far, this is a first report on swollen-like predatory behavior of some linear LPs toward a destructive microorganism. Morphological alterations including excessive branching and hyphal swelling of an oomycete phytopathogen Aphanomyces cochlioides by xanthobaccin A from a rhizoplane bacterium Lysobacter sp. SB-K88 or phloroglucinols from Pseudomonas fluorescens have been reported (Islam et al., 2005; Islam, 2008, 2010; Islam and Fukushi, 2010). A further investigation is needed to understand the mode of action of the linear LPs 1–5 toward the worrisome phytopathogen MoT.

Conidia are the propagules of infecting plants by most of the phytopathogenic fungi (Ohara, 2004), and the process by which these structures are produced by fungal cells is termed conidiogenesis (Kopecká et al., 2010). Disruption of conidiogenesis and conidial germination eliminates the possibility of infection by a fungal phytopathogen. Another interesting finding of this study is that all the five linear LPs (1–5) remarkably inhibited conidiogenesis (Figure 5), germination, and developmental transition of the conidia (Table 2 and Figure 6). Bioassay results revealed that prior treatment of wheat leaves with these LPs at 1,000 μg/ml, resulted in the leaves being less attractive to MoT conidia. Another most important phenomenon observed in the MoT conidia interacting with some linear LPs was the dynamics of the swollen behavior in the conidial germ tube (Figures 6c–f). A similar phenomenon was observed by Liao et al. (2016), who reported that the antifungal cyclic lipopeptide fengycin inhibits conidial germination of M. oryzae Oryzae (MoO) by deforming the conidia and germ tube (swollen) and halting appressoria formation. After exposure to a cyclic lipopeptide mixture containing iturins and fengycins, the conidia of Penicillium expansum also showed more than 90% of swelling and germination reduction (Rodríguez-Chávez et al., 2019). Some LPs induced abnormal appressoria (low melanization), which inhibited the infection process of MoT fungus, as appressorium melanization is required for pathogenicity of M. oryzae (Wang et al., 2005; Wilson and Talbot, 2009). This study for the first time demonstrated that the five novel linear LPs inhibited conidiogenesis, germination, and appressoria formation of the conidia of MoT. These compounds might affect the expression of genes upstream from melanin synthesis. Future studies should therefore also focus on the effects of these natural bioactive compounds on the expression of conidial germination and appressorium formation-related genes in MoT.

In earlier studies, these linear LPs (1–5) showed antimicrobial activities against several fungal and oomycetal phytopathogens such as Rhizoctonia solani, Botrytis cinerea, Colletotrichum acutatum, and Phytophthora capsici but did not exhibit any cytotoxicity (GI50 > 25–30 μM) against human cancer cell lines (Tareq et al., 2014a, b). Although structure–activity relationships were not established in case of these novel metabolites, further study is needed to derivatize these compounds by changing their side chains to elucidate the structure–activity relationship of these LPs (Figure 1). On the other hand, structural features of these compounds might be linked with their variable inhibitory activities against the MoT (Figure 1). All the compounds have acyl chain with a Leu-rich peptide backbone and a 3-hydroxy fatty acid (Tareq et al., 2014a, b). Among them, compound 5 and compound 2 have an OMeGlu amino acid residue in the peptide unit and a new 3-hydroxy fatty acid (HDDA) in the fatty acid chain. The acyl chain is essential for the biological activity of LPs. The acylation of a peptide sequence is considered as a means of increasing membrane affinity and therefore essential for antimicrobial activity (Malmsten, 2016). On the other hand, 3-hydroxy fatty acid itself also has strong antifungal properties (Sjogren et al., 2003). A further study is needed to establish the precise structure–activity relationships of these LPs, which would enable the synthesis of more active peptide, which is an effective agrochemical against MoT.

The morphological alterations shown in MoT by these LPs are also related to some potent, cell-permeable, and selective antifungal secondary metabolites, such as staurosporine, chelerythrine chloride, polyoxin A, polyoxin B, and polyoxin D. Staurosporine and chelerythrine chloride are well-known protein kinase C inhibitor, which caused swelling of hyphal tips and subapical regions and inhibited spore germination and normal appressoria formation of plant pathogenic fungi through the prevention of ATP binding to the kinase (Agae and Magae, 1993; Penn et al., 2015; Wei et al., 2017; Sugahara et al., 2019). Polyoxins are known as cell wall biosynthesis inhibitors, which inhibit germ tube formation and cause hyphal tip swelling (Isono et al., 1965; Endo et al., 1970; Copping and Duke, 2007; Barka et al., 2016).

A hallmark of the findings of this research is that application of all the linear LPs (1–5) remarkably suppressed blast disease in detached wheat leaves (Figure 7). During this study, wheat leaves previously treated with the LPs had smaller lesion lengths than had the untreated control (Figure 7). Most of the lesions were small and brown, having specks of pinhead size (scale 1) to small, roundish to slightly elongated, gray spots about 1–2 mm in diameter (scale 3). On the other hand, the untreated control leaves had typical blast lesions infecting 26–50% of the leaf area (scale 7), as per 9 scale of blast disease assessment given by the standard evaluation system of IRRI (1996). But in the presence of Nativo® WG75, no visible blast lesions were observed. Nativo® WG75 is a systemic broad-spectrum commercial fungicide, which we used as a positive control. The antifungal activities of these LPs on the suppression of MoT fungus are quite similar to the antifungal activities of this fungicide. Nativo® WG75 contains two active ingredients, tebuconazole and trifloxystrobin. Tebuconazole is a systemic triazole fungicide that is known as demethylation inhibitor (DMI). It interferes with sterol biosynthesis in fungal cell walls and inhibits the spore germination and further growth of the fungus (Pring, 1984). Trifloxystrobin is a strobilurin fungicide, which interfered with respiration in plant pathogenic fungi by inhibiting electron transfer in mitochondria, disrupting metabolism, and preventing growth of the target fungi (Sauter et al., 1999). The results of this study are also comparable with activities of other commercially available fungicides like blasticidin-S, kasugamycin, streptomycin, oligomycin A, and tricyclazole, which showed strong antifungal activities against several phytopathogenic fungi including rice blast fungus MoO (Yamaguchi, 1982; Woloshuk et al., 1983; Kim et al., 1999; Magar et al., 2015). For the first time, this study demonstrated the disease suppression of wheat blast by some novel secondary metabolites from the marine B. subtilis. The common mode of action of these fungicides is to inhibit protein synthesis, cell wall biosynthesis, and melanin biosynthesis, which consequently resulted in suppressing fungal mycelial growth, spore germination, and normal appressoria formation.

The experimental findings of this work suggest that the interactions between LPs and MoT fungus are likely unknown multifaceted processes, which might have mediated likely by affecting the membrane integrity and organelle dysfunction, thereby resulting in cell death of M. oryzae Triticum. The combined effects evoked complex responses that lead to a series of intracellular events and ultimately death of the pathogen. A further investigation is needed to elucidate the mode of action of inhibitory effects of the novel LPs on wheat blast fungus.

Induced resistance as a mechanism of biological control by lipopeptides has been also reported earlier (Ongena et al., 2007). The surge in resistance to fungicides among pathogenic microorganisms is an emerging topic in agriculture nowadays. The non-rational use of fungicides with site-specific modes of action, such as the strobilurin (QoI) and triazole, has resulted in widespread distribution of some resistant mutant population in MoT (Dorigan et al., 2019). The most alarming antifungal resistance issue of conventional fungicides leads to search for novel safe antifungal agents to protect wheat plants from this threatening phytopathogenic fungus. Although novel LPs has lower bioactivity than has the commercial fungicide Nativo®, the inhibitory capacity of these compounds against MoT should enable their consideration for synthesis as candidate agrochemicals with novel mode of action against the destructive wheat blast fungus.

In conclusion, our results, for the first time, demonstrated that the five linear LPs from the B. subtilis strain 109GGC020 inhibited mycelial growth and asexual development of MoT fungus and suppressed wheat blast disease in detached wheat leaves. Field evaluation of these linear LPs is needed to judge these metabolites as effective fungicides against wheat blast disease. A further study is also necessary to understand the mode of action and structure–activity relationships of these novel bioactive LPs (1–5) toward the notorious cereal killer, M. oryzae Triticum.
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Leaf or brown rust of wheat caused by Puccinia triticina (Pt) is one of the most damaging diseases globally. Considerable progress has been made to control leaf rust through crop protection chemicals and host plant resistance breeding in southern Africa. However, frequent changes in the pathogen population still present a major challenge to achieve durable resistance. Disease surveillance and monitoring of the pathogen have revealed the occurrence of similar races across the region, justifying the need for concerted efforts by countries in southern Africa to develop and deploy more efficient and sustainable strategies to manage the disease. Understanding the genetic variability and composition of Pt is a pre-requisite for cultivar release with appropriate resistance gene combinations for sustainable disease management. This review highlights the variability and distribution of the Pt population, and the current control strategies, challenges and future prospects of breeding wheat varieties with durable leaf rust resistance in southern Africa. The importance of regular, collaborative and efficient surveillance of the pathogen and germplasm development across southern Africa is discussed, coupled with the potential of using modern breeding technologies to produce wheat cultivars with durable resistance.
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INTRODUCTION

The fungal disease, leaf rust caused by Puccinia triticina Eriks. (Pt), is widely distributed across all the major wheat-growing regions in the world (Saari and Prescott, 1985; Kolmer, 2013). It is considered as one of the most common diseases of bread wheat (Triticum aestivum), durum wheat (Triticum turgidum var. durum), and triticale (X Triticosecale; Bolton et al., 2008; Huerta-Espino et al., 2011). The pathogen is an obligate biotrophic fungus mainly infecting the leaves of wheat at various growth stages but can also infect the leaf sheath and glumes. The infection causes grain yield losses of more than 50% in susceptible cultivars (Hussein et al., 2005; Huerta-Espino et al., 2011; Terefe et al., 2011).

The southern African sub-region is the main epidemiological zone of leaf rust, exposing most wheat cultivars to infection and yield loss (Saari and Prescott, 1985; Huerta-Espino et al., 2011). Since the 1980s, several South African wheat cultivars have been reported to be susceptible to leaf rust, with localized epidemics frequently occurring in the winter rainfall regions of the Western Cape Province and irrigated areas in other provinces (Pretorius et al., 2007; Terefe et al., 2009). Recently, low infection levels have been reported in farmers’ fields due to low inoculum levels, mainly resulting from repeated fungicide applications (Terefe et al., 2009). However, breeding for host plant resistance which is a pre-emptive, effective and a more sustainable way to control future leaf rust epidemics, should be the main objective of wheat breeding programs in southern Africa. This will reduce heavy reliance on fungicide applications which could have a negative impact on the environment.

Collections of Pt field isolates from countries in southern Africa including Malawi, South Africa, Zambia, and Zimbabwe, resulted in the identification of more than 20 physiologic races to date (Pretorius et al., 1987, 1990, 2015; Pretorius and Le Roux, 1988; Terefe et al., 2011; Boshoff et al., 2018). Analysis of the collected isolates revealed genetic, and virulence similarities among the major races detected in different parts of southern Africa (Terefe et al., 2014a; Pretorius et al., 2015). The genetic relatedness of isolates from the different countries indicates the possible dispersal of fungal spores across the region by wind and water or other mechanisms. Dispersal by wind is reportedly the main source of introduction of the fungus from southern Africa into Australia in the 1960s (Brown and Hovmøller, 2002; Kolmer, 2005; Allen-Sader et al., 2019; Visser et al., 2019; Corredor-Moreno and Saunders, 2020). Mechanical transfer by means of contaminated clothing or goods also plays a role in the spread of spores across borders, which explains the occurrence of new races in areas where they were not detected previously. Such new races often pose challenges because they may defeat known leaf rust resistance genes used in the region, leading to resistance breakdown. In order to cope with the continuous evolution of Pt, there is a need for regular and well-coordinated monitoring and surveillance of virulence changes in the countries across the region (Sharma-Poudyal et al., 2020). Essential information gathered through disease surveys can guide the deployment of appropriate conventional and cutting-edge breeding technologies to produce improved varieties or breeding lines with broad spectrum and durable resistance to existing and emerging Pt races.

Host–plant resistance has been shown to be a cost-effective and environmentally safe control strategy for rusts and other diseases (Johnson, 1981, 1984; Kolmer, 1996). One of the significant challenges is that Pt frequently acquires new and aggressive virulence that overcomes existing race-specific genes (Pretorius et al., 2007, 2015; Terefe et al., 2011; Boshoff et al., 2018). In southern Africa, the continued release of wheat cultivars with different race-specific resistance genes places intense selection pressure on Pt that could have led to the high diversity of rust populations, similar to other regions such as North America (Kolmer et al., 2007). For example, an increased frequency of virulence of newly identified leaf rust races against race-specific genes Lr3, Lr15, Lr20, and Lr26 on commercial cultivars and breeding lines was reported in South Africa (Boshoff et al., 2018). However, host-plant resistance has considerable success where continuous surveys for Pt races and other rust diseases are integrated with pre-breeding, breeding, and post-release management efforts targeting rust resistance as demonstrated by the Borlaug Global Rust Initiative (BGRI) and associated regional and global projects (Evanega et al., 2014). To achieve a sustainable and cost-effective control strategy for leaf rust, a multidisciplinary and co-operative research approach involving many stakeholders including farmers, breeders, geneticists, pathologists, biotechnologists, and policymakers has to be in place. This strategy must include the exchange of resistant germplasm to safeguard border countries in the event of severe leaf rust outbreaks.

Germplasm exchange in southern Africa is aligned to the global wheat germplasm exchange network. The network consists of predominantly international public organizations such as the International Maize and Wheat Improvement Centre (CIMMYT)/Mexico and the International Centre for Agricultural Research in the Dry Areas (ICARDA)/Syria and several private multinational seed companies, each contributing to large germplasm pools. Some of the wheat genetic resources preserved in these centers are populations that were developed through dedicated pre-breeding and breeding programs targeting novel traits, including rust resistance. Wheat germplasm has been introduced across southern African borders between recipient countries, but the inability to meet seed import requirements has limited germplasm exchange. Further, policy issues on Intellectual Property ownership and benefit-sharing rendered limited germplasm exchange between African countries. These limitations may be circumvented through harmonized policy and regulations for enhanced germplasm exchange and through the use of recent advances in genetic and genomic technologies to deliver novel genetic resources with durable rust resistance.

In light of the above background, the objective of this review is to present the variability and distribution of Pt races in southern Africa. Focus is placed on describing the predominant races common across the region and the deployed leaf rust resistance genes in wheat. A comprehensive summary of effective leaf rust resistance genes available in different parts of the world that could be pyramided into local cultivars through advanced genetic and genomic technologies is also provided. Perspectives on the strides taken and milestones reached through collaborative research toward finding the best strategy to achieve durable leaf rust resistance in southern Africa and significant challenges encountered in the process are also discussed. Prospects of host induced gene silencing using the RNA interference (RNAi) technology has been highlighted as an option to enhance cultivar resistance against Pt.



GENETIC VARIABILITY AND DISTRIBUTION OF PT IN SOUTHERN AFRICA

Puccinia triticina populations throughout the world are genetically diverse in terms of their molecular architecture as well as the combinations and complexity of their virulence patterns. This is influenced by the co-evolution of the pathogen with diverse wheats and genetic recombination of Pt races emerging from various Triticum species (Kolmer and Liu, 2000; Liu et al., 2014; Prasad et al., 2020). The genetic characteristics of all Pt populations is typical of diploid/dikaryotic populations, with a life cycle summarized by Bolton et al. (2008). The pathogen maintains high levels of variability through sequential mutations and sexual or asexual recombination, which lead to virulence shifts (Bolton et al., 2008). The importance and frequency of somatic recombination as a mechanism to induce variation in Pt races is yet unclear. Dispersal of rust races over large distances to new areas/regions where they were not detected before adds to the aforementioned sources of variability.

To understand the variability of Pt races in southern Africa, scheduled surveys and collections of leaf rust isolates are conducted annually based on protocols outlined by the Global Cereal Rust Monitoring System1. The involved institutions are the Agricultural Research Council-Small Grain (ARC-SG) and the University of Free State (UFS) in South Africa, Chitedze Research Station and CIMMYT in Malawi; the Crop Breeding Institute (CPB), Plant Protection Research Institute (PPRI), and Rattray Arnold Research Station, Seed Co., Ltd., in Zimbabwe; and Zambian Agriculture Research Institute, Mount Makulu Research Station, in Zambia. Results from the surveys are shared with the wheat breeding community through the global rust monitoring system developed by CIMMYT and other partners as part of the BGRI to mitigate the threat of wheat rust disease2.


Tools for Detecting Pt Variability and New Race Introductions


Race Analysis

Traditional and genomic tools can be deployed to distinguish leaf rust physiologic races. Wheat differential varieties or lines form the basis of race analysis. Typically, near-isogenic lines (NILs) containing different leaf rust resistance genes/alleles are used to distinguish races by their phenotypic responses to different pathogen strains. Having NILs with single Lr genes in a uniform background of a highly susceptible cultivar or line facilitates research in understanding the genetics of host–parasite interactions (McCallum et al., 2016). The use of differential lines to distinguish physiological specialization of P. triticina was pioneered by Mains and Jackson (1926). Improvements were constantly made on the original leaf rust differential set through additions when new physiologic races were described. A series of NILs in a Thatcher background are now routinely used globally (Table 1). The original 12 sets of NILs was developed by Dr. Peter Dyck from the Cereal Research Centre, Agriculture and Agri-Food Canada in Winnipeg following work initiated by Dr. Robert G (Anderson, 1963; Long and Kolmer, 1989). Differential lines are grouped in sets of four. When the four lines are classified for resistance or susceptibility, there are 16 possible combinations. Additional sets are commonly used to supplement the standard differential lines (Huerta-Espino et al., 2011; Terefe et al., 2011). The North American nomenclature system for designating virulence combinations of Pt races is followed as a standard in most southern African countries as was proposed by the North American Wheat Leaf Rust Research Workers Committee (Kolmer et al., 2010). When 16 differential lines are used, for example, pathogenicity of a race is given a four-letter code, where the first three letters indicate the pathogenicity of the race on three sets of four lines. The fourth letter describes the pathogenicity of the race on the set used to supplement the standard 12 differential lines (Kolmer et al., 2010; McCallum et al., 2010). A number of sophisticated and modern tools can also be used to investigate variation in Pt populations including the use of DNA based markers and field pathogenomics which are described below.


TABLE 1. Common near isogeneic lines (NILs) in Thatcher background encompassing specific Lr genes [Adapted from McCallum et al. (2016)].
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Use of Molecular Markers for Race Diagnostics

DNA based molecular markers such as random amplified polymorphic DNA (RAPD) and amplified fragment length polymorphism (AFLP) have long been successfully used in mycology and plant pathology for the differentiation of species within the Puccinia genera (Kolmer et al., 1995; Liu and Kolmer, 1998). Kolmer and Liu (2000) distinguished groups of P. triticina isolates from international collections using RAPD markers. Results of sixty-nine isolates collected in Canada suggested that Pt populations in North America most likely evolved from several introductions that differed in molecular background (Kolmer, 2001). Co-dominant markers such as locus-specific microsatellites or simple sequence repeats (SSRs) and single nucleotide polymorphism (SNP) were later developed for P. triticina to distinguish heterozygote genotypes (Suenaga et al., 2003; Lagudah et al., 2006; Vida et al., 2009; Terracciano et al., 2013). A recent review by Kolmer et al. (2019) presents a detailed summary of the use of SSRs for characterization and identification of Pt isolates from different countries or continents.

In southern Africa, the use of DNA-based markers, particularly co-dominant markers such as SSRs and SNPs in race analysis and identification has been widely used to complement the traditional methodology of phenotyping (Visser et al., 2012; Pretorius et al., 2015; Boshoff et al., 2018), thus improving our understanding of the origin, phylogeny, and spread of Pt genotypes. A number of leaf rust races have been detected in various locations in southern Africa, including Malawi, Mozambique, South Africa, Swaziland, Zambia, and Zimbabwe (Table 2). Pretorius et al. (1987) detected races PDRS, SBDS, and SDDS in the early 1980s in South Africa. The earliest evidence of commonality in southern African Pt races was reported by Pretorius and Purchase (1990) from isolates collected in Zimbabwe, Zambia, and Malawi. Race SBDS, a race which was also detected in Zimbabwe in 1986, together with SCDS which was first detected in South Africa in 1988 (Pretorius and Purchase, 1990), were found to be similar except for the virulence of the latter to Lr24 and Lr26 genes. SBDS and SDDS were also found to have similar virulence/avirulence profiles, with SDDS being virulent to Lr24. Another race, SDDN was detected in the Western Cape Province of South Africa in 2005. This race was identical to SDDS, SCDS, and SFDS which were first detected in South Africa in 1987 (Pretorius and Le Roux, 1988), all sharing virulence to 11 Lr genes (Terefe et al., 2011).


TABLE 2. Avirulence/virulence profiles of frequent Puccinia triticina races detected in different localities in southern Africa from the 1980s1.

[image: Table 2]Using SSR markers, race PDRS was found to be genetically different from 10 other South African races, leading to speculation that it is a foreign introduction (Visser et al., 2012). Terefe et al. (2011) suggested that two new races CCPS and MCDS were found in South Africa as exotic introductions. The same study revealed that race CCPS shared 71 and 51% genetic similarities to the European races CCPSL and CCTSL, respectively. The CCPS race was even closer to MCPSS from the Czech Republic, validating the commonality of some races within regions. Race FBPT was detected in the Western Cape Province in 2010 (Terefe et al., 2014b). In a recent study, similar races (MCDS, TCPS, FBPT, and SCDS) have been detected by Pretorius et al. (2015) from 63 isolates obtained in different southern African countries during 2011–2013. MCDS and TCPS were found in Zimbabwe and Zambia whereas FBPT and SCDS were detected in Zimbabwe and Malawi, respectively. MCDS, FPBT, and SCDS were also detected in South Africa. The increased incidence of leaf rust disease from 2012 to 2016 in South Africa led to a detection of 4 new races (CBPS, CFPS, CDPS, and CFPS; Boshoff et al., 2018). CFPS (3SA10), CDPS (3SA38), and CFPS (3SA248) were found to be similar to each other, and only varied in virulence for Lr20 and Lr26 whereas CBPS (3SA115) was less virulent. Pretorius et al. (2007) revealed that the variation between most of the races identified in southern Africa was associated with virulence against the Lr10, Lr14a, Lr17, Lr24, and Lr26 resistance genes.

Use of host plant differential lines remains key and complementary to the use of molecular technologies in identifying and distinguishing the different Pt races. Due to a sustained emergence of physiological races in the leaf rust pathogen, deploying differential host genotypes will have an added advantage to distinguishing resistance or susceptibility reactions of wheat genotypes to Pt races. When large sets of genotypes are screened for disease resistance, the phenotypic data can be associated with genomic data to identify putative and novel virulence and avirulence genes, as well as genes conferring resistance to particular races. The continuous use of race-specific resistance genes in breeding programs requires established surveillance systems of the leaf rust pathogen to scout for new races (Evanega et al., 2014).



Prospects of Field Pathogenomics

The technology that has not been explored to its fullest capacity for leaf rust race analysis is “field pathogenomics.” This is a relatively new method that uses the latest DNA sequencing technologies to generate high-resolution data that describe the diversity within a pathogen population directly from infected samples. A study by Hubbard et al. (2015) using field pathogenomics tools (RNAseq) successfully discovered a dramatic shift in a wheat yellow rust (P. striiformis) population in the United Kingdom, which can similarly be useful for leaf rust studies in southern Africa. With the increasing availability of fully sequenced pathogen genomes, this new high throughput technology will provide new insights into the biology, population structure and pathogenesis of pathogens of interest (Derevnina and Michelmore, 2015; Buen-Sancho et al., 2017) including rust. Detailed data on the genetic structure of Pt populations will provide new insights into the selective forces driving the evolution of new races. This will allow prediction of races that are a threat to specific wheat genotypes within southern Africa and provide an early-warning system for wheat genotype vulnerabilities and subsequent gene deployment providing spill-over benefits to wheat breeding programs in the region.

The Pt sequencing project was recently established forming part of the Fungal Genome Initiative at the Broad Institute, United States of America3. This initiative has provided the opportunity to generate expressed sequence tag (EST) libraries which have contributed to gene discoveries and stage-specific expression analysis (Xu et al., 2011). The generation of ESTs also has several applications including designing molecular markers such as SSRs, designing and constructing expression microarrays, genome annotation and comparative genomics to reveal relatedness between species. Based on information from a combination of EST sequences, in silico predictions and RNAseq transcript analysis, a high-quality reference genome sequence of Pt is now annotated and publicly available (Kiran et al., 2016). The availability of the annotated genome of the leaf rust pathogen as well as newly invented high-throughput DNA/RNA sequencing technologies will enable gene expression profiling of both the pathogen and the wheat plant to understand pathogenicity and plant resistance mechanisms during infection. Notably, Chandra et al. (2016) have made use of these newly available technologies to discover an array of wheat responses to leaf rust infection. It is foreseeable that this kind of work will be expanded to study all dynamics involved in the leaf rust-wheat pathosystem. Other questions which can be easily answered include the genetic response of the pathogen to fungicides and evolution.

Since shared virulence strategies may be used by different fungi to invade specific plant hosts, comparative analysis of the Pt genome with those of other pathogens may also offer a new and powerful approach to identify common and divergent virulence strategies as well as the evolutionary history of pathogen lineages. Gardiner et al. (2012) used comparative analysis to identify novel virulence genes in fungi infecting cereals. This reviewed the usefulness of comparative genomics in identifying potential pathogenicity factors in Fusarium graminearium and Ustilago maydis. The ever-increasing efficacy and decreasing costs of sequencing should motivate researchers, especially in southern Africa, to tap into the field of pathogenomics. This should shed more light on the potential origin, adaptation and interaction of southern African leaf rust races with the host, hence providing effective opportunities for leaf rust management.



CURRENT CONTROL STRATEGIES OF LEAF RUST

Various options to control Pt including biological, cultural, chemical (fungicides) and host plant resistance are available. However, limited studies are conducted on the biological and cultural control options, leaving the last two options being widely used in southern Africa. Timely and accurate application of fungicides is effective in reducing both the incidence and severity of leaf rust in wheat. In the past years, regular fungicide spraying on commercial wheat fields of the Western Cape Province in South Africa contributed to the leaf rust fungus becoming less prevalent. Fungicides with active ingredients such as epoxiconazole, tebuconazole, pyraclostrobin, and trifloxystrobin remain effective for protecting yields of susceptible varieties from leaf rust attack. Nevertheless, fungicide use is not economically and environmentally sustainable, and can pose health hazards to people and animals, as well as phytotoxicity to the crop (Kolmer et al., 2007; Pretorius et al., 2007; McCallum et al., 2016). Further, repeated use of fungicides belonging to the same group may result in the development of fungicide resistant strains putting more pressure of formulating new fungicides that can combat new, normally more virulent mutant strains. Thus far, researchers are under pressure to ensure the reduction of overreliance on fungicides but at the same time promoting greater yield stability, subsequently generating a large proportion of returns on global economic investments in international wheat research (Chaves et al., 2013). Enhanced host plant resistance, and more importantly, the combination of several effective leaf rust resistance genes remains the most feasible, economic and environmentally friendly approach to ensure durable resistance (Ayliffe et al., 2008; McCallum et al., 2016). Wheat cultivars and breeding lines with multiple leaf rust resistant genes have significantly lower disease levels (German and Kolmer, 1992; Vanzetti et al., 2011; Tsilo et al., 2014), and the use of this kind of resistance has the potential to significantly reduce disease epidemics.


Host Plant Resistance

Host plant resistance against Pt is grouped into two broad categories: (1) seedling resistance, which is conferred by single or major genes (often race-specific) and (2) adult plant resistance (APR) or partial or polygenic or slow rusting resistance caused by minor genes. APR is mainly race-non-specific, but it can also be race-specific and short-lived, being effective only against Pt isolates carrying the corresponding avirulence gene. Seedling resistance is expressed at all growth stages and is sometimes referred to as all-stage resistance (ASR). All-stage resistance is commonly qualitative and associated with a programed cell death defence response referred to as hypersensitive immunity. Adult plant resistance, on the other hand, is most effective in adult plants and is commonly quantitative. The mechanisms of action of seedling and APR genes, including their interaction with the pathogen avirulence (Avr) genes have been discussed in detail in previous reports (Johnson, 1984; Vanzetti et al., 2011; Evanega et al., 2014; Sekhwal et al., 2015). Silva et al. (2015) reported the progress made in the identification of QTL for leaf rust resistance. Durable resistance breeding programs should be guided by accurate information of the mechanism and impact of resistance conferred by target genes because it is often the mode of resistance and the right combination of resistance genes that determine the durability of resistance.

At present, more than 80 different leaf rust resistance genes and QTL spread throughout the A, B and D wheat genomes have been identified and cataloged (Kolmer, 2013; Sapkota et al., 2019). Most of these resistance genes and gene complexes were sourced from relatives of wheat such as Thinopyrum elongatum Zhuk. (Lr 19), Aegilops tauschii (Lr21), Agropyron elongatum (Lr24), Secale cereale L. (Lr26), Aegilops peregrina (Lr59) among others (McIntosh, 1975; Autrique et al., 1995; McIntosh et al., 1995; Marais and Botes, 2003). The transfer of these resistance genes from wild species to bread wheat has been successfully achieved globally. Breeding efforts have been undertaken to introgress various Lr genes into wheat breeding lines. A significant number of the Lr genes are race specific and generally conform to the “gene-for-gene” model proposed by Flor (1946), conferring resistance to pathogen races with corresponding Avr genes. They, therefore, lack durability, which was defined by Johnson (1984) as “the ability of a widely-deployed resistance gene to provide an economic level of protection over an extended period of time.” Hence major genes are frequently defeated by the appearance of new virulent races in the pathogen population through single-step mutations of the Avr gene and/or recombination or migration of new races (Samborski, 1985; Bolton et al., 2008).

Most cultivars or breeding lines that were developed earlier in southern Africa are no longer used since they largely carried race-specific genes such as Lr1, Lr3a, Lr10, Lr13, Lr14a, Lr17b, Lr24, Lr26, Lr27, and Lr31, which were defeated by new virulent races. For example, a South African wheat cultivar (SST44) carrying Lr24 was widely used in the 1980’s and the prevalence of new virulent races substantially increased vulnerability of the cultivar to leaf rust. Other varieties including Gouritz, Dipka, Flamink, SST101, and Zaragoza which were grown abundantly in South Africa were reportedly susceptible (Pretorius et al., 2007). In some cultivars, however, the combination of some of these leaf rust resistance genes remains effective owing to the absence of specific virulence combinations in local races (Pretorius et al., 1996). Maintenance of these race-specific gene combinations is not sustainable in breeding programs due to a risk of creating races of Pt isolates with multiple-gene resistance, leading to hypervirulent pathogen populations. Constant identification and selection of new sources of resistance therefore remain important in most rust resistance breeding programs. The identification of new sources with effective and durable resistance genes allows for the efficient incorporation of these target genes into germplasm pools (Kolmer, 1996). In this case, local cultivars can be improved with genes and QTLs outsourced from lines showing durable leaf rust resistance from other countries. For instance, the Brazilian cultivar, Toropi, exhibited durable APR since its release in 1965 (Casassola et al., 2015), suggesting its value in resistance breeding programs. Kolmer et al. (2018a) identified that the APR resistance in the Brazilian cultivar was conditioned by Lr78, mapping on chromosome 5DS and three other minor QTL. As a result, this cultivar was introduced to South Africa and is currently being used in resistance breeding at ARC-Small Grain. Additional APR genes including Lr74, Lr75, and Lr77 have been identified and mapped to chromosomes 3BS, 1BS, and 5DS, respectively (Singla et al., 2017; Kolmer et al., 2018b, c).

Resistance conferred by APR genes is commonly undetectable at a seedling stage but is often effective against a wide range of known Pt physiologic races. APR genes confer partial resistance, regulating the pathogen’s effectiveness by producing fewer and smaller uredinia which are surrounded by chlorosis. APR often provides long-term and durable resistance. Lr34/Sr57/Yr18/Pm38 and Lr67/Sr55/Yr46/Pm46 are some of the few cloned and sequenced adult plant (race-non-specific) resistance genes (Lagudah et al., 2006; Moore et al., 2015) in plants conferring durable resistance to leaf rust, stripe rust, stem rust, powdery mildew, and barley yellow dwarf virus (Singh, 1993). Adult plant resistance genes may have small to intermediate effects when used individually, while high levels of resistance are achieved by combining four to five genes with additive effects (German and Kolmer, 1992; Kloppers and Pretorius, 1997; Singh et al., 2000; Vanzetti et al., 2011; Tsilo et al., 2014). Other adult plant (race-non-specific) resistance genes, including Lr46/Yr29/Pm39, Sr2/Yr30, and Lr68 have been characterized (Singh et al., 1998; Hiebert et al., 2010; Herrera-Foessel et al., 2012). Table 3 summarizes some of the effective seedling and APR genes that have been deployed in most breeding programs in southern Africa and around the world. Availability of DNA markers for these genes makes it easier to deploy host–plant resistance effectively, even when race phenotyping is not possible to conduct gene postulations.


TABLE 3. Chromosome location, description, linked DNA markers and references for leaf rust resistance genes still deployed against most Puccinia triticina races in southern Africa and around the world.

[image: Table 3]


Durable Leaf Rust Resistance

Resistance is considered durable if it remains effective within a cultivar under cultivation for a significant number of years over a substantial area with favorable conditions for the respective pathogen (Johnson, 1981; Johnson, 1984). Several studies have demonstrated that durability of leaf rust resistance is more likely to be of adult plant type than of seedling type and is often linked to genes or gene loci that confer durable resistance to other rusts and diseases, as in the case of Lr34/Yr18/Sr57 (Singh, 1992), Lr46/Yr29/Pm39 (Kolmer et al., 2015), Lr67/Yr46 (Herrera-Foessel et al., 2014); and probably Lr68 (Herrera-Foessel et al., 2011), Lr74 (Kolmer et al., 2018b) Lr75 (Singla et al., 2017), Lr77 (Kolmer et al., 2018c), Lr78 (Kolmer et al., 2018a) and though the effect of the latter on other diseases has not been reported yet. However, successful integration or pyramiding of a number of single Lr genes conferring complete resistance with a few minor genes or APR genes could result in a significantly broader durable resistance over a significant number of years, a strategy advocated by BGRI. When successfully combined, resistance genes often complement each other, giving reactions different from those given individually (Kloppers and Pretorius, 1997). Furthermore, the effects of simultaneous mutations in the pathogen on virulence against multiple resistance genes is greatly reduced as compared to single genes, therefore, resistance remains effective for longer (Schaefer et al., 1963).

Kloppers and Pretorius (1997) observed active complementation of Lr34 (race-non-specific) and Lr13 (race-specific) with both genes improving resistance on the selected lines even with the presence of races possessing virulence for the Lr13 gene. German and Kolmer (1992) and Kolmer et al. (2007) also reported prolonged and positive interaction of resistance genes Lr16, Lr23, and Lr34 in North America. The complementary effect of combining resistance genes was also tested by Pretorius et al. (1996) transferring Lr21, Lr29, Lr32, Lr34, Lr35, Lr36, Lr37, Lr41, and Lr42 to South African cv. Palmiet and Karee through the backcrossing method. Likewise, Vanzetti et al. (2011) found that seedling resistance genes such as Lr16, Lr47, Lr19, Lr41, Lr21, Lr25, and Lr29 provided durable resistance when combined with APR genes such as Lr34, Sr2, and Lr46 in Argentina. A recent study by Silva et al. (2015) demonstrated the relevance of combining Lr34, Lr68, and Sr2 to increase leaf rust resistance, showing the importance of using APRs as key genes to be deployed in breeding programs to attain high levels of resistance. Combinations of partial resistance genes in the CIMMYT breeding program have conferred adequate resistance to leaf rust in the field for several years (Singh et al., 2005). Breeding lines from this program are widely used in southern Africa. Local researchers should propose breeding strategies and efficient use of tools to assist in outsourcing and introgressing new sources of rust resistance into suitable backgrounds. Efficient screening of a large number of breeding lines and varieties to determine the presence and frequency of resistance alleles in breeding programs is also necessary. The epistatic genetic effects of race-specific genes and the partial resistance response of APR genes complicates breeding strategies aimed at recombination of these genes in wheat cultivars. This necessitates the development of molecular markers to assist in gene pyramiding. However, the limited availability of diagnostic molecular markers significantly impedes the screening and gene pyramiding processes. Pre-breeding efforts are well undertaken in many institutions around the world to address the challenges. In South Africa, the University of the Free State, Stellenbosch University and ARC amongst others have invested significantly in wheat leaf rust research and resistance breeding. Some of the effective genes available include Lr9, Lr19, Lr29, Lr34, Lr45, Lr47, Lr51, and Lr52.

The development of more precise and affordable molecular tools like Kompetitive Allele Specific PCR (KASP) markers, the use of next generation sequencing (NGS) technologies and QTL mapping have proved crucial in identifying more APR genes and other effective race specific genes that can be combined to achieve stable and durable resistance. Several studies supporting the use of these tools, looking at their advantages and occurring gaps are available. A recent NGS based transcript analysis by Satapathy et al. (2014), which revealed the differential responsiveness of pathogen defence related to WRKY genes, with the potential of detecting leaf rust specific resistance genes encourages utilization of advanced technologies in rust breeding programs. Further, Li et al. (2014) provides a comprehensive summary of the genomic resources for durable leaf rust resistance breeding including eighty previously reported QTLs, and give prospects of fine mapping and cloning of these QTLs due to advances in NGS technologies. Therefore, southern African countries which have not yet invested in some of these advanced genomic tools can equally benefit from other partners through regional and global collaborations, improving their capacity to develop cultivars with durable resistance. However, local efforts to develop tools for resistance breeding, studying resistance mechanisms and pathogen genetic diversity must be intensified.



CHALLENGES IN BREEDING FOR DURABLE LEAF RUST RESISTANCE IN SOUTHERN AFRICA

As much as rust pathogens, in general, have great economic importance, limited information is available on the genes and factors required for pathogenesis and virulence. Adding to this, accurate information on the effect of the environment and full knowledge of the identity of effective resistance genes in the host, their mode of action when interacting with the Avr gene, and the interaction of slow rusting resistance genes with other resistance genes or gene loci to achieve stable and durable rust resistance across environments is still limited. It has been reported in several studies that temperature variations play a significant role in the expression of many resistance genes. A study by Herrera-Foessel et al. (2011) found that in Ciudad Obregon, Mexico, the effect of Lr68 was smaller than the effect of Lr34, Lr67, or Lr46 in the 2007–2008 and 2008–2009 seasons, while Lr68 showed stronger effects than Lr46 in the 2010–2011 season in the same studied environment. The two cropping seasons varied greatly in temperature as the 2010–2011 season proved to be significantly cooler than the previous seasons, suggesting that Lr68 may be expressed better at lower temperatures. Studies by Pretorius et al. (1984) and Kolmer (1996) also highlighted the effects of temperature on the expression of the APR gene Lr13. In the former study, Lr13 was expressed at 25°C, resulting in an avirulent infection type in seedling plants exposed to three isolates of Pt from Mexico, China and Chile. Kolmer (1996) on the other hand showed that Pt isolates from North America have high infection types to seedlings with Lr13 regardless of temperature, but many of the same isolates have low infection types to adult plants with Lr13.

Limited public funding for sustained research on both the host as well as the pathogen and its variability, created a bottleneck in breeding for durable leaf rust resistance in most southern African countries. For example, despite the contribution of the ARC in improving the performance of the agricultural sector in South Africa, public funding (through Parliamentary Grant) to the ARC has been declining in real terms over the recent years (Dlamini et al., 2015). This impacts the ability of the ARC to effectively implement and support its various research programs, including wheat breeding programs. Hence, an investment strategy that supports sustained research programs geared toward wheat varietal improvement as well as identifying and addressing the ever-evolving rust races is necessary (Nhemachena et al., 2019). Plant breeders with the help of agricultural economists, need to estimate the benefits derivable from wheat varietal improvement research including breeding for durable rust resistance, to provide important arguments to decision-makers in the prioritization and allocation of public funding to wheat varietal research and other research needs. The training of future plant breeders, pathologists as well as bioinformaticians in collaboration with universities in Africa, will also generate immeasurable benefits in maintaining or conserving valuable genetic materials for wheat and other crops, and generate varieties that integrate specific public-good traits such as durable rust resistance.



THE FUTURE OF DURABLE RESISTANCE BREEDING

Much effort is still required than just relying on the phenotypic and genetic characterization of individual resistance genes to achieve durable resistance. A more system-oriented approach is needed, and this may include developing durable transgenic hosts and silencing of essential genes in the pathogen by expressing small interfering RNAs in the host (HIGS). Modest progress has been made in engineering durable resistance to wheat rust, especially leaf rust which causes considerable damage to wheat production. Resistance genes are continually being characterized and mapped in wheat and its relatives with only a few durable leaf rust resistance genes mapped. Adding to this, map-based cloning in wheat has become easier with the availability of whole genome sequencing. However, limited work has been done in cloning multiple effective leaf rust resistance genes. Some of the cloned leaf rust resistance genes include Lr1 (Cloutier et al., 2007), Lr10 (Feuillet et al., 2003), Lr21 (Huang et al., 2003), Lr34 (Lagudah et al., 2006), and Lr67 (Moore et al., 2015). Cloning more effective resistance genes is needed for incorporation into resistance gene cassettes which could be successful in breeding for durable rust resistance. The advantage of cassettes is that the genes segregate as a unit. The genome editing technology can also prove useful for both the host and the pathogen, aiding in sequentially inserting multiple cassettes or incorporating multiple genes including non-host resistance genes at a single target site in the plant genome.


Host Induced Gene Silencing

The discovery of RNAi technology has provided new opportunities to explore engineering of resistance against some biotrophic pathogens in plants by inducing silencing of genes essential for pathogen virulence. RNAi is an intrinsic cellular mechanism shared by all multicellular eukaryotes with apparent roles in gene regulation and defence against viral infection (Baulcombe, 2004). The mechanism occurs post-transcriptionally and converts double stranded (ds) RNA into short RNA duplexes of 21–28 nucleotides in length, followed by the guided cleavage of complementary mRNA by the generated sequence-specific single-stranded RNAs termed short interfering (si) RNAs (Watson et al., 2005; Small, 2007). The RNAi pathway can also be activated by viral RNAs and is a major line of defence against RNA viruses. Virus-induced gene silencing (VIGS) uses viral vectors to produce dsRNA of a target gene fragment and triggers RNAi silencing. The mechanism has been exploited extensively and has become a powerful functional genomic tool to silence any gene of interest by introducing target gene sequences into cells or organisms. Recent studies have demonstrated that the expression of silencing constructs in plants designed on fungal genes can silence the expression of their target respective genes in invading pathogenic fungi (Nunes and Dean, 2012). The barley stripe mosaic virus (BSMV) is popularly used as a vector in wheat to scrutinize candidate genes for their involvement in rust resistance. Yin et al. (2011) made use of BSMV to express dsRNA from Puccinia genes in plants to determine whether silencing can be delivered to the pathogen and suppress the expression of the fungal genes. Results from this study clearly showed that some P. striiformis genes can be silenced through a host-induced RNAi system. This may yet prove to be a viable technology to analyse gene functions in rust fungi and control wheat rust disease in southern Africa.



CONCLUSION AND FUTURE PROSPECTS

The variability and constant evolution of wheat leaf rust populations exhort huge pressure on wheat breeders and researchers in general to be constantly vigilant against the emergence of new rust races. This requires timeous monitoring and collaborative surveillance of changes in the virulence patterns among rust pathogens in each country and across regions. Durable host plant resistance to leaf rust is one of the most critical traits that breeding programs should invest in, permitting a reduction in the use of fungicides as well as promoting greater stability and sustainability of yield levels. The use of highly sophisticated and high-throughput tools such as field pathogenomics, transgenics, genome editing, and NGS to study both the host and the pathogen will assist in ultimately achieving broad spectrum and durable leaf rust resistance in wheat. This will subsequently result in a realization of large proportions of returns on global economic investments in international wheat research. A multidisciplinary approach involving pathologists, breeders, geneticists, physiologists, agronomists and bioinformaticians at different stages of research and development is necessary to develop an improved cultivar with stable and durable leaf rust resistance through host plant resistance approach. The extensive training of young researchers specifically in the field of plant–pathogen interaction and in the use of high-throughput technologies mentioned above, in collaboration with universities in Africa, will also generate immeasurable benefits in maintaining or conserving valuable genetic materials for wheat and other economically important crops and generate varieties that integrate specific public-good traits such as durable rust resistance.



AUTHOR CONTRIBUTIONS

SF wrote the first draft of the article and finalized with contributions by KN, LM, TT, TJT, and HS.



ACKNOWLEDGMENTS

The National Research Foundation, the Winter Cereal Trust and the Agricultural Research Council of South Africa are sincerely acknowledged for the overall support of the study.


FOOTNOTES

1
https://rusttracker.cimmyt.org/

2
www.globalrust.org/

3
www.broad.mit.edu/annotation/genome/puccinia_group/MultiHome.html/


REFERENCES

Allen-Sader, C., Thurston, W., Meyer, M., Nure, E., Bacha, N., Alemayehu, Y., et al. (2019). An early warning system to predict and mitigate wheat rust diseases in Ethiopia. Environ. Res. 14:115004. doi: 10.1088/1748-9326/ab4034

Anderson, R. (1963). Studies in the Inheritance Of Resistance To Leaf Rust Of Wheat. Mexico: CIMMYT.

Autrique, E., Tanksley, S. D., Sorrells, M. E., and Singh, R. P. (1995). Molecular markers for four leaf rust resistance genes introgressed into wheat from wild relatives. Genome 38, 75–83. doi: 10.1139/g95-009

Ayliffe, M., Singh, R., and Lagudah, E. (2008). Durable resistance to wheat stem rust needed. Curr. Opin. Plant Biol. 11, 187–192. doi: 10.1016/j.pbi.2008.02.001

Baulcombe, D. (2004). RNA silencing in plants. Nature 431, 356–363.

Bolton, M. D., Kolmer, J. A., and Garvin, D. F. (2008). Wheat leaf rust caused by Puccinia triticina. Mol. Plant Path. 9, 563–575. doi: 10.1111/j.1364-3703.2008.00487.x

Boshoff, W. H. P., Labuschagne, R., Terefe, T., Pretorius, Z. A., and Visser, B. (2018). New Puccinia triticina races on wheat in South Africa. Australas. Plant Path. 47, 325–334. doi: 10.1007/s13313-018-0560-1

Brown, J. K., and Hovmøller, M. S. (2002). Aerial dispersal of pathogens on the global and continental scales and its impact on plant disease. Science 297, 537–541. doi: 10.1126/science.1072678

Buen-Sancho, V., Bunting, D. C. E., Yanes, L. J., Yoshida, K., and Saunders, D. G. O. (2017). “Field pathogenomics: an advanced tool for wheat rust surveillance,” in Wheat Rust Disease. Methods Molecular Biology, 1659, ed. S. Periyannan (New York, NY: Humana Press).

Casassola, A., Brammer, S. P., Chaves, M. S., Martinelli, J. A., Stefanato, F., and Boyd, L. A. (2015). Changes in gene expression profiles as they relate to the adult plant leaf rust resistance in the wheat cv. Toropi. Physiol. Mol. Plant Path. 89, 49–54. doi: 10.1016/j.pmpp.2014.12.004

Chandra, S., Singh, D., Pathak, J., Kumari, S., Kumar, M., Poddar, R., et al. (2016). De novo assembled wheat transcriptomes delineate differentially expressed host genes in response to leaf rust infection. PLoS One 11:e0148453.

Chaves, M. S., Martinelli, J. A., Wesp-Guterres, C., Graichen, F. A. S., Brammer, S. P., Scagliusi, S. M., et al. (2013). The importance of food security of maintaining rust resistance in wheat. Food Secur. 5, 157–176. doi: 10.1007/s12571-013-0248-x

Cloutier, S., McCallum, B. D., Loutre, C., Banks, T. W., Wicker, T., Feuillet, C., et al. (2007). Leaf rust resistance gene Lr1, isolated from bread wheat (Triticum aestivum L.) is a member of the large psr567 gene family. Plant Mol. Biol. 65, 93–106. doi: 10.1007/s11103-007-9201-8

Corredor-Moreno, P., and Saunders, D. G. O. (2020). Expecting the unexpected: factors influencing the emergence of fungal and oomycete plant pathogens. New Phytol. 225, 118–125. doi: 10.1111/nph.16007

Derevnina, L., and Michelmore, R. W. (2015). Wheat rusts never sleep but neither do sequencers: will pathogenomics transform the way plant diseases are managed? Genome Biol. 16:44.

Dlamini, T. S., Magingxa, L., and Liebenberg, F. (2015). Estimating the Economic Value Of The National Cultivar Trials In South Africa: A Case Study For Sorghum, Sunflower, Soybeans And Dry Beans. Ancona: AIEAA.

Evanega, S. D., Singh, R. P., Coffman, R., and Pumphrey, M. O. (2014). “The borlaug global rust initiative: reducing the genetic vulnerability of wheat to rust,” in Genomics of Plant Genetic Resources, eds R. Tuberosa, A. Graner, and E. Rison (Dordrecht: Springer), 317–331. doi: 10.1007/978-94-007-7575-6_13

Feuillet, C., Travella, S., Stein, N., Albar, L., Nublat, A., and Keller, B. (2003). Map-based isolation of the leaf rust disease resistance gene Lr10 from the hexaploid wheat (Triticum aestivum L.) genome. Proc. Natl. Acad. Sci. U.S.A. 100, 15253–15258. doi: 10.1073/pnas.2435133100

Flor, H. (1946). Genetics of pathogenicity in Melampsora lini. J. Agric. Res. 73, 335–357.

Gardiner, D. M., McDonald, M. C., Covarelli, L., Solomon, P. S., Rusu, A. G., Marshall, M., et al. (2012). Comparative pathogenomics reveals horizontally acquired novel virulence genes in fungi infecting cereal hosts. PLoS Pathog. 8:e1002952.

German, S., and Kolmer, J. (1992). Effect of gene Lr34 in the enhancement of resistance to leaf rust of wheat. Theor. Appl. Genet. 84, 97–105. doi: 10.1007/bf00223987

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

Herrera-Foessel, S. A., Lagudah, E. S., Huerta-Espino, J., Hayden, M. J., Bariana, H. S., Singh, D., et al. (2011). New slow-rusting leaf rust and stripe rust resistance genes Lr67 and Yr46 in wheat are pleiotropic or closely linked. Theor. Appl. Genet. 122, 239–249. doi: 10.1007/s00122-010-1439-x

Herrera-Foessel, S. A., Singh, R. P., Huerta-Espino, J., Rosewarne, G. M., Periyannan, S. K., Viccars, L., et al. (2012). Lr68: a new gene conferring slow rusting resistance to leaf rust in wheat. Theor. Appl. Genet. 124, 1475–1486. doi: 10.1007/s00122-012-1802-1

Herrera-Foessel, S. A., Singh, R. P., Lillemo, M., Huerta-Espino, J., Bhavani, S., Singh, S., et al. (2014). Lr67/Yr46 confers adult plant resistance to stem rust and powdery mildew in wheat. Theor. Appl.Genet. 127, 781–789. doi: 10.1007/s00122-013-2256-9

Hiebert, C. W., Thomas, J. B., McCallum, B. D., Humphreys, D. G., Depauw, R. M., Hayden, M. J., et al. (2010). An introgression on wheat chromosome 4DL in RL6077 (Thatcher∗ 6/PI 250413) confers adult plant resistance to stripe rust and leaf rust (Lr67). Theor. Appl.Genet. 121, 1083–1091. doi: 10.1007/s00122-010-1373-y

Huang, L., Brooks, S. A., Li, W., Fellers, J. P., Trick, H. N., and Gill, B. S. (2003). Map-based cloning of leaf rust resistance gene Lr21 from the large and polyploid genome of bread wheat. Genetics 164, 655–664.

Hubbard, A., Lewis, C. M., Yoshida, K., Ramirez-Gonzalez, R. H., De Vallavieille-Pope, C., Thomas, J., et al. (2015). Field pathogenomics reveals the emergence of a diverse wheat yellow rust population. Genome Biol. 16:23.

Huerta-Espino, J., Singh, R., German, S., Mccallum, B., Park, R., Chen, W. Q., et al. (2011). Global status of wheat leaf rust caused by Puccinia triticina. Euphytica 179, 143–160. doi: 10.1007/s10681-011-0361-x

Hussein, S., Spies, J. J., Pretorius, Z. A., and Labuschagne, M. T. (2005). Chromosome locations of leaf rust resistance genes in selected tetraploid wheats through substitution lines. Euphytica 141, 209–216. doi: 10.1007/s10681-005-7846-4

Johnson, R. (1981). Durable resistance: definition of, genetic control, and attainment in plant breeding. Phytopathology 71, 567–568.

Johnson, R. (1984). A critical analysis of durable resistance. Annu. Rev. Phytopathol. 22, 309–330. doi: 10.1146/annurev.py.22.090184.001521

Kiran, K., Rawal, H. C., Dubey, H., Jaswal, R., Devanna, B. N., Gupta, D. K., et al. (2016). Draft genome of the wheat rust pathogen (Puccinia triticina) unravels genome-wide structural variations during evolution. Genome Biol. Evol. 8, 2702–2721. doi: 10.1093/gbe/evw197

Kloppers, F., and Pretorius, Z. (1997). Effects of combinations amongst genes Lr13, Lr34 and Lr37 on components of resistance in wheat to leaf rust. Plant Pathol. 46, 737–750. doi: 10.1046/j.1365-3059.1997.d01-58.x

Kolmer, J. (1996). Genetics of resistance to wheat leaf rust 1. Annu. Rev. Phytopathol. 34, 435–455. doi: 10.1146/annurev.phyto.34.1.435

Kolmer, J. (2001). Molecular polymorphism and virulence phenotypes of the wheat leaf rust fungus Puccinia triticina in Canada. Can. J. Bot. 79, 917–926. doi: 10.1139/b01-075

Kolmer, J. (2013). Leaf rust of wheat: pathogen biology, variation and host resistance. Forests 4, 70–84. doi: 10.3390/f4010070

Kolmer, J., Jin, Y., and Long, D. (2007). Wheat leaf and stem rust in the United States. Crop Past. Sci. 58, 631–638.

Kolmer, J., Lagudah, E., Lillemo, M., Lin, M., and Bai, G. (2015). The gene conditions partial adult-plant resistance to stripe rust, stem rust, and powdery mildew in Thatcher wheat. Crop Sci. 55, 2557–2565. doi: 10.2135/cropsci2015.02.0082

Kolmer, J., and Liu, J. (2000). Virulence and molecular polymorphism in international collections of the wheat leaf rust fungus Puccinia triticina. Phytopathology 90, 427–436. doi: 10.1094/phyto.2000.90.4.427

Kolmer, J., Liu, J., and Sies, M. (1995). Virulence and molecular polymorphism in Puccinia recondita f. sp. tritici in Canada. Phytopathology 85, 276–285.

Kolmer, J., Long, D., and Hughes, M. (2010). Physiologic specialization of Puccinia triticina on wheat in the United States in 2008. Plant Dis. 94, 775–780. doi: 10.1094/pdis-94-6-0775

Kolmer, J. A. (2005). Tracking wheat rust on a continental scale. Curr. Opin. Plant. Biol. 8, 441–449. doi: 10.1016/j.pbi.2005.05.001

Kolmer, J. A., Bernardo, A., Bai, G., Hayden, M. J., and Chao, S. (2018a). Adult plant leaf rust resistance derived from Toropi wheat is conditioned by Lr78c and three minor QTL. Phytopath 108, 246–253. doi: 10.1094/phyto-07-17-0254-r

Kolmer, J. A., Chao, S., Brown-Guedira, G., Bansal, U., and Bariana, H. (2018b). Adult plant leaf rust resitance derived from the soft red winter wheat cultivar ‘Caldwell’ maps to chromosome 3BS. Crop Sci. 58, 152–158. doi: 10.2135/cropsci2017.05.0272

Kolmer, J. A., Ordoñez, M. E., German, S., Morgounov, A., Pretorius, Z., Visser, B., et al. (2019). Multilocus genotypes of the wheat leaf rust fungus Puccinia triticina in worldwide regions indicate past and current long-distance migration. Phytopath 109, 1453–1463. doi: 10.1094/PHYTO-10-18-0411-R

Kolmer, J. A., Su, Z., Bernado, A., Bai, G., and Chao, S. (2018c). Mapping and characterisation of new adult plant leaf rust resistance gene Lr77 derived from Santa Fe winter wheat. Theor. Appl. Genet. 131, 1553–1560. doi: 10.1007/s00122-018-3097-3

Lagudah, E., McFadden, H., Singh, R., Huerta-Espino, J., Bariana, H., and Spielmeyer, W. (2006). Molecular genetic characterization of the Lr34/Yr18 slow rusting resistance gene region in wheat. Theor. Appl. Genet. 114, 21–30. doi: 10.1007/s00122-006-0406-z

Li, Z., Lan, C., He, Z., Singh, R. P., Rosewarne, G. M., Chen, X., et al. (2014). Overview and application of QTL for adult plant resistance to leaf rust and powdery mildew in wheat. Crop Sci. 54, 1907–1925. doi: 10.2135/cropsci2014.02.0162

Liu, J., and Kolmer, J. (1998). Molecular and virulence diversity and linkage disequilibria in asexual and sexual populations of the wheat leaf rust fungus Puccinia recondita. Genome 41, 832–840. doi: 10.1139/g98-088

Liu, M., Rodrigue, N., and Kolmer, J. (2014). Population divergence in the wheat leaf rust fungus Puccinia triticina is correlated with wheat evolution. Heredity 112:443. doi: 10.1038/hdy.2013.123

Long, D. L., and Kolmer, J. A. (1989). A North American system of nomenclature for Puccinia recondita f. sp. tritici. Phytopath 79, 525–529.

Mago, R., Brown-Guedira, G., Dreisigacker, S., Breen, J., Jin, Y., Singh, R., et al. (2011). An accurate DNA marker assay for stem rust resistance gene Sr2 in wheat. Theor. Appl. Genet. 122, 735–744. doi: 10.1007/s00122-010-1482-7

Mains, E., and Jackson, H. (1926). Physiologic specialisation in the leaf rust of wheat, Puccinia triticina Erikas. Phytopathology 16, 89–120.

Marais, G., and Botes, W. (2003). “Recurrent mass selection as a means to pyramid major genes for pest resistance in spring wheat,” in Proceedings of the 10th International Wheat Genetics Symposium, Paestrum.

McCallum, B., Seto-Goh, P., and Xue, A. (2010). Physiological specialization of Puccinia triticina in Canada in 2007. Can. J. Plant Pathol. 32, 229–236.

McCallum, B. D., Hiebert, C. W., Cloutier, S., Bakkeren, G., Rosa, S. B., Humphreys, D. G., et al. (2016). A review of wheat leaf rust research and the development of resistant cultivars in Canada. Can. J. Plant Pathol. 38:118.

McIntosh, R. (1975). Catalogue of gene symbols for wheat. Cereal Res. Comm. 3, 69–71.

McIntosh, R. A., Wellings, C. R., and Park, R. F. (1995). Wheat Rusts: An Atlas Of Resistance Genes. Australia: Csiro Publishing.

McNeil, M., Kota, R., Paux, E., Dunn, D., McLean, R., Feuillet, C., et al. (2008). BAC-derived markers for assaying the stem rust resistance gene, Sr2, in wheat breeding programs. Mol. Breeding 22, 15–24. doi: 10.1007/s11032-007-9152-4

Moore, J. W., Herrera-Foessel, S., Lan, C., Schnippenkoetter, W., and Ayliffe, M. (2015). A recently evolved hexose transporter variant confers resistance to multiple pathogens in wheat. Nat. Genet. 47, 1494–1498. doi: 10.1038/ng.3439

Nhemachena, C. R., Kirsten, J., and Liebenberg, F. G. (2019). Estimating and attributing benefits from wheat varietal innovations in South Africa. Agrekon 58, 68–85. doi: 10.1080/03031853.2018.1518150

Nunes, C. C., and Dean, R. A. (2012). Host-induced gene silencing: a tool for understanding fungal host interaction and for developing novel disease control strategies. Mol. Plant Pathol. 13, 519–529. doi: 10.1111/j.1364-3703.2011.00766.x

Prasad, P., Savadi, S., Bhardwaj, S. C., and Gupta, P. K. (2020). The progress of leaf rust research in wheat. Fungal Biol. doi: 10.1016/j.funbio.2020.02.013

Pretorius, Z., and Bender, C. (2010). First report of virulence for the wheat leaf rust (Puccinia triticina) resistance gene Lr32 in South Africa. Plant Dis. 94:381. doi: 10.1094/pdis-94-3-0381a

Pretorius, Z., Kloppers, F., and Van Niekerk, B. (1996). “Wheat leaf rust resistance in South Africa: present status and future prospects,” in Proceedings of the 9th Regional Workshop for Eastern, Central and Southern Africa, Addis Ababa. doi: 10.1094/pdis-94-3-0381a

Pretorius, Z., and Le Roux, J. (1988). Occurrence and pathogenicity of Puccinia recondita f. sp. tritici on wheat in South Africa during 1986 and 1987. Phytophylactica 20, 349–352.

Pretorius, Z., Pakendorf, K., Marais, G., Prins, R., and Komen, J. (2007). Challenges for sustainable cereal rust control in South Africa. Crop Pasture Sci. 58, 593–601.

Pretorius, Z., and Purchase, P. (1990). Virulence characteristics of wheat leaf rust in Zimbabwe, Zambia and Malawi. Phytophylactica 22, 141–142.

Pretorius, Z., Rijkenberg, F., and Wilcoxson, R. (1987). Occurrence and pathogenicity of Puccinia recondita f. sp. tritici on wheat in South Africa from 1983 through 1985. Plant Dis. 71, 1133–1137.

Pretorius, Z., Roux, J. L., and Drijepondt, S. (1990). Occurrence and pathogenicity of Puccinia recondita f. sp. tritici on wheat in South Africa during 1988. Phytophylactica 22, 225–228.

Pretorius, Z., Visser, B., Terefe, T., Herselman, L., Prins, R., Soko, T., et al. (2015). Races of Puccinia triticina detected on wheat in Zimbabwe, Zambia and Malawi and regional germplasm responses. Australas Plant Path. 44, 217–224. doi: 10.1007/s13313-014-0339-y

Pretorius, Z., Wilcoxson, R., Long, D., and Schafer, J. (1984). Detecting wheat leaf rust resistance gene Lr13 in seedlings Puccinia recondita f. sp. tritici influence of temperature Plant Dis. 68, 585–586.

Prins, R., Groenewald, J., Marais, G., Snape, J., and Koebner, R. (2001). AFLP and STS tagging of Lr19, a gene conferring resistance to leaf rust in wheat. Theor. Appl. Genet. 103, 618–624. doi: 10.1007/pl00002918

Saari, E. E., and Prescott, J. (1985). World Distribution In Relation To Economic Losses. Mexico: CIMMYT.

Samborski, D. (1985). Wheat leaf rust. Cereal Rusts 2, 39–59. doi: 10.1016/b978-0-12-148402-6.50010-9

Sapkota, S., Hao, Y., Johnson, J., Lopez, B., Bland, D., Chen, Z., et al. (2019). Genetic mapping of a major gene for leaf rust resistance in soft red winter wheat cultivar AGS 2000. Mol. Breed. 39:8.

Satapathy, L., Singh, D., Ranjan, P., Kumar, D., Kumar, M., Prabhu, K., et al. (2014). Transcriptome-wide analysis of WRKY transcription factors in wheat and their leaf rust responsive expression profiling. Mol. Genet. Genomics 289, 1289–1306. doi: 10.1007/s00438-014-0890-9

Schachermayr, G., Siedler, H., Gale, M., Winzeler, H., Winzeler, M., and Keller, B. (1994). Identification and localization of molecular markers linked to the Lr9 leaf rust resistance gene of wheat. Theor. Appl. Genet. 88, 110–115. doi: 10.1007/bf00222402

Schaefer, J., Caldwell, R., Patterson, F., and Compton, L. (1963). Wheat leaf rust combinations. Phytopathology 53, 569–573.

Sekhwal, M. K., Li, P., Lam, I., Wang, X., Cloutier, S., and You, F. M. (2015). Disease resistance gene analogs (RGAs) in Plants. Inte. J. Mol. Sci. 16, 19248–19290. doi: 10.3390/ijms160819248

Sharma-Poudyal, D., Bai, Q., Wan, A., Wang, M., See, D. R., and Chen, X. (2020). Molecular characterization of international collections of the wheat stripe rust pathogen Puccinia striiformis f. sp. tritici reveals high diversity and intercontinental migration. Phytopath 110, 933–942.

Silva, P., Calvo-Salazar, V., Condón, F., Quincke, M., Pritsch, C., Gutiérrez, L., et al. (2015). Effects and interactions of genes Lr34, Lr68 and Sr2 on wheat leaf rust adult plant resistance in Uruguay. Euphytica 204, 599–608. doi: 10.1007/s10681-014-1343-6

Singh, R. (1992). Genetic association of leaf rust resistance gene Lr34 with adult plant resistance to stripe rust in bread wheat. Phytopathology 82, 835–838.

Singh, R. (1993). Genetic association of gene Bdv1 for tolerance to barley yellow dwarf virus with genes Lr34 and Yr18 for adult plant resistance to rusts in bread wheat. Plant Dis. 77, 1103–1106.

Singh, R., Huerta-Espino, J., Rajaram, S., Barna, B., and Kiraly, Z. (2000). Achieving near-immunity to leaf and stripe rusts in wheat by combining slow rusting resistance genes. Acta Phytopathol. Entomol. Hung. 35, 133–139.

Singh, R., Mujeeb-Kazi, A., and Huerta-Espino, J. (1998). Lr46: a gene conferring slow-rusting resistance to leaf rust in wheat. Phytopathology 88, 890–894. doi: 10.1094/phyto.1998.88.9.890

Singh, R. P., Huerta-Espino, J., and William, H. M. (2005). Genetics and breeding for durable resistance to leaf and stripe rusts in wheat. Turk J. Agric. Forest 29, 121–127.

Singla, J., Lüthi, L., Wicker, T., Bansal, U., Krattinger, S. G., and Keller, B. (2017). Characterisation of Lr75: a partial, broad-spectrum leaf rust resitance gene in wheat. Theor. Appl. Genet. 130, 1–12. doi: 10.1007/s00122-016-2784-1

Small, I. (2007). RNAi for revealing and engineering plant gene functions. Curr. Opin. Biotech. 18, 148–153. doi: 10.1016/j.copbio.2007.01.012

Suenaga, K., Singh, R., Huerta-Espino, J., and William, H. (2003). Microsatellite markers for genes Lr34/Yr18 and other quantitative trait loci for leaf rust and stripe rust resistance in bread wheat. Phytopathology 93, 881–890. doi: 10.1094/phyto.2003.93.7.881

Sun, X., Bai, G., and Carver, B. F. (2009). Molecular markers for wheat leaf rust resistance gene Lr41. Mol. Breed. 23, 311–321. doi: 10.1007/s11032-008-9237-8

Terefe, T., Paul, I., Mebalo, J., Naicker, K., and Meyer, L. (2009). Occurrence and pathogenicity of Puccinia triticina on wheat in South Africa during 2007. South Afr. J. Plant Soil 26, 51–54.

Terefe, T., Pretorius, Z., Bender, C., Visser, B., Herselman, L., and Negussie, T. (2011). First report of a new wheat leaf rust (Puccinia triticina) race with virulence for Lr12, 13, and 37 in South Africa. Eur. J. Plant Pathol. 139, 95–105.

Terefe, T., Visser, B., Herselman, L., Prins, R., Negussie, T., Kolme, J., et al. (2014a). Diversity in Puccinia triticina detected on wheat from 2008 to 2010 and the impact of new races on South African wheat germplasm. Eur. J. Plant Pathol. 139, 95–105. doi: 10.1007/s10658-013-0368-3

Terefe, T., Visser, B., Herselman, L., Selinga, T., and Pretorius, Z. (2014b). First report of Puccinia triticina (leaf rust) race FBPT on wheat in South Africa. Australas Plant Pathol. 44:217.

Terracciano, I., Maccaferri, M., Bassi, F., Mantovani, P., Sanguineti, M. C., Salvi, S., et al. (2013). Development of COS-SNP and HRM markers for high-throughput and reliable haplotype-based detection of Lr14a in durum wheat (Triticum durum Desf.). Theoret. Appl. Genet. 126, 1077–1101. doi: 10.1007/s00122-012-2038-9

Tsilo, T. J., Kolmer, J. A., and Anderson, J. A. (2014). Molecular mapping and improvement of leaf rust resistance in wheat breeding lines. Phytopathology 104, 865–870. doi: 10.1094/phyto-10-13-0276-r

Vanzetti, L. S., Campos, P., Demichelis, M., Lombardo, L. A., Aurelia, P. R., Vaschetto, L. M., et al. (2011). Identification of leaf rust resistance genes in selected Argentinean bread wheat cultivars by gene postulation and molecular markers. Electron. J. Biotechn. 14:9.

Vida, G., Gál, M., Uhrin, A., Veisz, O., Syed, N. H., Flavell, A., et al. (2009). Molecular markers for the identification of resistance genes and marker-assisted selection in breeding wheat for leaf rust resistance. Euphytica 170, 67–76. doi: 10.1007/s10681-009-9945-0

Visser, B., Herselman, L., Bender, C. M., and Pretorius, Z. A. (2012). Microsatellite analysis of selected Puccinia triticina races in South Africa. Australas Plant Pathol. 41, 165–171. doi: 10.1007/s13313-011-0104-4

Visser, B., Meyer, M., Park, R. F., Gilligan, C. A., Burgin, L. E., Hort, M. C., et al. (2019). Microsatellite analysis and urediniospore dispersal simulations support the movement of Puccinia graminis f. sp. tritici from Southern Africa to Australia. Phytopathology 109, 133–144. doi: 10.1094/phyto-04-18-0110-r

Watson, J. M., Fusaro, A. F., Wang, M., and Waterhouse, P. M. (2005). RNA silencing platforms in plants. FEBS Lett. 579, 5982–5987. doi: 10.1016/j.febslet.2005.08.014

William, M., Singh, R., Huerta-Espino, J., Islas, S. O., and Hoisington, D. (2003). Molecular marker mapping of leaf rust resistance gene Lr46 and its association with stripe rust resistance gene Yr29 in wheat. Phytopathology 93, 153–159. doi: 10.1094/phyto.2003.93.2.153

Xu, J., Linning, R., Fellers, J., Dickinson, M., Zhu, W., Antonov, I., et al. (2011). Gene discovery in EST sequences from the wheat leaf rust fungus Puccinia triticina sexual spores, asexual spores and haustoria, compared to other rust and corn smut fungi. BMC Genomics 12:161. doi: 10.1186/1471-2164-12-161

Yin, C., Jurgenson, J. E., and Hulbert, S. H. (2011). Development of a host-induced RNAi system in the wheat stripe rust fungus Puccinia striiformis f. sp. tritici. Mol. Plant Microbe Interact. 24, 554–561. doi: 10.1094/mpmi-10-10-0229


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.

Copyright © 2020 Figlan, Ntushelo, Mwadzingeni, Terefe, Tsilo and Shimelis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 26 May 2020
doi: 10.3389/fpls.2020.00678





[image: image]

How Target-Sequence Enrichment and Sequencing (TEnSeq) Pipelines Have Catalyzed Resistance Gene Cloning in the Wheat-Rust Pathosystem

Jianping Zhang1, Peng Zhang2*, Peter Dodds1* and Evans Lagudah1,2*

1CSIRO Agriculture & Food, Canberra, ACT, Australia

2Plant Breeding Institute Cobbitty, The University of Sydney, Sydney, NSW, Australia

Edited by:
Paul Christiaan Struik, Wageningen University & Research, Netherlands

Reviewed by:
Xianming Chen, United States Department of Agriculture (USDA), United States
Sylvie Cloutier, Agriculture and Agri-Food Canada (AAFC), Canada

*Correspondence: Peng Zhang, peng.zhang@sydney.edu.au; Peter Dodds, peter.dodds@csiro.au; Evans Lagudah, evans.lagudah@csiro.au

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

Received: 04 March 2020
Accepted: 30 April 2020
Published: 26 May 2020

Citation: Zhang J, Zhang P, Dodds P and Lagudah E (2020) How Target-Sequence Enrichment and Sequencing (TEnSeq) Pipelines Have Catalyzed Resistance Gene Cloning in the Wheat-Rust Pathosystem. Front. Plant Sci. 11:678. doi: 10.3389/fpls.2020.00678

The wheat-rust pathosystem has been well-studied among host–pathogen interactions since last century due to its economic importance. Intensified efforts toward cloning of wheat rust resistance genes commenced in the late 1990s with the first successful isolation published in 2003. Currently, a total of 24 genes have been cloned from wheat that provides resistance to stem rust, leaf rust, and stripe rust. Among them, more than half (15) were cloned over the last 4 years. This rapid cloning of resistance genes from wheat can be largely credited to the development of approaches for reducing the genome complexity as 10 out of the 15 genes cloned recently were achieved by approaches that are summarized as TEnSeq (Target-sequence Enrichment and Sequencing) pipelines in this review. The growing repertoire of cloned rust resistance genes provides new tools to support deployment strategies aimed at achieving durable resistance. This will be supported by the identification of genetic variation in corresponding Avr genes from rust pathogens, which has recently begun. Although developed with wheat resistance genes as the primary targets, TEnSeq approaches are also applicable to other classes of genes as well as for other crops with complex genomes.
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INTRODUCTION

Wheat crops are afflicted by three major rust diseases, namely stem/black rust, stripe/yellow rust, and leaf rust/brown rust, each caused by a different fungal species in the genus Puccinia. Significant yield losses from each of the three diseases have been reported from almost all major wheat-growing regions worldwide. Losses to leaf rust were approximately $350 million between 2000 and 2004 in the United States (Huerta-Espino et al., 2011). In China, leaf rust causes yield losses estimated at 3 million tons annually (Huerta-Espino et al., 2011). Leaf rust was also reported as a severe threat to wheat crops in Mexico and South Asia in the past, but with the utilization of slow rusting resistance genes in some areas like the United States, damage in recent decades has been reduced substantially (Huerta-Espino et al., 2011). Stripe rust epidemics were previously restricted mainly to cooler and humid regions, such as those in Asia and Europe. However, the appearance and spread of aggressive races that have adapted to warmer climates have expanded the geographic footprint of this disease since 2000, resulting in severe losses in many countries (Wellings et al., 2012). Annual global losses due to stripe rust were recently estimated at USD $979 million (Beddow et al., 2015). Stripe rust is also considered the most damaging wheat rust disease in Australia, with annual economic losses valued at around AUD$127 million (Murray and Brennan, 2009). Stem rust is the most destructive wheat attacking rusts and has historically been especially damaging in Africa, the Americas, Europe, and Australia. Numerous severe stem rust epidemics occurred in the United States during the first half of the 20th century, causing average yield losses of 19.3 to 28.4% in some states (Roelfs, 1978). The wide utilization of resistant cultivars adopted during the Green Revolution and the eradication of the alternate host barberry since 1954 in the United States resulted in much improved global control of stem rust. However, this situation has changed following the emergence of the highly virulent stem rust pathotype Ug99, first detected in Uganda in 1998, and now widespread in parts of Africa and the Middle East (Singh et al., 2015).

Genetic control is considered as the most effective and environmentally friendly strategy to control rust disease and involves breeding effective disease resistance genes into wheat cultivars. Many rust resistance genes have been identified genetically, and introgression into wheat lines is increasingly being facilitated by the development of robust molecular markers. However, the massive and complex genome of wheat presents major challenges for the isolation of individual genes. In the past 17 years, 24 rust resistance genes have been cloned using various strategies, with more than half of these (15) identified only in the last 4 years. This recent accelerated progress was made possible by (i) the public availability of the first high quality reference genome for wheat (Chinese Spring RefSeq v1.0) and (ii) the development of various approaches for reducing the genome complexity to allow targeted resequencing analyses. In particular, 10 out of the 15 genes cloned since 2016 were identified through pipelines involving Target-sequence Enrichment and Sequencing (TEnSeq). In this review, we briefly covered some general features of the wheat-rust pathosystem and the most recent progress in the area of cloning wheat rust resistance and rust fungal effector genes.



RUST DISEASE OF WHEAT

Rust fungi are one of the most diverse groups of plant pathogens, consisting of more than 120 genera and 6000 species (Duplessis et al., 2011). Studies of cereal rust diseases go back to Felice Fontana in 1767, who is considered to be the first person to provide a detailed description of cereal rusts and to recognize that rusts are caused by fungi (Fontana and Pirone, 1932; Chester, 1946). The primary causal agents of the wheat stem rust, leaf rust, and stripe rust diseases are Puccinia graminis Pers.: Pers. f. sp. tritici Erikss. & E. Henn (Pgt), P. triticina (syn. P. recondita Rob. ex Desm. f. sp. tritici) (Pt), and P. striiformis Westend. f. sp. tritici Erikss. & E. Henn. (Pst), respectively (Roelfs, 1985; Samborski, 1985; Stubbs, 1985; Knott, 1989; McIntosh et al., 1995). All belong to the genus Puccinia, family Pucciniaceae, order Pucciniales, class Teliomycetes, and phylum Basidiomycota, within the kingdom Fungi. Because of the economic importance of rust diseases, the causal agents are the most intensively studied plant pathogenic fungal species (McIntosh et al., 1995; Figueroa et al., 2020). Moreover, some important principles derived from the pathogenetic rust studies, for example, the gene-for-gene model (Flor, 1971), have found wide applications in other host–pathogen systems.

Rust pathogens are well-known to have great pathogenic variability, and the frequent emergence of new virulent strains that overcome resistance genes present in cultivated wheat varieties has hindered efforts to achieve durable resistance to these pathogens (Chen et al., 2014; Zhao et al., 2016). Studies of pathogenic variability in rust populations have indicated that new virulences can arise through the introduction of exotic genotypes, mutation in clonal lineages, sexual recombination and asexual hybridization (Park, 2007; Li et al., 2019). As an example, the Pgt population of Australia was postulated to be the result of four exotic incursions into the country since 1925 (Zwer et al., 1992; Zhang J. et al., 2017). Recent genetic studies have shown that three of these were derived from southern Africa and represent a single clonal lineage that was first described in the 1920s (Li et al., 2019; Visser et al., 2019). Subsequent to these introductions, stepwise mutations to overcome individual resistance genes have led to the divergence of numerous races with different pathotypes (Park, 2007).



GENETIC RESISTANCE OF WHEAT RUST DISEASE


Concept of Plant Innate Immunity

Long-term co-evolution between plants and their pathogens has equipped plants with a sophisticated multi-layered immune system to guard themselves against pest and pathogens (Andersen et al., 2018). The development of our understanding of the plant immune system is summarized in chronological order in Figure 1.
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FIGURE 1. The milestones of understanding plant immune system in chronological order. Adapted from Andersen et al. (2018).


The plant immune system is often described in terms of two components, i.e., pattern-triggered immunity (PTI), activated by the recognition of microbial or pathogen-associated molecular patterns (MAMPs or PAMPs), and effector-triggered immunity (ETI), which encompasses “gene-for-gene” type of resistance (Jones and Dangl, 2006; Dodds and Rathjen, 2010). Bacterial flagellin and chitin are classic examples of MAMPs or PAMPs and are recognized by pattern recognition receptors (PRRs) such as Receptor-Like Kinase (RLK) and Receptor-Like Protein (RLP) type transmembrane receptor proteins. ETI is often based on the recognition of cytosolic effectors by immune receptors with a conserved nucleotide-binding domain (NB-ARC) and a leucine-rich repeat domain (LRR), hereafter referred to as NLRs. This type of resistance is normally associated with a hypersensitive response (HR) localized to infection sites. However, the distinction between PTI and ETI is often blurred, and recent models of plant immunity highlight that there are a range of cell-surface receptors recognizing extracellular ligands (which may be PAMPS or extracellular effectors or host derived-patterns), and intracellular receptors that recognize intracellular ligands (Cook et al., 2015; Kanyuka and Rudd, 2019).



Plant Resistance (R) Genes

More than 300 R genes have been cloned from plants to date and Kourelis and van der Hoorn (2018) reviewed the defense mechanisms functions and summarized nine main defense mechanisms based on all cloned R proteins. Most plant R genes are dominant in action and encode immune receptors that recognize pathogen avirulence proteins as described above. However, some genes that confer resistance phenotypes operate via different mechanisms. For instance, Hm1 from maize (Zea mays) was the first cloned R gene and encodes an enzyme that detoxifies a toxin from the fungal pathogen Cochliobolus carbonum (Johal and Briggs, 1992). Two wheat adult plant resistance (APR) genes Lr34/Yr18/Sr57/Pm38 and Lr67/Yr46/Sr55/Pm46 are also examples of non-immunity-mediated resistance genes (Krattinger et al., 2009; Moore et al., 2015). Both encode transporter proteins and confer resistance against multiple pathogens in wheat and can also function in other crops (Risk et al., 2013; Chauhan et al., 2015; Krattinger et al., 2016; Rinaldo et al., 2017; Schnippenkoetter et al., 2017; Sucher et al., 2018). These two genes have been important components of wheat breeding for rust resistance and often show additive or synergistic interactions with the other more “typical” R genes (immune receptors). Thus approaches for identifying effective resistance genes must consider both classical immune receptor class genes as well as other novel classes that may operate via different mechanisms.



Plant NLRs

Most of the cloned R genes from the wheat-rust pathosystems encode immune receptors of the NLR class (19 out of 24, Table 1). Despite the huge evolutionary distance between the plant and animal kingdoms, members of both use the intracellular proteins of the NB-ARC-LRR superfamily to perceive pathogens. However, recent studies suggest that this is the result of convergent evolution and that the domain architecture of the NLRs evolved at least twice (Urbach and Ausubel, 2017). Jones et al. (2016) reviewed the processes associated with intracellular innate immunity in both plants and animals and built an NLR tree to illustrate the proposed evolution of NLR genes following independent pathways for plant and animal species. The authors also proposed that plant and animal NLRs evolved from two distinct derivatives of a common ancestral prokaryotic adenosine triphosphatase (ATPase) represented by the NB-ARC domain class (nucleotide-binding domain shared by APAF-1, plant R proteins, and CED-4) and the NACHT domain class (shared by NAIP, CIITA, HET-E, and TP1). While animal and fungal genomes can contain both NB-ARC and NACHT domains, no NACHT domains have been found in plants. NACHT domains are also absent from some animal taxa such as the nematodes and Drosophila.


TABLE 1. Cloned rust resistance genes in wheat from 2003 to 2020.
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The number of NLRs in a given plant genome can be as high as several 1000 (Appels et al., 2018). As revealed by the increasing number of newly available whole genome sequences and the more precise bioinformatic pipelines developed for identifying NLR genes, the number of NLR genes varies greatly between species. While the number of NLRs is normally proportional to the size of the genome, apple (Malus domestica) is an exception in possessing nearly 1,000 NLRs despite having a relatively small genome (740 Mb). In contrast, the number of NLRs in orchids species (Apostasia shenzhenica) with a genome size of 349 Mb was reported to be normally less than a 100 (Zhang G. Q. et al., 2017; Xue et al., 2020). This appears to indicate that the number of NLRs within a certain genome may also be a result of the selection pressures posed by pathogens during the evolutionary history of that plant lineage and degree of exposure to pathogens (Borrelli et al., 2018).



The Wheat Genome and Its NLRs

The bread wheat (Triticum aestivum) genome is one of the most challenging plant genomes to study. It is highly repetitive (∼85%) and approximately 15.4–15.8 Gbp in size, which is five times larger than the human genome (Appels et al., 2018). T. aestivum is a hexaploid species that arose through natural hybridization of three closely related wild grass species which contributed the A, B, and D genomes of wheat (Salamini et al., 2002). A low coverage survey sequence of the wheat genome became available in 2012 (Brenchley et al., 2012), after which assemblies have been greatly improved as sequencing technologies and bioinformatic analysis pipelines became more powerful. The first version of the wheat genome in the form of chromosome-sized scaffolds (IWGSC RefSeq v1.0) was made publicly available in 2018 (Appels et al., 2018) and an improved version v2.0 in 2019. High-quality reference genome sequences were also recently published for the wild diploid progenitor of the wheat D genome (Aegilops tauschii) and the wild tetraploid progenitor T. diccocoides and cultivated tetraploid wheat T. turgidum cv. durum (Avni et al., 2017; Luo et al., 2017; Maccaferri et al., 2019). Based on an analysis of the IWGSC RefSeq v1.0 assembly Steuernagel et al. (2018) reported a total of 3,400 full-length NLR loci.



TENSEQ PIPELINES AS A CATALYST IN ISOLATING R GENES IN WHEAT

The massive and complex genome of wheat has made the isolation of individual genes a challenging task. Among ∼200 rust resistance genes cataloged in wheat, only a small number have been cloned and had their molecular functions studied. A complete list of the rust resistance genes cloned so far from wheat is shown in Table 1. In 17 years since 2003, there are in total 24 wheat rust R genes that have been cloned and published. More than half of the genes were cloned in the last 4 years after the MutRenSeq pipeline was published in 2016 (Steuernagel et al., 2016), and 10 of these were cloned directly or partially using approaches based on some version of genome complexity reduction which we refer to here collectively as TEnSeq (Target-sequence Enrichment and Sequencing).

Various gene cloning strategies have been used to position a gene to its exact location within the genome and identify its nucleotide sequence and the protein that it encodes. The traditional map-based or positional cloning strategy narrows down the gene location by using genetic recombination in biparental populations that segregate for the gene of interest (Keller et al., 2018) (Figure 2A). This approach depends on the availability of a large segregating population that allows mapping of the gene of interest to a small genetic interval. Markers from this genetic interval are then used to screen a physical library, often prepared in bacterial artificial chromosomes (BACs). The large genome of wheat and relatively small size of the BAC clones (100–200 kb) requires that the target gene is mapped to a very small genetic interval that corresponds to only a few overlapping BAC clones. Thus this strategy is not viable for target genes derived from wild relatives of wheat and which are located in introgressed genome segments that do not recombine with wheat chromatin. Applying this strategy on genes that are located in centromeric regions is also extremely challenging, as recombination rates in this region are low. It is not uncommon to spend 5–10 years or even longer on cloning one gene by map-based cloning (Mago et al., 2015; Klymiuk et al., 2018).
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FIGURE 2. Illustrations of the five strategies applied for cloning resistance genes in wheat-rust pathosystem. (A) Map-based cloning; (B) MutRenSeq; (C) AgRenSeq; (D) MutChromSeq; (E) TACCA.


To overcome the limitations of the map-based cloning strategy in the large genome of wheat, alternative approaches were developed and validated by the rapid cloning of several genes using TEnSeq pipelines. These include MutRenSeq (Mutagenesis and the Resistance gene Enrichment and Sequencing) (Figure 2B), AgRenSeq (Association genetics with R gene enrichment Sequencing) (Figure 2C), MutChromSeq (Mutgenesis Chromosome flow sorting and short-read Sequencing) (Figure 2D), and TACCA (Targeted Chromosome-based Cloning via long-range Assembly) (Figure 2E). The common component of these approaches is the intent to reduce the genome complexity prior to the use of next-generation sequencing (NGS). MutRenSeq and AgRenSeq are based on NLR-targeted DNA capture by hybridization, while MutChromSeq and TACCA rely on the purification of individual chromosomes from wheat lines. Comparisons of these newly developed approaches and the classical map-based cloning strategy are outlined in Table 2.


TABLE 2. Different strategies for cloning rust resistance genes in wheat.
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MutRenSeq was the earliest developed TEnSeq pipeline applied to clone rust resistance genes in the wheat genome. It is based on the Resistance gene Enrichment Sequencing (RenSeq) approach, which is an NLR gene-targeted, resistance gene enrichment and sequencing method. Jupe et al. (2013) described the RenSeq approach to improve the annotation of the NB-LRR gene repertoire from sequenced plant genomes, which are often poorly assembled due to the presence of complex gene families. As a proof of concept, they used it to reannotate and map NLRs in potato (Solanum tuberosum). The workflow was to first construct a customized target enrichment library (bait library) comprised of a series of 120-mer biotinylated RNA oligonucleotide. These were designed based on previously annotated NLR-like sequences from potato, tomato, tobacco, and pepper genomes and aimed to fully cover each NLR-gene sequence with bait probes of at least 80% sequence identity. This bait library was then used to capture and enrich the NB-LRR genes from a genomic DNA library of potato which was then sequenced using Illumina technology. Through this approach, the number of annotated NLRs in the potato genome was increased from 438 to 755. Furthermore, they applied RenSeq successfully in identifying SNP markers that co-segregate with the resistance against late blight pathogen Phytophthora infestans in two independent segregating populations of wild Solanum species.

Following the successful application of RenSeq on genetic mapping on the Solanum species, Steuernagel et al. (2016) proposed a three-step method, MutRenSeq, that combines mutagenesis with NLR gene capture and sequencing for rapid identification of resistance genes in wheat. Similarly, they designed a bait library containing 60,000 120-mer RNA probes with ≥ 95% similarity to predicted NLR genes present in the genome and transcriptome sequence data from Triticeae species including barley (Hordeum vulgare), hexaploid wheat (T. aestivum), tetraploid wheat (T. durum), red wild einkorn (T. urartu), domesticated einkorn (T. monococcum), and three goatgrass species (Ae. tauschii, Ae. sharonensis, and Ae. speltoides). The first successful application of MutRenSeq pipeline in cloning wheat rust resistance genes was the rapid cloning of wheat stem rust resistance genes Sr22 and Sr45. Later, its high efficiency was again demonstrated through the successful and rapid identification of Yr7, Yr5, and YrSP, which are the first three cloned major R genes against wheat stripe rust (Marchal et al., 2018). The noticeable advantage of the MutRenSeq compared with the classical map-based cloning method is that it obviates the need for a high resolution segregating mapping family and for building a physical library contig that covers the genetic interval. This not only reduces the time involved in these processes but also makes it an ideal approach for targeting genes that are located in low recombination regions such as those derived from alien species. This application is demonstrated by the recent identification of the stem rust resistance genes Sr26 and Sr61, which are located in a non-recombining introgressed segment from Thinopyrum ponticum (Zhang et al., under review).

The AgRenSeq pipeline also utilizes the NLR-gene capture method but integrates with Genome-Wide Association Studies (GWAS) to permit the cloning of R genes from a host diversity panel. Arora et al. (2019) validated this approach by identifying the wheat stem rust resistance genes Sr46 and SrTA1662 from a panel Ae. tauschii accessions. They also identified the previously cloned Sr33 and Sr45 genes within this diversity panel. In this approach, the GWAS analysis was based on the use of unique K-mer (sub-sequences) markers rather than single nucleotide polymorphisms. K-mers associated with resistance phenotypes were then used to identify the candidate NLRs.

MutChromSeq follows a similar basic principle to MutRenSeq of using multiple mutation events to identify candidate genes. However, the NLR gene-capture is replaced by whole chromosome isolation to reduce genome complexity. This approach requires that the chromosome location of the target gene is known so that the chromosome can be isolated from wild-type and mutant lines to allow sequence comparison. This approach circumvents one of the limitations of MutRenSeq, which is the requirement that a similar gene is represented in the bait library designed from existing pan-genome sequences. This approach was described first for cloning of the wheat powdery mildew resistance gene Pm2 by Sanchez-Martin et al. (2016) and was later used on cloning the leaf rust resistance gene Rph1 from barley by Dracatos et al. (2019). MutChromSeq also has the advantage that it does not rely on an underlying assumption that the resistance gene belongs to the NLR class, and therefore would be appropriate for identification of non-immune mediated resistance genes. Its most recent application is the cloning of Med15 encoded by SuSr-D1, a suppressor gene of stem rust resistance from the wheat cultivar ‘Canthatch’ (Hiebert et al., 2020).

The TACCA pipeline was first described by Thind et al. (2017) in the cloning of the leaf rust resistance gene Lr22a. It is essentially a map-based cloning strategy coupled with a cultivar specific chromosome assembly, which effectively increases the size of physical contigs onto which the genetic interval can be mapped. In this case, a sequence assembly was generated for chromosome 2D of a line carrying Lr22a after chromosome flow sorting and using a combination of Illumina short-read sequencing and proximity ligation of in vitro-reconstituted chromatin (Chicago long-range linkage). This allowed the identification of candidate genes within the physical interval delineated by the position of markers closely linked to Lr22a.



IDENTIFYING WHEAT RUST EFFECTORS

Fungal effectors are proteins secreted by pathogens that facilitate infection, often by suppressing plant immunity to help the invasion of the host (Uhse and Djamei, 2018). Fungal effectors may act in the host cytoplasm or apoplast and are mostly represented by small secreted proteins. Although 300 amino acids in size is commonly adopted as a size cut-off for effector prediction, some exceptions to this limit exist, notably AvrSr35 from Pgt, which is about 600 aa. The prediction of fungal effectors was facilitated in recent years by the increasing availability of fungal genome sequence data, and especially the development of approaches to assemble the two haploid genomes of these dikaryotic organisms separately in the case of rust fungi (Miller et al., 2018; Schwessinger et al., 2018; Li et al., 2019). It also benefit significantly from the rapid development of machine learning-based effector prediction tools (Schwessinger et al., 2018). For rust fungi, most known avirulence proteins are cytosolic effectors that are delivered into host cells during infection from specialized haustoria structures and recognized by intracellular NLR-type resistance proteins (Garnica et al., 2014).

In the wheat-rust pathosystem two rust effector/Avr genes have been identified: namely AvrSr50 and AvrSr35 from Pgt (Chen et al., 2017; Salcedo et al., 2017), which are recognized by the corresponding Sr50 and Sr35 resistance genes in wheat. These were identified based on whole-genome sequencing of wild-type (avirulent) Pgt isolates and virulent mutants. These two Pgt effectors are quite distinct from each other in sequence, but both are Haustorial Secreted Proteins (HSPs). Coincidentally, the two genes are located adjacent to each other in the Pgt genome (Li et al., 2019). As is often the case for fungal effectors, these two Avr genes are unique to P. graminis, with no homologs in related rust species. Allele mining of AvrSr50 and AvrSr35 has identified numerous genetic variants associated with either virulence or avirulence phenotypes which can serve as predictors of Pgt pathogenicity on wheat lines carrying these resistance genes. An expanded repertoire of identified rust Avr genes will ultimately lead to the prediction of isolate virulence profiles from sequence data with applications in field-based molecular diagnostics.



THE PURSUIT OF DURABLE RESISTANCE


Resistance Gene Stewardship and Deployment

The increasing number of cloned wheat rust resistance genes in recent years has led to a reconsideration of how to deploy these newly cloned resistance genes in order to escape from the “boom and bust cycle” (Figure 3). Effective resistance gene stewardship refers to the careful and responsible management of resistance genes with the aim of prolonging the resistance effect (Pretorius et al., 2017). Gene pyramids are commonly considered as the best approach to gene stewardship as this minimizes the chance of the pathogen acquiring virulence through mutation. Backcrosses and transgenic gene cassettes are two practical methods for combining multiple resistance genes into the same background.


[image: image]

FIGURE 3. The illustration of the resistance “Boom and Bust Cycle.”


Effective resistance gene stewardship requires reference to the mechanism of resistance conferred by the available genes and their ability to work in combination. Rust resistance genes may be either race-specific or non-race-specific (Periyannan et al., 2017). Race-specific resistance refers to the resistance that is effective against some but not all races within a pathogen formae specialis, and generally follows the gene-for-gene model, e.g., the resistance occurs only when a specific immune receptor (R gene) encounters its corresponding effector (Avr gene). Most NLRs confers race-specific resistance and are effective in all growth stages of the host, therefore, these are often termed as all stage resistance (ASR). Race non-specific resistance describes resistance that is effective against all races of a pathogen species and sometimes may also be effective against multiple pathogens. These are normally quantitative traits conferring partial resistance that is able to slow down disease development. Wheat stem rust resistance gene Sr2, stripe rust resistance gene Yr36, and three multi-pathogen resistance loci Lr34, Lr46, and Lr67, all fall into this race non-specific category (Ellis et al., 2014). Most of the race non-specific resistance genes are effective only at the adult plant stage of the host and are therefore often described as adult plant resistance (APR) genes. The successful cloning of Lr34, Yr36, and Lr67 since 2009 revealed these APRs encode an ABC transporter, a kinase-START protein, and a hexose transporter, respectively. They appear to each have their own resistance mechanism, function constitutively and often increase the basal level of resistance of the host, which is different from the recognition based NLRs. An important consideration is that some race-specific genes are also only effective at the adult plant stage, such as the NLR-encoding Lr22a (Thind et al., 2017).

Ellis et al. (2014) proposed that the most effective and durable means for genetic control of wheat rusts is the use of combinations of multiple broadly effective ASR and APR genes. Mundt (2018) in his latest review of durable resistance also suggested that resistance was likely to be more durable by pyramiding ASR genes into APR gene backgrounds. The APR genes Sr2, Lr34, and Yr36 all have been reported to have some additive effects when in combination with certain seedling resistance genes. Given the distinct resistance mechanisms between APRs and ASRs based on current knowledge, these synergistic or additive resistance phenotypes between the APR and ASR are likely the result of combining two different modes of resistance.

In terms of gene stewardship, Pretorius et al. (2017) suggested that resistance genes could be classified into three groups with different management strategies required. R genes belonging to Group one do not need stewardship. This includes all the slow-rusting APR genes and the genes have already been extensively distributed in breeding programs and current wheat cultivars. Group two contains R genes that are publicly accessible but are yet to be deployed widely. Stewardship of these genes was strongly encouraged, especially by being deployed together with at least one other ASR gene that has broad resistance spectrum, or several APR genes. R genes in Group three refer to newly identified R genes that have never been deployed but potentially have high economic value. For this group, a minimum of three effective genes should be incorporated in order to withstand at least a double mutation to virulence in a pathogen. Patents or material transfer agreements could be employed to facilitate gene stewardship to act effectively, especially for R genes belonging to Group three. Pretorius et al. (2017) also indicated that stewardship is actually a result of the whole agricultural system, as the stewardship chain is only as strong as the weakest link. For example, an unintended release of a cultivar with a single resistance gene is enough to put this gene at risk of being overcome by the pathogen under strong selection pressure, no matter how much effort has been invested by the breeding community in generating gene pyramids containing this gene.



CONCLUSION

There are roughly over 200 rust resistance genes that have been officially designated in wheat. Only a handful of these has been cloned to date, while many additional effective genes are expected to exist in wheat relatives. The advances in wheat rust resistance gene cloning reviewed in this paper, in particular, the TEnSeq pipeline which includes the MutRenSeq, MutChromSeq, TACCA, and AgRenSeq, will facilitate the identification of a much broader repertoire of wheat resistance genes. This will provide many more tools for marker-assisted selection in wheat breeding as well as the raw gene sequences to pursue gene stacking via transgenic gene cassettes. Together with advances in identifying genetic variation in rust Avr genes, these new tools should lead to more rational deployment strategies to maximize resistance durability. Although the TEnSeq strategies were initially developed specifically for resistance genes, these approaches can also be applied to genes with other functions and also adapted to other crops with large and complex genomes similar to wheat (Sanchez-Martin et al., 2016; Dracatos et al., 2019; Hiebert et al., 2020).
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Among several important wheat foliar diseases, Stripe rust (YR), Leaf rust (LR), and Stem rust (SR) have always been an issue of concern to the farmers and wheat breeders. Evolution of virulent pathotypes of these rusts has posed frequent threats to an epidemic. Pyramiding rust-resistant genes are the most economical and environment-friendly approach in postponing this inevitable threat. To achieve durable long term resistance against the three rusts, an attempt in this study was made searching for novel sources of resistant alleles in a panel of 483 spring wheat genotypes. This is a unique and comprehensive study where evaluation of a diverse panel comprising wheat germplasm from various categories and adapted to different wheat agro-climatic zones was challenged with 18 pathotypes of the three rusts with simultaneous screening in field conditions. The panel was genotyped using 35K SNP array and evaluated for each rust at two locations for two consecutive crop seasons. High heritability estimates of disease response were observed between environments for each rust type. A significant effect of population structure in the panel was visible in the disease response. Using a compressed mixed linear model approach, 25 genomic regions were found associated with resistance for at least two rusts. Out of these, seven were associated with all the three rusts on chromosome groups 1 and 6 along with 2B. For resistance against YR, LR, and SR, there were 16, 18, and 27 QTL (quantitative trait loci) identified respectively, associated at least in two out of four environments. Several of these regions got annotated with resistance associated genes viz. NB-LRR, E3-ubiquitin protein ligase, ABC transporter protein, etc. Alien introgressed (on 1B and 3D) and pleiotropic (on 7D) resistance genes were captured in seedling and adult plant disease responses, respectively. The present study demonstrates the use of genome-wide association for identification of a large number of favorable alleles for leaf, stripe, and stem rust resistance for broadening the genetic base. Quick conversion of these QTL into user-friendly markers will accelerate the deployment of these resistance loci in wheat breeding programs.

Keywords: 35K SNP array, GWAS, leaf rust, resistance, stripe rust, stem rust, wheat


INTRODUCTION

Among the many foliar diseases of wheat, rusts are the economically most significant fungal diseases threatening the food security of the world’s growing population. There are three types of rusts in wheat, stripe, or yellow rust (YR) caused by the fungus Puccinia stritiformis Westend. f.sp. tritici Eriks. (Pst), leaf, or brown rust (LR) caused by Puccinia triticina Eriks. (Pt), and stem or black rust (SR) caused by Puccinia graminis Pers. f. sp. tritici Eriks. & Henn. (Pgt). More than sixty wheat-producing countries distributed in all continents other than Antarctica have encountered the rusts proving their widespread presence. The damage caused by YR can be as high as 70% in case cultivars are susceptible and the climatic conditions are favorable for an early infection (Chen, 2005). LR has a widespread geographical presence causing considerable yield losses (Marasas et al., 2002). At an early onset, it causes much more damage to crop resulting in yield losses as compared to stem and stripe rusts (Bolton et al., 2008; Huerta-Espino et al., 2011). SR inflicts losses up to USD 1.12 billion worldwide which results particularly due to a reduction in yield and hampered end-use quality of the crop (Pardey et al., 2013). All three rusts pose a major threat to Indian farmers as well. North Indian conditions support the survival and spread of the YR fungal spores. LR is more prevalent in the whole of India as the disease is favored by intermediate temperatures. Also, LR is the most widely distributed amongst rusts and commonly visible in all wheat growing areas during the season. SR is contained mostly in the southern states of the country and survives throughout the year in the Nilgiri hills of southern India (Joshi et al., 1985; Nagarajan and Joshi, 1985).

In disease management practices, planting resistant varieties is the most economical, efficient, and ecologically acceptable tool to manage wheat rusts worldwide (McIntosh et al., 1995; Wiesner-Hanks and Nelson, 2016). Wheat cultivars with diverse resistance are deployed in different areas keeping in mind the pathotype distribution of three Puccinia species on wheat. To date, the reported number of officially designated resistance genes are more than seventy against both YR (78) and LR (77) in addition to about sixty designated resistance genes against SR (McIntosh et al., 2017). Two recently identified Yr genes Yr79 (Feng et al., 2018) and Yr80 (Nsabiyera et al., 2018) have been added to the rust-resistant gene library. Resistance to multiple rusts can be broadly categorized as all stage or seedling resistance (ASR) and adult-plant resistance (APR). Of these reported genes, many genes provide resistance at the seedling stage of plants (McIntosh et al., 2017). Since seedling genes are pathogen race-specific, the cell death phenomenon is activated due to plant hypersensitive response preventing pathogen spread (Ellis et al., 2014; Mondal et al., 2016). This also puts intense selection pressure on the pathogen for its survival. In such cases, pathogen evades and evolves itself which in result renders the deployed all stage resistance gene to be ineffective in a very short time (Line and Qayoum, 1992; Burdon et al., 2014; Li et al., 2014; Niks et al., 2015). The rust resistant wheat with ASR favors the selection of new pathotypes that multiply without any competition on the resistant host resulting in susceptibility of the cultivar/gene. Several all stage resistant Yr genes have become susceptible for instance Yr2, Yr6 to Yr9, Yr17, and Yr 27 (Singh et al., 2008). Other genes such as Lr1, Lr13, Lr24, Lr26, Lr37; Sr6, Sr8a, and Sr11 against LR and SR also succumbed (Kolmer et al., 2007; McIntosh et al., 2009, 2014; Ellis et al., 2014). A well-known outbreak causing great loss of yield was witnessed in the year 1998 due to the new Pgt virulent race Ug99. This resulted in the failure of ASR Sr genes Sr24, Sr31, Sr36, and SrTmp in subsequent years with the emergence of its new variants (Pretorius et al., 2000, 2010; Jin et al., 2007, 2008, 2009; Visser et al., 2011; Newcomb et al., 2016). On the other hand, APR resistance is usually governed by multiple genes and quantitatively gets less influenced by race-specific pathogens. The involved genes provide non-race-specific partial resistance to all the pathotypes of a given pathogen species, thus making it more durable (Lagudah, 2011; Burdon et al., 2014). Despite the fact that incorporating APR into new cultivars can be difficult when compared to ASR, it was found that many wheat cultivars possessing APR showed durable resistance (Mcintosh, 1992; Boyd, 2005; Navabi et al., 2005; Singh et al., 2005; Ren et al., 2012b; Chen, 2013; Randhawa et al., 2018). Some APR genes when used in combinations have been known to possess durable pleiotropic resistance against multiple wheat rusts and powdery mildew, i.e., Lr34/Yr18/Sr57/Pm38 (on chromosome 7DS), Lr46/Yr29/Sr58/Pm39 (on chromosome 1BL), and Lr67/Yr46/Sr55/Pm46 (on chromosome 4DL) (Lagudah, 2011; Risk et al., 2012; Ellis et al., 2014), of which Lr34 has been studied extensively in different crops including rice, barley, maize, and sorghum (Krattinger et al., 2013, 2019). Deployment of seedling (all-stage resistance), adult plant (non-race specific and race-specific) and slow rusting resistance is to create diversity for resistance (Bhardwaj et al., 2019b). The wheat lines possessing rust resistance at the seedling stage will remain resistant during the whole life of a wheat variety. Therefore, both types of resistance can be amalgamated to strengthen more extended and durable resistance in the future.

As most of the ASR genes go ineffective in the long run and APR genes have only minor effects, more resistance associated genomic regions are needed to be identified and utilized in wheat genetic improvement for rust resistance. Not all of the QTL identified so far were explored for use in marker-assisted selection (MAS). Therefore, finding user-friendly markers becomes even more necessary (Zeng et al., 2019). With the advent of NGS technologies, it became possible to develop high-throughput Single Nucleotide Polymorphism (SNP) markers which are abundant, co-dominant, and present throughout the wheat genome (Allen et al., 2013; Rasheed et al., 2016; Wu et al., 2017, 2018). These markers have advantages over traditional PCR based markers (Chen et al., 1998; Röder et al., 1998; Ren et al., 2012b; Rosewarne et al., 2013; Zhou et al., 2014) for being high-throughput, low cost for genotyping, high efficiency, and allele specificity (Gupta et al., 2008; Colasuonno et al., 2014; Semagn et al., 2014; Long et al., 2017). Genotyping by sequencing (GBS) and array-based SNP genotyping platforms are utilized globally. Several SNP arrays are now available in the market viz. 9K (Cavanagh et al., 2013), 15K (Boeven et al., 2016), 35K (Allen et al., 2017), 50K (Bayer et al., 2017), 90K (Wang et al., 2014), 55K, 660K (Jia and Zhao, 2016), and 820K (Winfield et al., 2016). Genome-wide association studies (GWAS) using these chips have certain advantages over bi-parental QTL mapping. Genetic architecture of complex traits in diverse germplasm collections can be studied using GWAS, which detects the genomic regions present in linkage disequilibrium (LD) with genes associated with the trait under study (Hall et al., 2010; Zhao et al., 2011; Riedelsheimer et al., 2012). Due to the accumulation of historical chromosomal recombinations over several generations in a natural population, QTL can be identified using GWAS at a higher mapping resolution (Yu and Buckler, 2006; Semagn et al., 2010). GWAS has been successfully used to study various traits in wheat such as grain yield (Sukumaran et al., 2018), eyespot disease resistance (Zanke et al., 2017), pre-harvest sprouting resistance (Zhou et al., 2017), 36 agro-morphological traits (Sheoran et al., 2019) and so on.

The current study was undertaken with the objective of performing a large-scale association study for identifying genomic regions responsible for resistance to the three rusts from a very diverse set of germplasm comprising of improved genotypes, released varieties, exotic collection, genetic stocks, landraces, and some mutant lines. The study was focused on both seedling and adult plant stage rust response under controlled and natural field conditions, respectively. To identify seedling resistance, the most virulent and predominantly prevalent pathotypes were used to challenge the wheat material in this study. Care was taken to select pathotypes with varied avirulence and virulence structure which would knock down most of the genes in present-day wheat material (Bhardwaj, 2011). Keeping the aforesaid points into consideration seven pathotypes of Pgt (Prasad et al., 2018), five pathotypes of Pst (Gangwar et al., 2019), and six pathotypes of Pt (Bhardwaj et al., 2019a) were selected for screening wheat material at seedling stage under controlled conditions. The optimum conditions ensure foolproof evaluation and selection of rust resistant material. The SNP marker enabled the identification of genomic regions associated with disease resistance will be further firmed up so as to harness less exploited resistant genes for broadening the resistance base thereby avoiding any substantial losses due to rust diseases.



MATERIALS AND METHODS


Plant Materials and Genotyping

The diverse panel of 483 genotypes mentioned in our previous report (Kumar et al., 2020) was used for this study. The germplasm comprised of the exotic collection (34), genetic stocks (44), improved genotypes (120), landraces (96), mutant lines (2), and varieties (187). Genotypes in the panel are adapted to different agro-climatic zones of India. Henceforth, this diverse panel will be recalled as rust association mapping panel (RAMP). Genotyping of the panel was done using 35K Axiom® Wheat Breeder’s Array (Allen et al., 2017, Affymetrix UK Ltd., United Kingdom) as per manufacturer’s guidelines with 35,143 SNP markers. The genotyping data was filtered by retaining markers with minor allele frequency (MAF) > 5%, genotypes with <10% missing SNP calls, and markers with <10% missingness. The obtained markers were further ordered according to the genetic map available at CerealDb (Wilkinson et al., 2012; Allen et al., 2017). This resulted in a selection of 14,650 polymorphic SNP markers as described previously (Kumar et al., 2020) for subsequent genetic analyses.



Phenotypic Evaluation for Stripe Rust, Stem Rust, and Leaf Rust

The RAMP was evaluated for stripe rust (YR), stem rust (SR), and leaf rust (LR) both at the seedling stage in controlled conditions and at the adult plant stage in the field under natural disease pressure.

The seedling resistance test (SRT) was performed on this panel against five, six, and seven rust pathotypes/races for Pst, Pt, and Pgt respectively. The selection of pathotypes was based on the virulence and their prominence. They are namely YR_110S84, YR_110S119, YR_T, YR_238S119, YR_46S119 for Pst, LR_77-1, LR_77-5, LR_77-9, LR_12-5, LR_104, LR_106-2 for Pt and SR_40A, SR_21A2, SR_11, SR_34-1, SR_40-3, SR_117-6, SR_122 for Pgt. SRT was done under glasshouse conditions at Regional Station, ICAR-Indian Institute of Wheat and Barley Research (IIWBR), Shimla, India. The avirulence/virulence formulae for the 18 pathotypes are provided in Supplementary Table S1. The experiments were performed as mentioned by Bhardwaj (2011). The disease response recorded as infection type (IT) using Stakman scale (Stakman et al., 1962) was converted to a modified linear 0-9 scale (Riaz et al., 2016) as follows: 0; = 0, ;- = 0.5, ; = 1, 1- = 1.5, 1 = 2, 1 + = 3, 2- = 4, 2 = 5, 2 + = 6, 3- = 6.5, 3 = 7, 3 + = 8 and 4 = 9, where average was considered in case of complex scores. Genotypes with an IT score of >0 to <3, >3 to <6, and >6 to <9 were considered as resistant, moderate, and susceptible, respectively (Table 1). Taking pedigree relationships into consideration, the postulation of resistance genes were made by comparing the IT response of the pathotypes on the test lines with controls of known resistance genes.


TABLE 1. Summary of yellow rust, leaf rust, and stem rust responses at the seedling and adult plant stages.

[image: Table 1]Field evaluation of YR was done at two locations for two consecutive years viz. 2017-18 and 2018-19. By counting each location and year as one environment, a total of four environments (E1-E4) were considered. The plants were sown at seed farm, Uchani (29°42′48.7″N, 76°59′51.3″E), Haryana, India and ICAR-IIWBR, Karnal (29°42′10.0″N, 76°59′29.7″E), Haryana, India. These locations come under stripe rust-prone areas in the Northern region of India suitable to study natural disease pressure. Similarly, field evaluation for SR and LR was done at two locations for two years. The locations were ICAR-Indian Agricultural Research Institute (IARI), Regional Station, Wellington (11°22′47.5″N, 76°46′26.1″E), Tamil Nadu, India and ICAR-IARI, Regional Station, Indore (22°42′31.3″N, 75°53′29.2″E), Madhya Pradesh, India. These locations are prone to natural disease pressure of stem and leaf rusts. A total of 12 environments (4 for each rust) were considered for this study (Supplementary Table S2). The seeds were planted in a non-replicated augmented block design with single row of 1 m and the distance between two rows was 0.3 m. The planting was done in the first fortnight of November at Indore and Wellington and in the second fortnight at Karnal and Uchani, each year. A mixture of check lines susceptible to multiple rusts was planted as infector rows (at every 20th single row) and in spreader rows (perpendicular to the 1 m rows) surrounding the plot for establishing sufficient inoculum and uniform disease development. To ensure uniform disease distribution, spores were collected from the early infections that appeared naturally in the spreader rows and were used to inoculate the infector rows. The response to rust was recorded using disease severity (DS) and infection response (IR) as the two measures. DS was measured using the modified Cobb scale (Peterson et al., 1948) as an estimation of percentage coverage (0, 5, 10, 20, 40, 60, 80, and 100) of rust pustules (uredinia) over the flag leaf. IR was scored as a host reaction to rust pustules and converted to a 0–1 scale (Roelfs et al., 1992). The lines showing the mixed response of moderately resistant to moderately susceptible or vice-versa, were considered as the fifth category other than mentioned in Roelfs et al. (1992). Therefore, five scoring categories considered for the evaluation were: Resistant (R) = 0.2, Moderately Resistant (MR) = 0.4, Mixed response (M) = 0.6, Moderately Susceptible (MS) = 0.8, and Susceptible (S) = 1. Data were recorded at weekly intervals for three times when the flag leaves of the susceptible checks showed a disease score of 60S (DS: 60; IR: S). Out of these multiple scores of a test line, the one with the score tending toward susceptibility was kept for the study. These were further considered for GWAS in each environment by combining the two measures into a single value as coefficient of infection (COI). It is the product of DS and IR on a 0–100 linear scale (Loegering, 1959; Roelfs et al., 1992). Genotypes with COI scores of 0 to 20 were considered as resistant, with score ≥ 60 as susceptible and the remaining as moderate (Table 1). COI was assumed to be suitable for GWAS and as a primary trait for the identification of significant marker-trait associations (MTAs) since it combines both the information from DS and IR for rust response (Yu et al., 2012; Gao et al., 2016, 2017; Mihalyov et al., 2017).



Statistical Analysis

The phenotype data (IT, IR, DS, COI) for the three rusts were visualized and considered for studying Pearson’s correlation in R statistical programming. Correlation plots for each rust describing the correlation of disease scores between different pathotypes and environments were created using corrplot R package. Mean comparison tests were performed for IT and COI among population structure based groups using Levene’s test (Levene, 1960) dependent two-way t-test at a significance level of P < 0.05 in the R program. The normality of the original data was tested using the Shapiro-Wilk test in IBM SPSS Statistics v.22.

A Restricted Maximum Likelihood (REML) approach (Corbeil and Searle, 1976) in R package “lme4” (Bates et al., 2015) was used for estimating variance components for IR and DS from field experiments for the three rusts. A linear mixed model was fitted by considering the overall mean as fixed effect and other factors as random effects. The random effects included genotype (g), location (e), genotype × location interaction (g × e) and year (as replication, r). Following model was applied to estimate variance components:

[image: image]

Where, ypq is the observation for the genotype p at location q in season r, μ is the overall mean, gp the effect of the genotype p, eq the effect of location q, rq the effect of year (season) r, gepq the interaction between accession p within location q, and epq the residual.

Broad sense heritability (H2) was estimated by using the following equation:

[image: image]

Where, [image: image] is the genotypic variance, [image: image] is the environmental variance, [image: image] is the genotype by environment interaction variance, and [image: image] is the residual error variance and t is the number of years for each location or location by year for the estimates of heritability across all environments. To estimate the stability of genotypes in response to YR, LR, and SR infection in their respective four environments, COI scores were used to perform GGE biplot (genotype × environment interaction) in R package GGEBiplotGUI (Frutos et al., 2014). The COI scores were reversed with reference to maximum score so that the resistant genotypes can have higher scores aiding the interpretation of stable resistant genotypes across environments.



Linkage Disequilibrium (LD), Population Structure, and Genetic Diversity

For the complete RAMP, LD analysis was performed across A, B, and D genomes separately. Intra-chromosomal pairwise marker LD as squared allele-frequency correlations (r2) values were calculated in TASSEL v5.2 (Bradbury et al., 2007) using a sliding window approach with default parameters. As a function of genetic distance, the estimated r2− values for significant SNP marker pairs were plotted to understand the extent of LD. A second-degree “loess” function (Cleveland, 1981) in the R statistical program was fitted to estimate the rate of LD decay over genetic distance (cM). Critical r2− values were estimated as the 95th percentile of square root transformed r2− values of the unlinked SNP marker pairs (Breseghello and Sorrells, 2006) showing a distance of more than 50 cM for each genome. It indicates the point beyond which the LD is caused by genetic linkage (Breseghello and Sorrells, 2006). The genetic distance at which LD fell below the critical r2− value was considered as the confidence interval (CI) of quantitative trait loci (QTL) in this study. In other words, the point of intersection between LD decay loess curve and critical r2 was used to adjust the QTL-CI in terms of genetic distance.

The population structure and genetic diversity for the RAMP were previously described by Kumar et al. (2020). Briefly, the population structure was estimated with LD-based pruned markers using a Bayesian based model. The optimal number of subpopulations (i.e., K = 2) was determined using parallel runs in STRUCTURE 2.3.4 (Pritchard et al., 2000) with the Linux based python program “StrAuto” (Chhatre and Emerson, 2017). In addition, principal component analysis was also performed on the study panel using 14,650 SNP markers using ‘prcomp’ function in the R statistical programming language.



Marker-Trait Association Analysis

The seedling response under greenhouse condition and field evaluation for adult plant response were considered for finding out associations. In order to identify the loci associated with the response, 14,650 SNP markers and phenotypic trait values for seedling (IT) and adult plant (COI) responses were used to conduct genome-wide association analyses. For the estimation of marker-trait associations (MTAs), Genomic Association and Prediction Integrated Tool (GAPIT) (Lipka et al., 2012) was used by implementing compressed mixed linear model (CMLM) (Yu et al., 2006; Zhang et al., 2010) in R environment. A marker-based VanRaden kinship (K) matrix (VanRaden, 2008) for the 483 accessions was also generated using GAPIT. The K and Q (Kumar et al., 2020) matrices were considered as random and fixed components, respectively, to avoid any spurious associations caused by population structure. Some additional association testing models were analyzed to compare the observed probability deviations from the expected distribution based on the Q-Q plots. A general linear model with kinship only and no correction for population structure (GLM_K), GLM (GLM_PC3.K), and mixed linear model (MLM_PC3.K) with kinship and the first three principal components, MLM with kinship and correction for population structure (MLM_Q.K), and MLM with kinship only (MLM_K) were considered. The comparison was done based on P-values and respective Q-Q plots for the MTAs obtained from GAPIT. All the comparative Q-Q plots and circular Manhattan plots were generated using the CMplot R package1.

GWAS was conducted on each rust pathotypes separately to identify race-specific seedling resistance loci. In the case of identifying resistance loci in the adult plant stage, COI was considered for each rust in four environments. Each environment (Supplementary Table S2) was considered as a unique set of phenotypic data to be considered for GWAS. The percentage of phenotypic variation explained by the MTA (R2) was calculated as the difference of R2 without SNP from R2 with SNP of the GAPIT model (Abed and Belzile, 2019; Garcia et al., 2019). High stringency was observed in GAPIT for false discovery rate (FDR) adjusted p-values. SNP markers were declared significantly associated at p ≤ 0.001 {-log10(p) ≥ 3} in the selected model. Hence, a liberal approach similar to previous studies (Pasam et al., 2012; Zegeye et al., 2014; Gao et al., 2016; Visioni et al., 2018), was considered so as to reduce the chance of neglecting any significantly associated marker annotating for disease resistance. A putative QTL was designated for intra-chromosomal SNPs of the MTAs detected and fall within the range for QTL-CI defined by LD. A representative SNP for such putative QTL was selected with the lowest p-value as the most significantly associated SNP.

Significant markers observed were further subjected to in silico annotation. The flanking sequence of these markers was obtained from the EnsemblPlants database spanning 1 kb both upstream and downstream of the SNP position2. In order to obtain the reference physical map positions of these markers, the flanking sequence was used to make a query against IWGSC RefSeq v1.0 (Appels et al., 2018). The flanking region of the significant SNP was then used to explore candidate gene overlapping with this region by using JBrowse (Skinner et al., 2009) from URGI (Unité de Recherche Génomique Info/research unit in genomics and bioinformatics). Annotations of found overlapping candidate genes were obtained from IWGSC Annotation v1.1. For candidate genes with unavailable annotations, the orthologous genes from Triticum urartu and Aegilops tauschii with highly similar sequences were considered for prediction of gene function in wheat by implementing BLASTn3. Further, annotations for SNPs (e.g., intergenic variants) with no overlapping gene were searched using a similar approach. The annotations were then confirmed against the protein sequences for determining putative molecular functions in wheat using BLASTx with default parameters in the Blast2Go v5.2 tool (Conesa and Götz, 2008). This could provide aid in the identification of putative candidate genes for disease resistance.



RESULTS


Phenotypic Evaluation of Seedling and Adult Plant Stage

The phenotypic data recorded for disease response to pathotypes of three Puccinia species on wheat at seedling stage (IT) under controlled conditions and adult plant stage under field conditions (IR, DS, and COI) have been provided in Supplementary Table S3. In the panel, rust gene postulation was successfully done in about 240 genotypes based on response to multi-pathotype testing at seedling stage. Known resistance genes for the three rusts were postulated mostly in varieties (139) followed by improved genotypes (93) and few genetic stocks (12) (Supplementary Table S3).


Seedling Response to P. stritiformis Pathotypes

On the linear scale of 0–9, IT scores ranged from 0 (as most resistant) to 8 (as susceptible) for the Pst pathotypes. Of the 5 Pst pathotypes, based on IT scores, 93, 63.7, 61.4, and 56.9% of the tested lines were found susceptible toYR_110S119, YR_238S119, YR_110S84, and YR_T, respectively (Table 1 and Figure 1A). This indicates YR_110S119 being the most virulent in the current study panel. On the other hand, pathotype YR_46S119 was found to be avirulent with 48.1% of the tested lines as resistant and 36.6% as susceptible. The mean IT scores for YR_110S119, YR_238S119, YR_110S84, YR_T, and YR_46S119 were 7.56, 5.64, 5.26, 5.11, and 3.51, respectively. Except for YR_46S119, the IT scores for other pathotypes were skewed toward susceptibility (Supplementary Table S4). The phenotypic correlation coefficients among pairs of the five pathotypes were observed to be significant (at P < 0.01, 0.001) and in the range of 0.09 (YR_110S119-YR_T) to 0.23 (YR_46S119-YR_110S84) (Supplementary Table S5 and Supplementary Figure S1).
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FIGURE 1. Pie chart representation of seedling response against (A) five pathotypes of stripe rust (YR), (B) six pathotypes of leaf rust (LR), and (C) seven pathotypes of stem rust (SR) of rust association mapping panel (RAMP). The color legend on the right side of each pie chart represents the infection type (IT) score. The magnitude of arc length is directly proportional to the frequency of genotypes showing corresponding IT scores.




Seedling Response to P. triticina Pathotypes

Based on the IT score with a range of 8, pathotype LR_106 was found to be relatively avirulent based on response to the current study panel. More than two-third (75.7%) of the tested lines were found resistant against LR_106 (Table 1 and Figure 1B). Among other Pt pathotypes, LR_77-9 was the most virulent followed by LR_77-5 and LR_104-2 with 77.3, 74.3, and 64.1% of the tested lines to be scored as susceptible, respectively. LR_12-5 and LR_77-1 were found to have an intermediate virulent response on the tested lines (Table 1). Mean IT scores for LR_106, LR_77-5, LR_104-2, LR_77-9, LR_12-5, and LR_77-1 were 1.87, 6.68, 6.10, 6.80, 5.00, and 4.43, respectively, with skewness toward susceptibility except for LR_106 (Supplementary Table S4). Significant correlation coefficients (at P < 0.001) among pairs of six Pt pathotypes ranged from 0.26 (LR_106-LR_77-9) to 0.57 (LR_106-LR_77-1) (Supplementary Table S5 and Supplementary Figure S1).



Seedling Response to P. graminis Pathotypes

Of the 7 Pgt pathotypes, none of them were found to be virulent on a range of 8 IT score. SR_40A can be designated as mildly virulent where only 39.2% of the tested lines were susceptible. For pathotypes SR_21A2, SR_34-1, SR_40-3, SR_117-6, and SR_122, resistant reactions were observed in 54.7, 75.9, 55.0, 52.8, and 57.6% genotypes. For SR_11, the tested lines showed similar type of response in resistant (34.3%), intermediate (31.0%), and susceptible (34.7%) category (Table 1 and Figure 1C). Mean IT responses for SR_40A, SR_21A2, SR_11, SR_34-1, SR_40-3, SR_117-6, and SR_122 were 5.299, 2.452, 4.206, 1.617, 2.721, 3.079, and 2.623, respectively, with skewness toward resistance except for SR_40A and SR_11 (Supplementary Table S4). Correlation coefficients between the seven Pgt pathotypes were found significant (at P < 0.001) and ranged from 0.34 (SR_21A2- SR 40-3) to 0.68 (SR_34-1-SR_117-6) (Supplementary Table S5 and Supplementary Figure S1).



Adult Plant Field Response to Stripe Rust

Infection response (IR) with an average score of 0.5 was recorded at environments YR_E1 and YR_E2, whereas at YR_E3 and YR_E4, it was 0.6 (Supplementary Table S3). The distribution of IR was found to be non-biased for any single response category (Figure 2A). An average disease severity (DS) score of 62.5 at YR_E3 was found maximum among the four environments. DS with scores of 60-80 was found in most of the tested lines in all environments (Figure 2B and Supplementary Table S3). Based on the coefficient of infection (COI) as the disease response at four environments (COI_YR_E1-E4), stripe rust-resistant lines were found to be falling in more than one environment. In the RAMP, 37.9, 45.0, and 45.1% of the genotypes were recorded as resistant with a COI score from 0 to 20, in environments COI_YR_E1, COI_YR_E2, and COI_YR_E4, respectively (Table 1 and Figure 3A). Highly significant (at P < 0.001) Pearson’s correlation coefficients between IR, DS, and COI across four environments showed positive correlations (Supplementary Table S6 and Figure 3B). Strong correlation coefficients (R = 0.8–0.9) were observed between COI with IR and DS within the environment, whereas, it ranged from 0.6-0.8 between IR and DS. For COI among environments, strong values of R were detected between YR_E1 with YR_E2 and YR_E3 with YR_E4.
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FIGURE 2. Distribution of adult plant stage disease response as infection response (IR) and disease severity (DS) in corresponding four environments (E1-E4) in the panel. Frequency of genotypes having IR (y-axis) for YR (A), LR (C), and SR (E) was recorded on the scale of 0-1 (x-axis), whereas the frequency of genotypes having DS (y-axis) for YR (B), LR (D), and SR (F) was recorded on the scale of 0-100 (x-axis). Each environment is represented with different colors as indicated by the color legend.
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FIGURE 3. Phenotypic distribution based on the coefficient of infection (COI) in different environments for the three rust diseases. Different environments are represented with different colors in the bar-plot. Histograms (A,C,E) represent COI distribution for YR, LR, and SR, respectively. Pearson correlation coefficients (Supplementary Table S6) heat-map for infection response (IR), disease severity (DS), and COI between four environments are represented for YR (B), LR (D), and SR (F). All correlation coefficients are highly significant at ∗∗∗P < 0.001.




Adult Plant Field Response to Leaf Rust

An average high score of IR (0.8) and DS (21.7) was recorded in environment LR_E2 (Supplementary Table S3). The IR with score 1.0 (S) was seen in most of the genotypes irrespective of the environment (Figure 2C). DS with pustules coverage score 0–20 was present in more than 300 genotypes in each environment (Figure 2D). Likewise, more than seventy percent of the tested lines were observed to be resistant in the panel as per the COI score in all four environments (COI_LR_E1- E4) (Table 1 and Figure 3C). All correlations across four environments for IR, DS, and COI were found positive and highly significant (at P < 0.001) (Supplementary Table S6 and Figure 3D). Interestingly, unlike most genotypes featuring susceptible IR score, a very strong correlation (R = 0.99) was found between DS and COI per environment. This may suggest that a large proportion of the tested lines were able to resist the spreading of rust pustules. IR and DS showed a correlation coefficient value of R = 0.5–0.6 and COI with a correlation coefficient of 0.7, within and among the four environments.



Adult Plant Field Response to Stem Rust

Like leaf rust, stem rust also had a similar IR frequency distribution in the panel for the score 1.0 (S) with an overall average of 0.7 in each environment (Supplementary Table S3 and Figure 2E). Pustules coverage was found in a limited number of genotypes beyond the DS score of 40, where only 4 genotypes (HTW-6, IC212182, IC28617, and LGM69) attained rust coverage of 100 (Supplementary Table S3 and Figure 2F). The average DS was higher in SR_E3 followed by SR_E1. In the study panel, ∼62% of the tested lines were observed resistant to stem rust in environment COI_SR_E1 and E4 (Table 1 and Figure 3E). Results of correlations between DS and COI were found similar to those for leaf rust field response, whereas IR and DS showed R ranging from 0.4 to 0.6 within the environment. It varied from 0.5 to 0.7 for COI across the environments (Supplementary Table S6 and Figure 3F). All correlation coefficients were observed to be highly significant at P < 0.001.

For each of the three rusts in four environments, it was observed that the susceptible check lines present at regular intervals of the test genotypes showed maximum disease response with a score of 100S. This indicates that any possible variations observed in the reaction of the genotypes in RAMP would be genetic in nature and not due to the environment or inoculum load. The disease response at seedling and adult plant stages were observed to have less than 10% missing observations in the study panel. The distribution of phenotypic disease response (IT and COI) were found deviating from the normal distribution. No improvement in the normality was observed after using logarithmic and square root transformation. Therefore, the original data were used for subsequent genetic analyses.



Variance Components Estimation and Broad-Sense Heritability (H2)

Estimation and analysis of variance components, using a linear mixed model approach, revealed highly significant (P < 0.001) differences for IR, DS, and COI among the genotypes (g) across all environments in each rust type. Significant differences for location (e) and genotype-location interactions (g × e) were not observed in all cases (Table 2), therefore, by and large, indicating ample inoculum load and congenial atmospheric conditions for the appearance of the disease. High H2 estimates were observed across the four environments for each rust type, ranging from 0.78 to 0.92 for IR, 0.78 to 0.90, and 0.83 to 0.90 for COI (Table 2). The first two principal components explained together about 95.05, 88.68, and 86.76% of the total variation in GGE Biplot analysis for YR, LR, and SR field response, respectively. In reference to ranking resistant genotypes across environments, 22.15% (for YR), 61.49% (for LR), and 43.89% (for SR) were found in proximity to the ideal genotype (Supplementary Figure S2). In this study, a genotype would be considered as an ideal genotype, which would show a uniformly low and stable disease response in the tested four environments for all the three rusts.


TABLE 2. Variance component estimates for random variables for IR, DS, and COI across four environments per rust type@.
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SNP Markers, Population Structure, and Linkage Disequilibrium

Of the 35K SNP markers, 14,650 polymorphic mapped markers were used for LD analysis and subsequently for GWAS. Genome D was found evident with lower marker density as compared to A and B genomes. Population structure analysis on RAMP was previously described by Kumar et al. (2020). The two subpopulations observed comprised of 106 (in SP1) and 377 (in SP2) genotypes (Supplementary Table S3). Genotypes that have been involved mostly in the breeding programs were observed as a major subpopulation. Principal component analysis (PCA) concurred with the result of STRUCTURE. Two separate clusters were observed in the PCA where PC1 (principal component 1) and PC2 contributed with 13.04 and 4.11%, of the total variation, respectively (Supplementary Figure S3). The effect of population structure was evident in the seedling response to multiple rust races. All pathotypes had a significant mean difference (at P < 0.05) for subpopulation based seedling disease response except for the pathotypes YR_110S119, YR_238S119, and YR_46S119 (Supplementary Table S7). The mean of IT scores for genotypes in subpopulation one (SP1) was higher than that of those in subpopulation two (SP2). This shows that in the current study genotypes were more resistant in SP2 than in SP1 to most of the pathotypes. A similar trend was observed in adult plant disease response where SP2 was significantly more resistant than SP1 based on COI (Supplementary Table S7). Therefore, the influence of population structure on rust infection was considered as covariates for subsequent association analyses.

Linkage disequilibrium r2− values were estimated for the three genomes separately and for all chromosomes within each genome. The significant marker pairs at P < 0.01 were considered for the study. Genome A had 69.56% of significant marker pairs with an average r2− value of 0.250. Chromosome 2A had the highest (21.2%) and chromosome 4A had the lowest (10.1%) percentage of significant marker pairs of LD r2. Genome B had 73.67% of significant markers with an average r2− value of 0.212. All chromosomes of B genome had a similar percentage (∼16-18%) of significant marker pairs except for chromosome 4B (5.2%) and 7B (9.6%). Chromosome 1D (31.9%) and 2D (29.4%) had the highest number of significant marker pairs from the D genome with chromosome 4D (2.7%) bearing the lowest count (Figure 4A).
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FIGURE 4. (A) Chromosome wise significant marker pairs that showed Linkage disequilibrium (LD) due to genetic linkage. LD decay plot is shown as a scatter plot of pairwise SNP LD r2− value over the genetic distance between each intra-chromosomal marker pairs for (B) A genome, (C) B genome, and (D) D genome. LOESS smoothening curve (red curved line) was fitted to the LD decay. Orange dash line represents the 95th percentile unlinked r2 line for (A) (r2 = 0.126), (B) (r2 = 0.219), and (D) (r2 = 0.215) genomes. The Cyan dash line represents the critical r2 (=0.201) of the whole genome.


The critical r2-values were 0.126, 0.219, and 0.215 for genome A, B, and D, respectively. The difference in LD decay analysis was observed between A, B, and D genome. Whereas, predicted genome-wide LD decay was below critical r2 = 0.201. As LD beyond the critical value is considered to be caused by genetic linkage, chromosome-wise significant marker pairs with r2 > 0.201 were also estimated (Figures 4B–D). At a genome-wide scale, 36.35% of significant SNP pairs showed LD beyond critical r2 (> 0.201). Among the marker pairs in LD due to linkage, chromosome 5B contained the highest percentage (11.96%) of these markers, while chromosome 4D contained the lowest percentage (<< 1%). The percentage of these marker pairs in the A, B, and D genomes were 39.35, 47.21, and 13.43%, respectively. The map distance at which the fitted decay curve intersected with the critical r2 provided an estimate of QTL-CI. For genome A, B, and D, the estimated QTL-CI was 5, 3, and 8 cM, respectively (Figures 4B–D).



Marker Trait Associations for Race-Specific Rust Response

A CMLM adjusted for population structure and relatedness (kinship) was selected to detect marker-trait associations (MTAs) (Figure 5). This approach gave a minimum deviation in the observed p-values from the expected values presented as Q-Q plots when compared with other tested models for controlling effects of population structure and relatedness (Supplementary File S1) for all GWAS analyses in this study. The number of MTAs found significant (at p < 0.001) for race-specific stripe rust (YR) response were 11, 25, 33, 62, and 99 for YR_46S119, YR_110S119, YR_238S119, YR_110S84, and YR_T, respectively. In case of leaf rust (LR), the counts were 41, 42, 47, 53, 69, and 100 for pathotypes LR_77-1, LR_106, LR_12-5, LR_104-2, LR_77-9, and LR_77-5, respectively. Stem rust (SR) pathotypes SR_40-3, SR_21A2, SR_122, SR_117-6, SR_40A, SR_11, and SR_34-1 were observed to have 12, 23, 28, 30, 64, 92, and 100 MTAs, respectively (Supplementary Table S8 and Supplementary Figure S4). Clearly, LR and SR possessed a large number of MTAs. In silico annotation of these MTAs associated with seedling disease response are also reported. Based upon these annotations, some of the commonly known resistance associated genes were found such as F-box/LRR-repeat protein At3g26922-like and protein 23, disease resistance RPP13-like protein 4, ABC transporter G family member 25, and more (Supplementary Table S8). The cluster of MTAs on the same chromosomes was considered as a putative QTL based on the confidence interval defined by LD. Therefore, MTAs within range of 5, 3, and 8 cM on chromosomes of genome A, B, and D, respectively were considered as a single putative QTL. The SNP marker with the lowest p-value (or most significant association) was used to represent such QTL obtained as the representative SNP. Based on this approach, YR pathotypes bearing 230 MTAs were grouped into 46 distinct loci. Similarly, MTAs for LR (352) and SR (349) pathotypes were grouped into 62 and 64 distinct loci, respectively (Supplementary Table S9). The MTAs observed can be considered in two categories. The first category comprised of loci found associated with two or more pathotypes and those associated with only one pathotype may fall in the second category. For YR pathotypes, nine loci mapped on chromosomes 1A (1), 1B (2), 1D (1), 2A (1), 2B (1), 3B (1), 5A (1), and 6A (1) were considered for the first category. Similarly, eighteen loci were observed on chromosomes 1A (1), 1B (1), 2B (2), 3A (2), 3B (4), 3D (5), 5B (2), and 7A (1) for LR pathotypes. Likewise, twenty six loci were observed for SR pathotypes on chromosomes 1A (3), 1B (2), 1D (2), 2A (1), 2B (2), 3A (3), 3B (4), 3D (3), 5A (1), 5B (2), 6B (1), 6D (1), and 7A (1) (Table 3).


TABLE 3. Putative QTL significantly (p < 0.001) associated with seedling stage resistance against at least two pathotypes for each rust pathogen.
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FIGURE 5. A circular Manhattan plot for significance [–log10(p-values)] of the association of 14,650 SNPs based on CMLM located on 21 chromosomes with the seedling disease responses against pathotypes of the three rusts. Associations for the (A) five YR pathotypes YR_110S119, YR_T, YR_238S119, YR_46S119, and YR_110S84; (B) six LR pathotypes LR_106, LR_77-1, LR_77-5, LR_77-9, LR_12-5, and LR_104-2; and (C) seven SR pathotypes SR_40A, SR_21A2, SR_11, SR_34-1, SR_40-3, SR_117-6, and SR_122 were plotted from inside to outside, respectively. A multi-track Q-Q plot for each case is presented at the right upper corner of the circular Manhattan plot. The threshold value at –log10(p) ≥ 3 is indicated as red-colored circle for each pathotype. A rectangular version of the plots is shown in Supplementary Figure S4.


Several representative SNPs were observed for more than one rust type. Among those SNP markers AX-94573417, AX-94677476, and AX-94842331 representing loci for YR and SR seedling response had a bidirectional allelic effect. Whereas, AX-94871275, AX-94874313, AX-94883935, AX-94977862, and AX-95226287 had unidirectional allelic effect while representing loci for LR and SR (Supplementary Tables S8, S9). With respect to YR, only QYr.ramp-1B.3 was observed in more than 2 pathotypes viz. YR_110S119, YR_238S119, and YR_T, also having the maximum number of MTAs. Loci QYr.ramp-2A.1 had the second most numbers of MTAs found after QYr.ramp-1B.3. The most significant association among the nine QTL were observed for YR_T, more than twice (Table 3). In the case of LR, QLr.ramp-3A.7 was seen associated with all the 6 pathotypes. Six loci QLr.ramp-3A.6, QLr.ramp-3B.8, QLr.ramp-3B.11, QLr.ramp-3D.4, QLr.ramp-3D.5, and QLr.ramp-3D.6 were associated with all LR pathotypes except for LR_106, located on group 3 chromosomes. Most significant associations were present for LR_77-5 at more than four loci. The highest number of MTAs were found located on chromosome 3D at 174.29–178.60 cM (Table 3). For SR pathotypes, seven loci were found associated with more than 3 but limited to 6 pathotypes. These loci were present on chromosomes 1A (QSr.ramp-1A.1, QSr.ramp-1A.2), 3A (QSr.ramp-3A.6), 3B (QSr.ramp-3B.7), and 3D (QSr.ramp-3D.2, QSr.ramp-3D.3, QSr.ramp-3D.4). Most significant association was seen for SR_34-1 at more than two loci (Table 3).

When compared to other YR seedling resistance loci, QYr.ramp-1A.1 exhibited a higher level of contribution to IT with phenotypic variance (R2) of 5.24% being associated with YR_110S84 and YR_T. Followed by QYr.ramp-1B.3 accounting for R2 of 4.81% in association with YR_110S119, YR_238S119, and YR_T. Thirty-seven loci were associated with response to single YR pathotype, including 12 loci each with YR_238S119 and YR_T, 8 loci with YR_110S84, 4 loci with YR_46S119, and single loci with YR_110S119 (Supplementary Table S9). Similarly, of LR seedling resistance loci, QLr.ramp-3B.11 exhibited the most contribution to IT within an R2 range of 4.39–12.32% in association with all pathotypes but LR_106. Also in decreasing order, QLr.ramp-3D.5, QLr.ramp-3A.7, and QLr.ramp-3D.6 contributed to IT exhibiting a range of R2 from 3.41 to 10.97%, 3.73 to 10.34%, and 2.56 to 10.09%, respectively, associated with multiple LR pathotypes. Whereas, QLr.ramp-5D contributed with R2 of 6.86% and significantly associated (−log10p = 9.4711) with single pathotype LR_12-5. Forty four loci were associated with response to single LR pathotype, including 12 loci with LR_106, 10 loci with LR_77-9, 9 loci with LR_77-5, 6 loci with LR_12-5, 4 loci with LR_104-2, and 3 loci with LR_77-1 (Supplementary Table S9). In SR seedling resistance, loci QSr.ramp-1B.4 was accounted for maximum contribution to IT with R2 ranging from 2.20 to 4.01% and was associated with SR_122, SR_40A, and SR_11. Another locus QSr.ramp-1A.2 demonstrated a considerable R2 of 3.26% being associated with five SR pathotypes showing the most significant association with SR_34-1. Thirty-eight loci were associated with response to single SR pathotype, including 10 loci with SR_11, 7 loci each with SR_40-3 and SR_122, 6 loci with SR_21A2, 5 loci with SR_117-6, and 3 loci with SR_34-1 (Supplementary Table S9).



Marker Trait Associations for the Three Rusts Field Response

Under natural disease pressure in respective environments, 78, 151, and 252 significant (at −log10p ≥ 3) MTAs were observed using the CMLM for YR, LR, and SR field response in adult plant stage, respectively (Figure 6, Supplementary Table S10, and Supplementary Figure S5). In silico annotation of these MTAs associated with adult plant disease response are also reported. Several resistance associated genes were found in adult plant responses such as E3 ubiquitin-protein ligase, NB-LRR protein, Lr10 disease resistance locus receptor-like protein kinase, serine/threonine kinase protein, DEAD-box ATP- dependent RNA helicase, disease resistance protein RGA3, etc. (Supplementary Table S10). LD based putative QTL identification revealed 29 distinct loci on all chromosomes except for 3D, 4D, 5D, and 7B to be associated with YR response, where 16 loci were observed in more than one environment. In case of LR response, 45 distinct loci were observed on all chromosomes except for 2D, 4D, 5D, and 7A. For SR response, none of the 44 distinct loci were observed on chromosomes 2D, 5D, and 7D. Eighteen and twenty-seven loci were observed in more than one environment for LR and SR, respectively (Table 4 and Supplementary Table S11). Among the identified representative SNPs, haplotype analysis using Haploview v4.2 (Barrett et al., 2005) markers with LD value r2 > 0.8 were observed in the case of LR and SR but not in YR. For LR, only one set of marker pairs comprising two markers was in strong LD, whereas for SR, three sets of marker pairs comprising of 2, 7, and 11 SNPs were observed in LD (Supplementary Figure S6 and Supplementary Table S11).


TABLE 4. Putative QTL significantly (p < 0.001) associated with resistance at the adult plant stage observed in at least two environments corresponding to the three rust diseases.
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FIGURE 6. A circular Manhattan plot for significance [–log10(p-values)] of the association of 14,650 SNPs based on CMLM located on 21 chromosomes with the adult plant disease responses in the respective four environments for the three rusts. Associations in the four (A) YR environments YR_E1, YR_E2, YR_E3, and YR_E4; (B) LR environments LR_E1, LR_E2, LR_E3, and LR_E4; and (C) SR environments SR_E1, SR_E2, SR_E3, and SR_E4 were plotted from inside to outside, respectively. A multi-track Q-Q plot for each case is presented at the right upper corner of the circular Manhattan plot. The threshold value at –log10(p) ≥ 3 is indicated as red-colored circle for each environment. A rectangular version of the plots is shown in Supplementary Figure S5.


For YR field response, QYr.ramp-2D.1 was the only locus observed in all the four environments (YR_E1-E4), whereas the remaining 15 loci represented at least two environments. Most significant association was seen for QYr.ramp-6B.4 in YR_E2 followed by QYr.ramp-1B.4 in YR_E4. For LR field response, three loci were seen associated in all four environments (LR_E1-E4) namely QLr.ramp-4A.4, QLr.ramp-6B.3, and QLr.ramp-7B.1. Most significant association was found for QLr.ramp-1B.3 in LR_E3 which also holds the most numbers of MTAs observed. In the case of SR, the most number of loci (nine) affiliated with all four environments (SR_E1-E4) were observed. Amongst these and other loci, QSr.ramp-3D.4 holds the most number of MTAs followed by QSr.ramp-1B.4, where the most significant association was observed for QSr.ramp-3B.7 in SR_E3 (Table 4).

Among YR field response associated loci, QYr.ramp-6B.4 and QYr.ramp-1B.4 exhibited similar and higher contribution for COI with R2 ranging from 2.42 to 3.55% in at least two environments. Thirteen loci were associated with YR field response in single environment, including 6 loci in YR_E4, 3 loci in YR_E3, and 2 loci each in YR_E2 and YR_E1 (Supplementary Table S11). For LR field response, of 45 loci, QLr.ramp-1B.3 accounted for the higher level of R2 of 5.03% while contributing to COI. To LR field response in single environment, 27 loci were seen associated where 10 loci in LR_E1, 7 loci in LR_E2, 6 loci inLR_E3, and 4 loci in LR_E4 were observed (Supplementary Table S11). In case of SR field response, QSr.ramp-3B.7 explained the higher level of contribution for COI with R2 ranging from 1.96 to 4.18%. Seventeen loci were associated with a single environment, where 8 loci in SR_E1, 4 loci each in SR_E2 and SR_E4, and single loci in SR_E3 were observed (Supplementary Table S11).

Like seedling response, some representative SNPs were found common between two rust type field responses. Among those SNPs, AX-94638655 and AX-95176310 representing loci for YR and LR; AX-94874313 and AX-94877284 representing loci for LR and SR showed a bidirectional allelic effect. Whereas, AX-94805944 representing loci for LR and SR showed unidirectional allelic effect (Supplementary Tables S10, S11). Despite having different representative SNP markers, certain QTL observed for resistance in the adult plant stage were seen to be sharing QTL-CI based similar to identical genomic region with those observed for seedling stage resistance (Supplementary Table S12). In such case, QTL observed for both seedling and adult plant disease responses were considered as ASR loci and those observed only for the adult plant disease response were considered as APR loci. There were few ASR loci which had identical representative SNP marker for the QTL observed in seedling and adult plant stages. Of 12 YR ASR loci, QYr.ramp-3B.4 was represented by SNP AX-94680284. Similarly, of 15 LR ASR loci, QLr.ramp-3B.3 and QLr.ramp-3D.4 were represented by SNPs AX-94741529 and AX-94874313, respectively. In the case of SR, with the most number of ASR loci (31), there were fourteen such representative SNP markers (Supplementary Table S12). The most number of APR loci were observed against LR (30) disease response followed by that of YR (17) and SR (13). Several genomic regions in terms of QTL-CI were found common in more than one rust field response. These robust genomic regions bearing QTL-CI based co-localized ASR and APR loci can be harnessed for further exploration and usage (Table 5). Among these genomic regions, seven of them been found on chromosomes 1A, 1B, 1D, 2B, 6A, 6B, and 6D, had QTL for all the three rusts.


TABLE 5. Robust genomic regions observed in more than one rust type field response.
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Pyramiding Effects of Favorable Alleles on Field Response

The cumulative effect of favorable MTAs for field resistance was studied based on the estimated number of favorable alleles in each specific genotype. For this, SNPs representing the distinct loci for each rust were considered. Alleles associated with a reduction in disease response were considered as favorable alleles at each locus of the representative SNP. With 29 SNPs for YR, the number of favorable alleles ranged from 6 to 26. Similarly, for LR and SR, it ranged from 10 to 40 and 4 to 39 with 45 and 44 SNPs, respectively (Supplementary Table S13). The accumulating resistant alleles were expected to be strongly correlated with the disease response. A significant negative correlation (at p < 0.0001) was observed in the case of YR (-0.4825), LR (-0.6256), and SR (-0.5775) between the number of favorable alleles in individual genotypes and averaged disease response under their respective environments. This observation was further supported by the linear regression coefficients (R2) found significant at p < 0.0001 in all three cases (Figure 7). The total SNPs (118) estimated as field response based QTL representative markers were examined using a hierarchical clustering approach by selecting 72 genotypes having average COI score ≤ 20 in all the three rusts. Clearly, these genotypes were found to have the most number of favorable alleles compared to moderately resistant to susceptible genotypes except for some resistant genotypes viz. E3257, H957, HUW679, PBW138, IC321918, and LBRL4. The genotypes were grouped in same clusters based on the SNP array pattern having favorable alleles in those genotypes (Supplementary Figure S7). Pedigree based closeness was also visible in genotypes showing allelic similarity in terms of favorable alleles, e.g., HPW360-HPW361, DBW50-DBW88, and VL802-VL804. The present finding provides valuable information to the wheat breeders in deciding the selection of parents for the crossing program, particularly those to be utilized as source of rust resistance. Incorporation of diverse alleles can be ensured if parents are chosen from the different clusters (Supplementary Figure S7).


[image: image]

FIGURE 7. Linear regression plots of field disease response toward (A) YR, (B) LR, and (C) SR, to favorable alleles of representative SNPs of identified QTL in each of the 483 genotypes in the panel and averaged COI score over different environments. All regressions were highly significant at P < 0.0001.




DISCUSSION

Crop scientists face dual challenges of increasing productivity and sustaining it by managing stresses occurring due to biotic and abiotic factors. Among biotic factors, the three rusts of wheat cause continuous threat through the rapid evolution of new races. The development and deployment of resistant cultivars is the most economical and environmentally safe method to control diseases. Primary gene pool including indigenous collections comprising of landraces, old cultivars and breeding lines are considered as a valuable genetic resource for providing new and durable resistance that can be exploited for the development of current day high-yielding varieties (Mujeeb-Kazi et al., 2013). Utilization of primary gene pool is advantageous over secondary (comprising of wild relatives) as they carry homologous genomic regions having a better opportunity as combiner with hexaploid wheat (Wulff and Moscou, 2014). To widen the spectrum of rust resistance in modern wheat varieties, finding lines having new sources of resistance along with newer alleles for known resistance genes, is the way forward. High throughput genotyping technologies coupled with bioinformatics enable us to mine valuable information from genome database paving the way for a better understanding of vast germplasm collections.

With this objective, a diverse panel of 483 genotypes found suitable for GWAS (Kumar et al., 2020) was utilized for identifying genomic regions associated with rust resistance in the form of diverse resistant alleles and their combinations for durable resistance. This panel comprised diverse genotypes both in temporal and spatial dimensions, i.e., genotypes adapted to various agro-climatic conditions spanning India and varieties released during pre and post green revolution era. This panel encompassing of hitherto less engaged germplasm such as landraces offers a rich and new accessible source for disease resistance. Studies have supported the utilization of landraces for exploring novel resistant alleles (Muleta et al., 2017b; Pasam et al., 2017; Riaz et al., 2018). The same diverse panel was evaluated against all the three rusts without aiming any biasness toward specific rust. The phenotypic distribution of disease response did not follow a normal distribution, and original phenotypic data was utilized as such, similar to the previous studies (Gao et al., 2016; Edae et al., 2018). In this study, more than 50% of genotypes in the panel showed resistance to five out of seven SR pathotypes. Similar proportion of genotypes were found resistant to SR in four environments at the adult plant stage under field disease situations. This observation strongly suggested the presence of ASR loci in the panel. Whereas, in the case of LR, the presence of APR loci was supported by the fact that more than 70% of the lines were resistant in each of the four LR environments in spite of the panel showing susceptibility to five out of six LR pathotypes under seedling stage disease response. This was in concurrence with most number of ASR and APR loci observed against SR and LR disease response, respectively. Significant variations were observed among the genotypes in the panel as indicated by analysis of variance (ANOVA). High heritability estimates observed in this study for field disease responses were supported by significant positive correlations among traits and occurrence of consistent data recorded across environments. This indicated reproducibility of the data reliable for GWAS (Godoy et al., 2018).

Wheat breeder’s 35K array derived from wheat 820K SNP array provides breeder oriented informative markers (Allen et al., 2017). It has an added advantage of capturing information on germplasm derived from secondary and tertiary gene pools as the array is developed using exome capture of wheat and its wild relatives (Allen et al., 2017; Rasheed and Xia, 2019). In our study, LD decay was found strongly different in the three genomes with B genome to have the quickest decay followed by A genome, which is supported by previous reports (Gao et al., 2017; Riaz et al., 2018). This supports the practical use of D genome markers suitable for association tests even though less in number (Gao et al., 2017). D genome was found to have the highest LD than other genomes which has also been mentioned in several previous studies (Nielsen et al., 2014; Wang et al., 2014; Zegeye et al., 2014; Voss-Fels et al., 2015; Riaz et al., 2018). The number of significant marker pairs was found lowest in the chromosome 4D similar to a previous study (Muleta et al., 2017a).

Population structure in the panel showed two subpopulations (Kumar et al., 2020) which was further supported by PCA. A significant effect of population stratification was observed in differences based on disease response at seedling and adult plant stage. The resistant subpopulation of the two subpopulations, comprised of majorly improved genotypes and released varieties. It appeared that landraces in the minor subpopulation were found mostly susceptible. The landraces under study have originated from central and northwestern states of India namely Gujarat, Rajasthan, and Madhya Pradesh (Kumar et al., 2020). Landraces adapted to these regions are mostly tolerant to abiotic stresses viz. drought, heat, and salinity, e.g., genotype KHARCHIA LOCAL (origin: Rajasthan, India) is adapted to long-term salinity stress (Mahajan et al., 2017, 2020). We hypothesize that landraces adapted to harsh environments, such as abiotic stresses and low-input conditions give an eluded appearance of diseases. But under high input conditions, we observed that landraces appeared to be more susceptible when compared to improved genotypes. Since not all landraces were found susceptible (Supplementary Table S3), they may still be beneficial in the identification of novel resistant alleles. Of 96 landraces in the panel, twenty-one were found resistant in field response against LR and eleven each against YR and SR. Landrace IC321998 (origin: Uttarakhand, India) was found resistant for all three rusts. This suggests an indirect selection for disease resistance in spite of the fact that landraces are traditionally selected by the farmers preferring better agronomic traits (Zeven, 2002).

Care was taken to avoid spurious association due to population stratification by treating it as a covariate along with kinship accounting relationship among genotypes for association studies in this panel (Stich et al., 2008; Lipka et al., 2012; Yang et al., 2014). The selection of CMLM applied in this study was found suitable from the comparative study of different association models. In most of the cases, based on the Q-Q plots, CMLM was found to have minimum deviations in observed probabilities with respect to expected probabilities (Supplementary File S1). Several studies have been successfully conducted using the CMLM model (Arruda et al., 2016; Muleta et al., 2017a, b; Sheoran et al., 2019). It also provides efficiently high statistical power over and is an improvement to the MLM model for a large sample size (Zhang et al., 2010).

Three ASR loci QYr.ramp-1A.2, QLr.ramp-1A.2, and QSr.ramp-1A.2 were found co-localized on chromosome 1A against each rust located at 72.25–75.74 cM. Except for QYr.ramp-1A.2 exhibiting minor effect, other loci were found associated with disease response to multiple pathotypes and environments. This was in agreement with the QTL observed to have a minor effect but also showed seedling resistance on chromosome 1AL (Rosewarne et al., 2012; Jighly et al., 2015). QLr.umn-1AL was reported to be associated with both field and seedling disease response mapped at 149.8 cM on chromosome 1AL (Gao et al., 2016). In this study, QLr.ramp-1A.2 was observed proximal to this previously reported QTL. APR for LR is not known to be present on chromosome 1AL (Li et al., 2014) and the chance of having an association with Lr59 is highly unlikely as source of such alien introgression (Marais et al., 2008) is not present in the current study panel. A MTA exhibiting seedling resistance against Pgt race TTKSK represented by DArT marker wPt-2014 was reported on chromosome 1AL mapped at 70.5 cM (Laidò et al., 2015). This could be present in close proximity to the loci QSr.ramp-1A.2 identified in this study.

LR APR loci QLr.ramp-1B.2 was mapped on the short arm of chromosome 1B located at 8.24–9.93 cM. It was identified in close proximity to SSR marker Xswm271 linked to known APR gene Lr75 (Singla et al., 2017) and proximal to another APR gene Lr71 (Singh et al., 2013). Genomic region 23.90–26.22 cM (1B) was found to have a large number of MTAs in all the three rusts for seedling disease response (Figure 5 and Table 3). This region located on chromosome 1BL harbors several known Yr genes such as Yr9, Yr10, Yr15, Yr 64, Yr65, etc. In concurrence ASR loci QYr.ramp-1B.3 was found in a close proximity to Xbarc119 (27.4 cM) and Xgwm413 (29.9 cM) which are linked to Yr15 and YrH52 (Maccaferri et al., 2015a). This region also showed a possible association with wheat-alien translocation (1RS.1BL) derived from Secale cereale (Schlegel and Korzun, 1997). Resistance genes for all the three rusts are known to be associated with this translocation viz. Yr9 (Ren et al., 2009), Lr26, and Sr31 (Mago et al., 2005). Race-specific gene postulations demonstrated the presence of these genes in the panel, possibly being reflected as the co-localized ASR QTL QYr.ramp-1B.3, QLr.ramp-1B.3, and QSr.ramp-1B.4. The most virulent Pgt race Ug99 and its lineage have not been observed in India and its neighboring countries inferring the effectiveness of Sr31 in Indian germplasm (Prasad et al., 2018; Bhardwaj et al., 2019b).

So far, five QTL have been reported for resistance against YR on chromosome 1D, with three present at the distal end (Zwart et al., 2010; Ren et al., 2012a; Vazquez et al., 2012) and two present at the proximal end of its short arm (Maccaferri et al., 2015b; Godoy et al., 2018). Not many reports are present for ASR genes against YR at locations close to the centromere on chromosome 1DS where Godoy et al. (2018) reported QTL present at 89.58 cM. Two potential ASR loci QYr.ramp-1D.1 (AX-94508418: 1.03 Mb) and QYr.ramp-1D.3 (AX-94444583: 34.6 Mb) were observed both at distal and proximal regions of 1DS, respectively, in this study. The chromosome 1DS is also known to harbor Lr42 gene conferring resistance against LR at both seedling and adult plant stages and recently it has been fine mapped on 1DS flanked by markers TC387992 and Xwmc432 to a 3.7 cM genetic interval (Gill et al., 2019). QLr.ramp-1D (3.38 cM) was observed very close to this location at adult plant stage only. QSr.ramp-1D.1 located at 1.69 cM on 1DS was observed in close proximity of gene Sr33 which is known to be flanked by Xbarc152 and Xcfd15 at a distance of 1.8 cM on either end on 1DS (Sambasivam et al., 2008). The gene was introgressed in bread wheat from its wild relative Aegilopes taushii providing resistance against Ug99 group races (Periyannan et al., 2013).

The genomic region 102.12–104.59 cM was observed to have ASR loci for each rust. This region was present on the chromosome 2BL supported by the physical positions of QTL associated SNPs spanning ∼612–722 Mb region. Corresponding to this physical region, Aoun et al. (2019) identified QSr.ace-2B conferring resistance to Pgt races TTKSK and JRCQC (virulent to Sr9e) linked to Sr9 gene flanked by SNP markers IWA6399 and IWA7955 (92.7–105.3 cM) on chromosome 2BL. SR ASR loci QSr.ramp-2B.6 was identified within this genomic region supporting possible affiliation to Sr9. In co-localization to which YR ASR loci QYr.ramp-2B.4 was identified in a single field environment possibly due to its minor effect. It was located 5 cM proximal to another minor effect QTL QYrAvS.wgp-2BL (Liu et al., 2020). It was further located 3 cM proximal to SNP marker IWA638 (724 Mb: 107.58 cM) (Blake et al., 2016) which has been identified in a close proximity of YrSp gene (Feng et al., 2015). Another ASR loci QLr.ramp-2B.7 against LR was identified at 103.81–104.59 cM on chromosome 2BL. Gao et al. (2016) reported a QTL 2B_3 at 102.28–108.35 cM interval on chromosome 2B in response to field experiments only which reduced any possible similarity. Two formally known LR resistance genes Lr50 and Lr58 are present on the terminal region of chromosome 2BL (Brown-Guedira et al., 2003; Kuraparthy et al., 2007). SSR markers Xgdm87 (Lr50) and Xcfd50 (Lr58) linked to these genes are present distant to the identified QTL QLr.ramp-2B.7 based on the integrated consensus map (Maccaferri et al., 2015a). In a previous report, multiple resistance QTL against YR and LR QYr.ifa-2BL/QLr.ifa-2BL was identified on chromosome 2BL. It was flanked by DArT markers wPt-3378 and wPt-7360 (Crossa et al., 2007; Buerstmayr et al., 2014). However these markers were also present distant (Maccaferri et al., 2015a) to QLr.ramp-2B.7, leaving it for being an unexplored ASR loci.

In our study, it was observed that the genomic region 174.29–178.60 cM on chromosome 3DL harbored the most number of MTAs for seedling disease response against LR. Pathotypes LR_12-5, LR_104-2, LR_77-9, LR_77-5, and LR_77-1 collectively contributed to these MTAs observed (Figure 5 and Table 3). This region was also found highlighted in seedling disease response against SR pathotypes SR_122, SR_117-6, SR_40A, and SR_11. Wheat-alien translocations were known to be carried out for incorporating resistance genes Lr24/Sr24 (T3DS.3DL-3Ae#1L) and Lr38 (T3DL.3DS-7Ai#2L) in the chromosome 3D derived from Agropyron elongatum and Agropyron intermedium, respectively (Friebe et al., 1993; Jiang et al., 1993). ASR loci QLr.ramp-3D.6 and QSr.ramp-3D.4 were found associated with these translocations possibly harboring these resistance genes in our panel as evident by race-specific genes postulated.

Two APR and one ASR loci were identified co-localized on chromosome 6AL located at 215.37-221.75 cM (∼605–615 Mb). QYr.ramp-6A.5 was the ASR loci which provided resistance against YR in this region. It has been found distal to a previously reported ASR QTL tagging SNP IWA2129 on chromosome 6AL mapped at 212.2 cM (596.89 Mb) (Blake et al., 2016; Muleta et al., 2017a). Chromosome 6AL is also known to harbor the YR ASR gene Yr38 which is linked with another ASR gene Lr56 for LR (Park, 2016). None of these genes were postulated in the current study panel. In a previous study, Lr64 gene was mapped on chromosome 6AL tightly linked to the KASP marker which was developed for the SNP marker IWB59855 (Kolmer et al., 2019). The LR APR QTL QLr.ramp-6A.4 identified was represented by SNP marker AX-95147877 (615.46 Mb) in this study, found to be present close to SNP marker IWB59855 (614.17 Mb). Therefore, QLr.ramp-6A.4 could be strongly associated with the gene Lr64. Interestingly, Lr64 has not been characterized as ASR or APR gene so far (Park, 2016), whereas QLr.ramp-6A.4 was identified exhibiting APR response. This could provide supporting evidence for the identification of the true resistance nature of Lr64 in the future. An ASR QTL QSr.fcu-6A was mapped earlier on chromosome 6AL to the genomic region harboring Sr13 gene conferring resistance against Pgt races TMLKC, TRTTK, and TTKSK in emmer wheat (Sharma et al., 2019). An SNP-based semi-thermal asymmetric reverse PCR (STARP) marker rwgsnp7 was developed from the SNP IWB34398 (6AL: 615.45 Mb) to map QSr.fcu-6A. Validation of marker rwgsnp7 in hexaploid wheat provided evidence that chromosome 6D harbors a homoeologous allele similar to that present on chromosome 6A for this marker (Sharma et al., 2019). In this study, QSr.ramp-6A.5 was identified as APR loci mapped at 215.37–221.75 cM (∼605–615 Mb) interval on chromosome 6AL where the SNP IWB34398 overlaps with this region. Therefore, QSr.ramp-6A.5 could be present in the genomic region harboring Sr13. Since none of the Pgt races mentioned above were used in this study, seedling resistance could not be confirmed governed by this region in this study.

Chromosome 6B was observed to have co-localized APR loci for the three rusts. Based on MTAs associated with these QTL, an estimated physical location of ∼712–714 Mb was obtained (IWGSC RefSeq v.1.0) representing the long arm of the chromosome. Among several other reported YR APR QTL on 6BL (Mu et al., 2019), three QTL viz. QYr.wsu-6B.1 (Bulli et al., 2016), QYr.ucw-6B (Maccaferri et al., 2015b), and QYr.wgp-6B.1 (Santra et al., 2008) spanning ∼631–720 Mb genomic region were found overlapping to some extent with QYr.ramp-6B.4 identified in this study. LR APR QTL QLr.ramp-6B.6 was identified distally close to a recently reported APR QTL QLr.cim-6BL mapped in a durum mapping population on chromosome 6BL (Li et al., 2020). It was located in the interval of SNP markers AX-95155193 and AX-94562707 spanning 691.07–698.26 Mb genomic region. Lr3 (Kolmer, 2015) and Lr9 (Schachermayr et al., 1994) are well known genes present on chromosome 6BL. QLr.ramp-6B.6 was unlikely to be linked with either of these genes as Lr3 is an ASR gene and Lr9 has not been deployed in the current study panel. Similarly, Sr11 gene is also present on chromosome 6BL but exhibits ASR (origin: Triticum turgidum ssp. durum) (Park, 2016). It was mapped within the marker interval of Tdurum_contig55744_822 (IWB72471: 709.53 Mb) and BS00074288_51 (IWB10724: 715.97 Mb) (Blake et al., 2016; Nirmala et al., 2016). This region was found to be overlapping with those of QTL QSr.ramp-6B.3. Several genotypes were postulated to have this gene in the study panel. Since Sr11 provides a race-specific ASR against Pgt race TKTTF which has not been used in this study, QSr.ramp-6B.3 could have been mistakenly identified as an APR loci. Although, without further investigation a conclusion cannot be made.

The region (17.65–18.61 cM) harboring one ASR loci against YR and SR each, and one APR loci against LR were identified on the long arm of chromosome 6D (∼459–460 Mb). Gebrewahid et al. (2020) reported an APR QTL QYr.hebau-6DL located at 464.6–472.0 Mb interval flanked by SNP markers AX-108848475 and AX-109273869. QTL QYr.ramp-6D.2 identified in this study was present proximal to QYr.hebau-6DL, showing ASR property. There was a clear difference in the nature and position of these two QTL. LR APR QTL QLr.ramp-6D.1 was observed in a single environment depicting a possible minor effect. Although, chromosome 6DL harbors a known ASR gene Lr38 inheritably linked with SSR marker Xwmc773 (Mebrate et al., 2008) could be present relatively close to QLr.ramp-6D.1. Of the four known Sr genes on chromosome 6D, only the ASR gene Sr29 is present on the long arm (Dyck and Kerber, 1977). In a report, an APR QTL QSr.cim-6DL was mapped on chromosome 6DL. In our study, QSr.ramp-6D was identified as an ASR loci which could be in close proximity of Sr29.

The telomeric region of chromosomes 2AL and 7DS bears significant importance in YR resistance along with other resistant systems for barley yellow dwarf virus, powdery mildew and fusarium head blight (Boukhatem et al., 2002). Apart from the three known YR seedling resistance genes viz. Yr1 (Bansal et al., 2009), Yr32 (Eriksen et al., 2004), and YrJ22 (Chen et al., 2016), a recently identified and temporarily designated YR seedling resistance gene YrH9017 (Dong-fang et al., 2019) has been found on chromosome 2AL. None of the genotypes in the panel harbored these genes based on their pedigree and race-specific gene postulations. Instead, an unexplored YR APR loci QYr.ramp-2A.4 (179.61 cM) was observed at the telomeric region represented by SNP AX-94463225 (764.1 Mb). In co-localization to which, a LR APR loci QLr.ramp-2A.5 (AX-94995671: 779.6 Mb) was observed 33.07 cM and 73.07 cM distal to APR QTL QLr.ubo-2A (Li et al., 2014) and QLr.hebau-2AL (Zhang et al., 2017), respectively, in this study. APR loci QYr.ramp-7D.2 and QLr.ramp-7D.2 on chromosome 7D (6.96-18.37 cM) were found associated possibly with pleiotropic resistance gene Lr34/Yr18/Sr57, where SNPs representing these QTL viz. AX-95205886 (5.38 Mb) and AX-94674448 (72.94 Mb), respectively being in high LD (D’ = 0.87) are present on the short arm of chromosome 7D based on the IWGSC RefSeq v1.0 (Appels et al., 2018) reference physical map. The association to this pleiotropic gene can be further supported by the fact that forty genotypes in the current study panel were characterized for Lr34 in a previous report (Pawar et al., 2013). When compared to 90K SNP array, 35K SNP array used in this study was able to capture association with this pleiotropic resistance gene, since none of the 90K SNP markers are known to be linked to this gene (Muleta et al., 2017b). Since this array is capable of capturing conserved regions associated with yield-related traits present on the 1RS.1BL translocation region (Luján Basile et al., 2019) and was designed using wild relatives (Allen et al., 2017), provided an advantage over the most utilized 90K SNP array.

Evidence of true QTL can be derived from the results of having significant associations seen in at least two pathotypes or environments for a rust type (Edae et al., 2018). Validation of markers associated with these QTL can be done by comparing them with the positions of the markers of previously mapped QTL (Pasam et al., 2012; Hwang et al., 2014; Kertho et al., 2015; Maccaferri et al., 2015a). In this study, MTAs found associated with multiple pathotypes may be broadly useful in the enhancement of future germplasm and breeding programs (Liu et al., 2017). Accumulation and detection of favorable resistance alleles often pose challenges in the breeding program upon consideration (Riaz et al., 2018). In our study, a large number of favorable resistant alleles were detected in some landraces and these showed moderate to resistant behavior against the three rusts. As a separate observation, SNP AX-94394356, AX-94674448, and AX-95176310 being the QTL representing markers in field response against LR, had a poor percentage of resistance alleles accumulated in improved genotypes and released varieties when compared to landraces, in the panel. Similarly, AX-94608698, AX-95226309, AX-94485764, and AX-94805944 observed for SR field response, had more accumulated favorable alleles in landraces than that in other genotype categories. Such observations were not distinctively visible in case of YR response. This observation is possible when these favorable alleles have accumulated in landraces over time with varying frequencies (Riaz et al., 2018). The concept of ‘Speed breeding’ introduced (Watson et al., 2018) with the aim of utilizing latest advancements in phenotyping and high throughput data generation, can be helpful in developing rust-resistant wheat cultivars at an accelerated rate (Hickey et al., 2012; Riaz et al., 2016). To determine the identified QTL to be potentially novel or are associated with previously mapped QTL, allelism tests will be required.

Breeders engaged in wheat genetic improvement have a keen interest in looking for desirable parents or donor lines to enrich their crossing block. While grain yield is prime focus area along with end product making quality parameters, yet stabilization of yield potential through tolerance against abiotic and biotic stresses will always be a major concern. Therefore, any information on diverse or novel sources of resistance, in this case against the three rusts, is of considerable importance to the breeders. Since wheat cultivation in India corresponds to many of the agro-climatic regions growing wheat globally, the information becomes universally important in combating rust diseases. Our finding of hitherto less utilized sources of stripe, leaf and stem rust viz. IC321918, IC212153AMB, IC321998, H957, LBRL4, and some exotic lines shall attract the attention of the wheat breeders. When present alone, the APR genes/QTL do not confer adequate resistance especially under high disease pressure; however, combinations of 4 or 5 minor genes usually result in “near-immunity” or a high level of resistance (Singh et al., 2014). Increasing the frequency of QTL for rust resistance through divergent crossing in the population improvement program of wheat can provide durable rust resistance by broadening the genetic base for resistance. The pleiotropic QTL can confer slow rusting resistance against the three rusts of wheat. Bi-parental and multi-parent populations developed using resistant landraces and modern varieties shall enable toward this endeavor.
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FIGURE S1 | Heatmap of correlation coefficients showing the correlation between the 18 pathotypes representing the three rusts used in the study. The magnitude of the correlation is represented by the color gradient legend on the right side of the heatmap. Significant correlations are marked as ∗(p < 0.05), ∗∗(p < 0.01), and ∗∗∗(p < 0.001).

FIGURE S2 | GGE Biplot representing variations explained in the first two principal components for field disease response against YR, LR, and SR. Concentric circles represent the ranking of genotypes with respect to being an ideal genotype stable in corresponding environments.

FIGURE S3 | Population stratification study by using principal component analysis on 483 genotypes in the panel with variation partitioned between the first two principal components. (A) Two subpopulations observed in STRUCTURE analysis are represented with separate colors in the PCA plot. Also, (B) different categories of genotypes in the panel are represented in different colors.

FIGURE S4 | (A) Q-Q plot, (B) Manhattan plot, and (C) minor allele frequency of the MTAs observed for seedling stage disease response against 18 pathotypes representing the three rusts using CMLM.

FIGURE S5 | (A) Q-Q plot, (B) Manhattan plot, and (C) minor allele frequency of the MTAs observed for adult plant field disease response against the three rusts in different environments using CMLM.

FIGURE S6 | Haplotype analysis of the representative SNPs observed for putative QTL in the study for (A) stripe rust, (B) leaf rust, and (C) stem rust field responses. The number and variations in the grayscale represent the percentage magnitude of LD r2-value between marker pairs.

FIGURE S7 | Hierarchical clustering based dendrogram representing 72 genotypes resistant to multiple rusts. The numbers suffixed to genotypes in parenthesis represents the total number of favorable alleles observed for field response based QTL representative SNPs.

TABLE S1 | Avirulence/virulence formula of predominant Indian wheat rust pathotypes used in the present study.

TABLE S2 | Nomenclature of environments (12) considered for the evaluation of field disease response at adult plant stage.

TABLE S3 | Phenotypic evaluation of RAMP at seedling and adult plant stage for multiple rusts.

TABLE S4 | Basic statistics of disease response on RAMP at seedling and adult plant stages.

TABLE S5 | Pearson’s Correlation matrix of seedling resistance test (SRT) for stripe (5), stem (7), and Leaf (6) rust pathotypes.

TABLE S6 | Correlation analysis of phenotypic data for multiple rusts observed in different environments (p-value ≤ 0.001∗∗∗, 0.01∗∗, 0.05∗).

TABLE S7 | Phenotypic reactions of the 483 genotypes included in the study to multiple rusts at seedling and adult stage, grouped based on population structure.

TABLE S8 | Marker trait associations (MTAs) observed at seedling stage for Rust pathotypes in RAMP at −log10P ≥ 3.

TABLE S9 | Putative QTLs identified significantly associated with seedling stage disease response against multiple rust pathotypes.

TABLE S10 | Marker trait associations (MTAs) observed at adult plant stage for multiple rusts in RAMP at −log10P ≥ 3.

TABLE S11 | Putative QTLs identified significantly associated with adult plant stage disease response against the three rusts.

TABLE S12 | Putative QTL observed at seedling and adult plant stage for the three rusts.

TABLE S13 | Distribution of favorable alleles of representative SNPs in 483 wheat genotypes.

FILE S1 | Comparative Q–Q plots of six association models for multiple rust pathotypes and four environments each for YR, LR, and SR. The CMLM was observed as the best fit model.


FOOTNOTES

1
https://github.com/YinLiLin/R-CMplot

2
http://plants.ensembl.org/Triticum_aestivum/Info/Index

3
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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First described in Europe in 1777, stripe rust (SR) caused by Puccinia striiformis Westend. f. sp. tritici Erikss (Pst) is one of the most important and destructive diseases of wheat worldwide. Until 2000, SR was mainly endemic to cooler regions, but since then, new aggressive strains have emerged, spread intercontinentally, and caused severe epidemics in warmer regions across the world. This has put SR as a disease that poses a threat to the world food security. At present, the preferred strategy for control of SR is the access to wheat cultivars with adequate levels of SR resistance. However, wheat breeding programs are not sufficiently advanced to cope with the recently emerged Pst strains. Under this scenario, foliar fungicide applications have become an important component of SR management, but information on the effects of fungicide applications on SR control and wheat cultivar yield response is scarce. This review seeks to provide an overview of the impact and role of fungicides on SR management. With focus on wheat management in the major wheat-growing regions of the world, the review addresses: (a) the efficacy of different fungicide active ingredients, optimal fungicide timing and number of applications in controlling SR, and (b) the impact of fungicide on wheat grain yield response. Inclusion of fungicides in an integrated crop management approach is discussed.

Keywords: yellow rust, Puccinia striiformis f. sp. tritici (Pst), chemical control, integrated disease management, yield loss, new races


INTRODUCTION

Stripe rust (SR), also called yellow rust, is an old and devastating disease of wheat (Triticum aestivum L.) caused by the biotrophic fungus Puccinia striiformis f. sp. tritici (Pst) (Figure 1). Reported in more than 64 countries, SR can severely reduce yield in all wheat-growing regions of the world (Wellings, 2011; Chen et al., 2014; Chen and Kang, 2017a). Beddow et al. (2015) estimated global damages at over 5 million tons of wheat equivalent to a loss of US$979 million per year. In China, average annual yield losses caused by SR have been estimated at 1 million metric tons (Chen, 2005; Chen et al., 2007). In Australia, yield losses caused by SR were estimated at US$200 million per year (Murray and Brennan, 2009), and in the USA at about US$45 million in 1961 (Shaner and Powelson, 1971; Hendrix, 1994). Due to the magnitude of induced losses, SR is now considered the most economically important wheat disease and threat to food security worldwide (Solh et al., 2012; Chaves et al., 2013; Chen et al., 2014; Gangwar et al., 2017; Schwessinger, 2017; Chen, 2020).
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FIGURE 1. Stripe rust symptoms and signs. The first sign of stripe rust is the appearance of yellow streaks (pre-pustules), followed by small, bright yellow, elongated uredial pustules arranged in conspicuous rows on the leaves. Photo: Dr. Marcelo Carmona, Silvana Di Núbila.


The SR can cause significant crop yield reduction in highly susceptible wheat varieties with average losses from 10 to 70% (Chen, 2005, 2014; Chen and Kang, 2017a; Lan et al., 2017; Buendía-Ayala et al., 2019). The pathogen reduces grain yield and quality (Bryson et al., 1997; Chen et al., 2014; He et al., 2019) by: (i) growing, colonizing and reproducing itself at the expense of the energy produced by the plant; (ii) inducing chlorosis and necrosis, which will affect photosynthesis, light interception and light reflectance; (iii) inducing rapid and generalized foliar senescence and poor grain filling; and (iv) reducing root growth (Bever, 1937; Doodson et al., 1964a,b). The magnitude of yield losses will depend on the degree of cultivar resistance to SR and the crop growth stage at the time of epidemic onset. In general, high yield losses are observed in susceptible varieties infected early in the season (Batts and Elliott, 1952; Ash and Brown, 1990; Gaunt and Cole, 1991; Murray et al., 1994, 1995). In Europe, the Pst Warrior/Ambition strain severely affected most grown wheat cultivars from 2011 in Europe, with losses exceeding 50% of potential yield (Vergara-Diaz et al., 2015; Hovmøller et al., 2016). In Argentina, wheat yield losses reached a maximum of 4,700 kg ha−1 (70%) in fields heavily infected with newly introduced exotic races of Pst during the 2017 growing season.

Due to its polycyclic nature, SR epidemics can reach high infection rates in SR susceptible wheat cultivars, especially when temperature and relative humidity are favorable for disease development. Combined, temperature and relative humidity regulate several critical stages of the Pst life cycle such us spore germination, infection, latent period, sporulation, spore survival, and host resistance, all of which influence epidemic onset (Rapilly, 1979; Chen et al., 2014; Ma et al., 2015; Grabow et al., 2016). In Luxemburg, a threshold-based weather model for predicting SR infection indicated that temperatures between 4 and 16°C, a minimum of 4 continuous hours of relative humidity >92%, and rainfall ≤ 0.1 mm accurately predicted SR infections (El Jarroudi et al., 2017). In France, de Vallavieille-Pope et al. (1995) observed that SR infection on wheat seedlings required 3.5 h of minimal leaf wetness duration at 12°C.

Since the year 2000, new aggressive strains have emerged and spread intercontinentally, causing destructive pandemics in warmer regions across the world (Hovmøller et al., 2008; Loladze et al., 2009; Milus et al., 2009; Wellings, 2011; Mboup et al., 2012; Liu et al., 2017; de Vallavieille-Pope et al., 2018). This new scenario has caused global geographical expansion of SR during the last 20 years and forced the use of fungicides as an essential disease control measure. For instance, in 2017 Argentina faced the worst SR epidemics since the 1930s, with about 3,000,000 affected hectares (Carmona et al., 2019) (Figure 2). The disease spread rapidly throughout most wheat-growing areas of the country. SR was observed on almost all wheat cultivars and developed the typical field infected patches known as “foci” or hot-spots. Depending on the particular crop environment and wheat variety, SR severity ranged from 5 to 50% leaf coverage. The new 2017 and 2018 SR epidemics forced Argentine farmers to perform two applications of fungicide per growing season, on average. Grain yield was negatively correlated with disease severity and field trials showed average yield losses of 3,700 kg ha−1 (53%) and up to 4,700 kg ha−1 (70%) in severe cases where the disease was not controlled (Figure 3). Economic losses otherwise could be of up to 500 USD ha−1 (Carmona et al., 2019).
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FIGURE 2. Wheat yellow rust contaminated equipment early in the growing season (September 2017) in Los Cisnes, La Carlota, Cordoba province, Argentina. Photo: Ing. Agr. Juan Pablo Ioele.
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FIGURE 3. Drone image of stripe rust wheat variety trial. The yellow transverse belt corresponds to different commercial varieties of bread wheat that received no fungicide application. Photo: Ing. Agr. Carlos Grosso, VMV Siembras.


Although planting SR resistant cultivars is the most efficient and environment friendly method to reduce yield losses due to SR (Line and Chen, 1995; Zhang et al., 2017), 88% of the world's wheat production is based on wheat varieties susceptible to the disease (Beddow et al., 2015). Single race-specific resistance genes (Yr) had been effective in protecting wheat crops for several years, thus widely used in breeding programs, until new emerged Pst races made them ineffective (Zhang et al., 2017; McIntosh et al., 2018). In this context, while many molecular studies have been undertaken recently to identify genes conferring SR resistance (Ren et al., 2012; Rosewarne et al., 2012; Sharma-Poudyal et al., 2013; Zegeye et al., 2014; Maccaferri et al., 2015; Naruoka et al., 2015; Tang et al., 2015; Cheng et al., 2016; Yang et al., 2016, 2019; Muleta et al., 2017; Wang B. et al., 2017; Wang J. et al., 2017; Klymiuk et al., 2018; Marchal et al., 2018; Nsabiyera et al., 2018; Yuan F. P. et al., 2018; Elbasyoni et al., 2019; Liu et al., 2019; Mu et al., 2019; Rahmatov et al., 2019; Saleem et al., 2019; Wamalwa et al., 2019; Xu et al., 2019; Zeng et al., 2019; Zhang et al., 2019; Ramachandran et al., 2020), the development of commercially available resistant cultivars will still need several years and considerable investment in many countries (Solh et al., 2012; Chaves et al., 2013; Ellis et al., 2014; Beddow et al., 2015). Besides, genetic improvement in search of resistant wheat cultivars is not carried out equally in the different wheat producing regions with different climates.

On the other hand, Pst exhibits high degree of genetic variation thus high pathogenic variability. This pathogen possesses the ability to generate several resistance-breaking races or pathotypes that carry different race-specific avirulence or effector coding genes that make them more specialized in infecting different wheat cultivars. Pst genomes are highly heterozygous and encode several effectors (Chen et al., 2009, 2010; Cantu et al., 2013; Zheng et al., 2013; Cuomo et al., 2017; Kiran et al., 2017; Schwessinger et al., 2018; Xu et al., 2020). This genetic characteristic results in rapid emergence of virulent Pst races. The high variability of this pathogen is due to its high reproducibility, genetic diversity as a result of sexual recombination, long-distance dissemination capacity and ability to adapt to different environments (Jin et al., 2010; Hovmøller et al., 2011, 2016; Jin, 2011; Zhao et al., 2013, 2016; Zheng et al., 2013; Ali et al., 2014a,b,c, 2017; Tian et al., 2016; Wang et al., 2016; Chen and Kang, 2017a; Liu et al., 2017; Wan et al., 2017; Xia et al., 2018; Yuan C. Y. et al., 2018; Schwessinger et al., 2019; Siyoum et al., 2019). Uredioniospores of Pst can disperse at continental scales through wind currents and low-level jets (Chen and Kang, 2017a). They can be disseminated by wind from a few meters to more than 8,000 km in the same growing season, or 2,400 km in 6 months (Nagarajan and Singh, 1990; Line and Qayoum, 1992; Hovmøller et al., 2002; Zeng and Luo, 2006). Likewise, urediniospores can also be disseminated from one continent to another in clothing and footwear of long-distance travelers (Wellings et al., 1987).

The rapid inter-continental spread of novel Pst aggressive strains emphasizes the global importance of SR. The disease impact is much higher than “normal” when sudden “exotic” incursions of strains from other continents occur. Thus, SR should be considered in many countries of utmost importance by breeders and plant pathologists. Unfortunately, wheat breeding programs are not sufficiently prepared to cope with such strains, which leaves farmers with cultivars highly prone to rusts and with the need to use fungicides. Under the lack of wheat cultivars resistant to all Pst races and Yr genes are overcome by newly, continuously generated strains (Wan et al., 2016; Singh et al., 2017a,b), SR management relies heavily on the application of fungicides (Kang et al., 2010; Xi et al., 2015; Carmona et al., 2019).

In many regions, the dedication and investment in research on different aspects covering the correct use of fungicides to control cereal rusts (optimal time of application, optimal field dose, effectiveness of new molecules, monitoring sensitivity/resistance to fungicides, etc.) is limited. Despite being crop destructive pathogens, having high epidemiological rates, with genetic variability of races, and some of them with sexual reproduction, many resources for research on cereal rusts have focused on the genetic-molecular identification of races and development of resistant wheat genotypes. Some of the reasons that could explain this scenario could be found in the following two aspects: (i) it is undeniable that genetic resistance has historically achieved a resounding success in the management of several rusts and in particular in the SR management, at least until 2011, when better adapted and more aggressive new races broke the resistance of many cultivars in important wheat regions (Hovmøller et al., 2016). In this way, genetic resistance became the main SR control tool; and (ii) according to Oliver (2014), rusts in general have always been well-controlled with fungicides under field conditions when compared with other pathogens of similar epidemiological characteristics (e.g., Botrytis, Zymoseptoria, etc.). That is, the fungicides most used to combat rusts, such as quinone outside inhibitors (QoIs) and demethylation inhibitors (DMIs), have maintained their performance and efficacy either because rusts have an intron that prevents the G143A mutation (which would confer a robust resistance to QoIs); or because DMIs are low-risk resistance molecules that respond to quantitative resistance (Cools et al., 2013; Price et al., 2015). This efficacy maintained over time did not arouse interest in research on the use of fungicides and, therefore, was not a priority. However, an exception deserves to be noted: the case of Asian soybean rust caused by Phakopsora pachyrhizi. The availability of genotypes resistant to this particular rust is practically null and the use of fungicides has been massive for several years. Under this scenario, cases of resistance to all kinds of single-site fungicides used (QoIs, DMI, and SDHIs) have already been reported (Schmitz et al., 2014). It is for this reason that for this pathosystem, research in chemical control is a priority. Although in some countries fungicides were always used to control SR, their use has only become more extensive and massive in recent years, coinciding with the emergence of exotic races and the breakdown of genetic resistance. Given this current situation, there is a concern and the need for research on the correct use of fungicides for SR control. In this review, an overview of the impact and role of fungicides on SR management is addressed based on available records worldwide. The efficacy of different fungicide active ingredients, optimal fungicide timing and number of applications in controlling SR and the impact of fungicide on grain yield response are discussed.



FUNGICIDES USED FOR CONTROL OF SR

Fungicides are chemical compounds that inhibit or eradicate the growth of fungi, fungal-like pathogens, and their spores (Reis and Carmona, 2013). They can be classified conveniently according to at least three important aspects: (1) mobility; (2) mode of action; and (3) time of application in relation to the sub-phases of infection (Hewitt, 1998).


Classification of Fungicides According to Mobility
 
Non-penetrating Fungicides—Non-Mobile

Non-penetrating fungicides are not absorbed by the plant tissues and therefore not translocated. These fungicides remain on plant surfaces as a protective barrier or “shield” that will inhibit spore germination and/or mycelial growth. Therefore, this type of fungicides can be removed from the plant surface by rain or irrigation. Some examples of non-penetrating fungicides that have been formerly used to control SR include: mancozeb (Gupta et al., 1975), sulfur, maneb (Rathmell and Skidmore, 1982), bordeaux mixture (Liu et al., 1965), cupric salts, nickel salts, etc. (Line, 2002; Chen and Kang, 2017b).



Penetrant and Mobile (Systemic) Fungicides

Penetrating fungicides are deposited on plant surfaces, get absorbed by leaf tissues and transported upward by xylem vessels. They may be transported at very short distances (local systemic movement) or over long distances within the plant (true systemic fungicide) from the site of uptake depending on chemical compound attributes.

Mobile fungicides have contributed to improve crop disease control since, unlike non-penetrating fungicides, are not exposed to leaching and photo-decomposition, requiring fewer number of applications. Thus, penetrant-mobile fungicides present high control efficiency in smaller rates per hectare in comparison with non-penetrating fungicides.

Among penetrant-mobile fungicides, those that are more mobile within plant tissues, are transported upward by xylem (acropetal movement). Only a few fungicides can be partially translocated basipetally in the phloem.

The term “mesostemic” was devised to identify a complex group of strobilurins fungicides with diverse characteristics. Mesostemic movement refers to penetrating fungicides that act and move in the mesophyll. Some of them are also translaminar (passes from one leaf face to the other) and systemic (ex. azoxystrobin, picoxystrobin) while others also move through the vapor phase, e.g., trifloxystrobin (Bartlett et al., 2002; Balba, 2007).




Classification of Fungicides According to Mode of Action

Fungicides interfere with several cellular processes essential to the life of fungi and fungal-like organisms. How a fungicide molecule inhibits the growth or kills a given fungus is refer to its mode or mechanism of action (MOA) and it constitutes one of the way of classification. Currently, Fungicide Resistance Action Committee (FRAC) scheme lists 11 different modes of action (FRAC, 2020).

Different MOAs, applied as seed or foliar treatments, are used to prevent and cure SR. Non-penetrating protective fungicides have been used several years ago in SR control (Line, 2002). Currently, systemic fungicides such us DMI (FRAC Code 3), QoI (FRAC Code 11), and succinate dehydrogenase inhibitors (SDHI) (FRAC Code 7) are the most widely used fungicides worldwide (Chen and Kang, 2017b). According to their chemical structure, within the DMI fungicides the most numerous and important group are the triazoles. Although the fungicides strobilurins and carboxamides have the same MOA (inhibition of mitochondrial respiration), they have different sites of action. Carboxamides act in complex II whereas strobilurins act in complex III (FRAC, 2020). On the other hand, triazoles inhibit ergosterol biosynthesis, an essential component of the fungal cell membrane. Strobilurins, carboxamides and triazoles are single-site fungicides, i.e., they act against a single target or essential enzyme in an important metabolic pathway in a fungus. In contrast, fungicides that inhibit multiple sites, such as maneb, mancozeb, and chlorothalonil, affect several metabolic sites within a fungus.

The most frequent used fungicides to control SR are DMIs: cyproconazole, epoxiconazole, fluquinconazole, flutriafol, metconazole, propiconazole, prothioconazole, and tebuconazole; QoIs: azoxystrobin, kresoxim methyl, trifloxystrobin picoxystrobin, and pyraclostrobin; and SDHIs: fluxapyroxad, bixafen, and benzovindiflupyr (Table 1). Particularly, DMI fungicides have been used extensively to control SR (Chen et al., 1982, 1984; Conner and Kuzyk, 1988; Han et al., 2003, 2006; Chen, 2005; Wan et al., 2007).


Table 1. Fungicides currently used for control of stripe rust (SR) in the major wheat-growing regions of the world.

[image: Table 1]



Classification of Fungicides According to Sub-phases of the Affected Infectious Process

In this classification scheme, fungicides are grouped according to which subphase or event of the pathogenesis is affected (Reis and Carmona, 2013). Pathogenesis or disease cycle is a series of dynamic events that occur in succession during a parasitic relationship of a pathogen and a host that leads to development and establishment of infection. The complete disease cycle includes spore dispersal and deposition, spore germination and penetration, infection, host colonization and invasion, reproduction, dissemination, and survival (Agrios, 2005). The incubation period is the time from the beginning of infection till the appearance of first symptoms. Latent period is the time from the beginning of infection until the appearance of first signs. Based on which sub-phase of the infectious process is affected, fungicides can be classified as preventive, curative, and eradicant (Hewitt, 1998).


Protectant or Preventive Fungicide

Preventive or protectant fungicides act before fungal spores are deposited or before spore germination occurs. The main action exerted by the fungicide is “protectant” or “pre-penetration.” The fungicide prevents penetration and infection. All non-penetrating fungicides should be considered preventive o protectant agents. Some penetrating fungicides (strobilurins and carboxamides) can also have preventive or protective action (Bartlett et al., 2002; Amaro et al., 2019). This is explained by their mechanism of action based on the inhibition of mitochondrial respiration, a process that is critical during germination of spores.



Curative—Penetrating Fungicide

In this case, the fungicide is able to inhibit fungal growth inside the plant tissues before symptoms and signs are observed. They act mainly during the incubation period, paralyzing the infectious process. Disease control occurs after infection but without the presence of symptoms. Triazoles are typically curative fungicides and are frequently used in the control of rusts.



Eradicant Fungicides—Penetrating Fungicide

The eradication activity of a fungicide is related to the inhibition of disease progress after the appearance of symptoms or signs. Complete eradication of the pathogenic fungus within the host tissues is rare and difficult to achieve in the field (Ivic, 2010). Most fungicides do not have a significant eradication action, being their preventive and/or curative activities the main attributes to achieve efficient controls.




Fungicide Seed Treatments

Systemic fungicides applied on seeds are up-taken by seed tissues and seminal roots during seed germination and seedling establishment and then mobilized through the xylem to the plumule and seedling leaves (Reis and Carmona, 2013). Thus, certain systemic fungicides are used as seed treatments to protect seedling leaves exposed to early deposition of SR spores.

Fungicide seed treatments for SR control is beneficial especially in regions where highly susceptible varieties are grown, the disease is frequent, and Pst attacks occurs at early wheat vegetative stages. Sometimes, fields that were planted to seed efficiently treated against SR can delay or decrease the number of foliar applications (Rakotondradona and Line, 1984; Brown et al., 1985; Ahanger et al., 2014; Chen and Kang, 2017b; Hollaway, 2019). The major problem with fungicide seed treatment is the plausible phytotoxic effects on the plant stand, especially when high doses of a.i. are used (Rakotondradona and Line, 1984).

The first research on fungicide uptake in seed or soil for SR control were carried out by Powelson and Shaner (1966) and Hardison (1966, 1975a,b). The molecules evaluated were oxathiin penetrant-mobile fungicides: carboxin, oxicarboxin and several substituted analogs of carboxin. Subsequently, other molecules, such as butrizol, triadimenol, triadimefon, were evaluated (Rakotondradona and Line, 1984; Chan, 1985; Scott and Line, 1985; Cheer et al., 1990; Chen and Kang, 2017b). Triadimefon has shown high efficacy in controlling SR and has been one of the most used fungicides in China (Wan et al., 2007). Another DMI fungicide, such as fenpropimorph (morpholine, FRAC Code 5) was also effective for SR control (Conner and Kuzyk, 1988).

Currently, some triazoles such us triticonazole, flutriafol, fluquinconazole and the new carboxamide fluxapiroxad that showed high control efficiency are widely recommended as a seed treatment for SR control (Boshoff et al., 2003; APVMA, 2015; Hollaway, 2019; Wallwork and Garrard, 2020). Seed treatment for SR control should be considered as part of the integrated disease program.



Foliar Fungicide Application

The first fungicides that provided effective SR control were non-penetrating and protective. However, their use was limited due to the need to be applied repeatedly and because of their ineffectiveness on established infections (Line, 2002). Other fungicides, such as nickel salts (Hardison, 1963) and even antibiotics, such as phleomycin (Purdy, 1964) gave satisfactory SR control. A great advance in the development of fungicides for the control of SR was the discovery of oxathiin fungicides, especially oxycarboxin, which significantly improved SR control (Line, 2002). However, in field trials conducted in Canada, oxycarboxin was not effective for the control of SR (Conner and Kuzyk, 1988).

Subsequently, the development of new systemic molecules increased the possibilities of chemical control. In the USA, since the 1970s numerous tests have been carried out to assess different fungicide molecules and their control efficacy against SR (Line, 2002; Chen and Kang, 2017b). A milestone in the history of SR chemical control was the devastating epidemics of both leaf and stripe rust that occurred in the U.S. Pacific Northwest in 1980 and 1981. According to Line (1993, 2002), the epidemic forced the registration of the fungicide triadimefon, which had proved to be the most efficient molecule in annual field trials. Use of this fungicide reduced and avoided large economic losses due to SR. Similarly, faced with the emergence of unexpected SR epidemics caused by new exotic Pst races, it also took time to register fungicides for SR control in several countries, such as Canada. Between 1981 and 1986, triadimefon was made available in Alberta to control SR but on a temporary basis. Afterwards, propiconazole was given restricted registration for SR control (Conner and Kuzyk, 1988).

The search for new and efficient fungicidal molecules and the assessment of their greenhouse and field efficacies continued incessantly. Since the 1980s, DMIs began to be protagonists not only for the control of SR but also for other foliar fungal diseases. Strobilurins were introduced at the end of the 1990s and were widely disseminated in most crops. Although numerous cases of fungicide resistance to this chemical family have emerged (FRAC, 2020), they still maintain efficiency against rusts (Jørgensen et al., 2018). One exception is the Asian soybean rust, for which sensitivity reduction has been reported (Schmitz et al., 2014). Since ~2010, the SDHIs have been introduced in all fungicide markets in the world. This fungicide group successfully complemented QoIs and DMIs to control the complex of fungal diseases that infect wheat. Nevertheless, they are classified by FRAC as high risk fungicides.

Currently, there is a great diversity of fungicide commercial formulations containing a single or several active ingredients in mixture that are registered and/or recommended for SR control in all wheat-growing regions in the world (Table 1). Although the fungicide active ingredients may differ in their effectiveness according to the field dose (Sharma et al., 2016), most of the registered fungicides have shown high SR control when properly applied. The QoI + DMI mixture or mixtures with SDHIs are excellent options because in addition to controlling SR they extend control to other wheat diseases.

For example, in Argentina, the use of fungicides for SR control was based on DMIs and their mixtures with QoIs. The DMIs alone showed high SR control, but their persistence period was shorter than when used in mixtures. In addition, they did not provide preventive action. When SR appeared in together with leaf rust (Puccinia triticina), DMIs were not efficient in controlling it because P. triticina has decreased sensitivity to this group of fungicides (Reis and Carmona, 2011). Likewise, field observations showed that DMIs can stop new SR infections, but cannot efficiently control infections older than 1 week or more, which will develop into necrotic stretch marks visually appearing as “a great necrotic area” (Carmona and Sautua, 2018). Therefore, mixtures of fungicide active ingredients proved to be a better option to SR control by increasing the period of protection, granting preventive and curative action while also being able to control both rusts with high efficiency (Reis and Carmona, 2011; Carmona et al., 2019).




OPTIMAL FUNGICIDE TIMING

Unlike other crop diseases, SR deserves special attention when deciding on fungicide application timing and frequency of reapplication. Being the most destructive disease of wheat, producers and government institutions should ensure that the use of fungicides minimizes losses, especially in susceptible varieties. It should also be remembered that in the current social and environmental context, the use of fungicides requires an in-depth analysis that ensures sustainability to avoid environmental damage and unnecessary applications while ensuring the sought profitability. For these reasons, the analysis, interpretation and the definition of the optimal fungicide timing for SR control is a relevant aspect.

The first need that must be met is related to the real and complete information of the sanitary reaction of commercial varieties. This information must be provided by the seed companies to the farmers (the latest information on the reactions of wheat genotypes to SR). This aspect is crucial because depending on the degree of susceptibility of the genotype there will or may not be a need to apply fungicides. The second aspect is to define whether or not it is convenient for scouting to be mandatory in wheat fields, since early detection of SR is a key factor to appropriately perform an on-time chemical control of the pathogen and gain maximum protection of yield. Timing of fungicide application can be critical for effective control of SR. The delay in the application of fungicides in relation to the exponential growth of SR epidemics have proved to be less profitable due to the losses caused by the disease (Jørgensen and Nielsen, 1994). Thus, crop scouting at least twice a week, beginning at tillering (GS 25, Zadoks et al., 1974) should be mandatory for successful early detection of the first SR pustules. Also, identifying “hot-spots” of infection and the use of disease trap nurseries may help in the early detection. These general guidelines need to be observed especially in the case of SR-susceptible cultivars (Chen and Kang, 2017b).

Another significant aspect is related to the information on the monitoring and regional traceability of fields being affected by SR. As it is known, the efficient capacity of Pst aerial dissemination over long distances is one of the most important causes for explaining the appearance of new diseased fields (Brown and Hovmøller, 2002). Therefore, knowledge of the occurrence of the disease in different regions and localities could be the basis for generating early warnings that help to strengthen and adjust scouting and be better prepared.

Additional information related to the availability and effectiveness of fungicides registered in each country is also required. In many cases, the sudden emergence of destructive SR epidemics caused by exotic Pst races has not given enough time to comply with the necessary regulations for the registration and assessment of fungicide efficacy. The 1961 SR epidemic in the USA Pacific Northwest can be mentioned as a historical example in which farmers had no available information on fungicides and had to apply, on an emergency basis, fungicides that had not been tested or registered in the nation (Line, 2002). Another current example is the SR epidemics that occurred in Argentina since 2017, after almost 90 years of little disease occurrence. In that case, in addition to the lack of knowledge on field disease diagnosis, producers and consultants had no technical guidance related to fungicide application timing, thus they had to resort to all types of fungicidal molecules to try to stop the epidemics (Carmona et al., 2019).

Information on fungitoxicity, dose and control efficiency of the different fungicidal molecules, together with all the aspects mentioned above, are essential to define with criteria the optimal time for SR chemical control.

According to Viljanen-Rollinson et al. (2002), a frequent question is to ask in what growth stages and with what disease intensity should the SR chemical control be carried out? The answer is not simple, it is rather complex and very difficult to harmonize. This is shown in the summary of the literature review regarding the recommendations for optimal fungicide timing for SR control (Table 2). The proposals are very diverse and based on different criteria not always coincident. Thus, for example, a frequent recommendation is to apply the fungicide “at first symptoms.” This proposal would not appear to be robust and should be analyzed in light of its practical significance. “First symptoms” means the first time a crop scout observes the symptoms in the field when scouting for SR. The first symptoms to be observed will depend on the interval or frequency with which each crop scout monitors. Therefore, if the scouting intervals between different crop scouts are different from each other, when comparing them, values of “first symptoms” of different intensity levels will be obtained depending on each visit frequency. While the main objective of scouting is to confirm the disease as early as possible, the disease onset data for a crop scout that visits a field plot twice a week will be different from another that performs a weekly inspection or every 10 days. It is very common that technical labels of commercial fungicides incorporate in their recommendation the phrase “apply to the first symptoms” without detailing levels of SR intensity or frequency of visits to wheat fields. The damage caused by SR depends on disease intensity and not on its presence—“first symptoms.”


Table 2. Fungicide timing recommended for SR control according to country and year.
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Another frequent recommendation is based on the wheat growth stage as an indicator of fungicide timing (Table 2). Under this recommendation, the idea of prioritizing its effects on the host prevails over the pathogen. There is a general acceptance among producers and consultants that the main objective of a fungicide is to “protect and cure the host” without taking into account its action on pathogens. In this way, many fungicides are applied depending on the crop phenological stage with the mission that the upper leaves, mainly involved in the generation of grain yield, receive the chemical. There are numerous works that indicate the need to protect the upper leaves (Poole and Arnaudin, 2014). According to Viljanen-Rollinson et al. (2002), the recommendation to apply fungicides for the SR control should be made during the emergence of the flag leaf (GS 39). In coincidence, De Wolf et al. (2012) mention that a fungicide generates less SR control and consequently gives less yield response when applied before the emergence of the flag leaf. In this phyto-centric vision, the lower leaves that do not contribute to yield are not taken into account, even if they are diseased. In this framework of analysis, it is highly probable that, for example, when the fungicide is applied SR incidence and severity in the lower leaves are high and thus will be the main multipliers of the disease in the field plot. Undoubtedly, both the SR control and economic responses will be reduced if chemical applications are delayed. This discussion becomes even more relevant when considering the epidemiology of SR, a polycyclic disease that depends fundamentally on the rate of development. The number of sporulant uredinia in the lower leaves are a measure of importance of the transfer of inoculum toward the upper leaves. Thus, for example, Young et al. (2003) developed in England a model of prediction of the growth of the disease in a field plot based exclusively on lower leaf infections. These observations are in line with the assessments of Braithwaite et al. (1998), who indicate that the time of SR onset is the most critical factor in defining the time of fungicide application, rather than the phenological stage per se. When the disease was observed after heading, the application that provided the greatest control of SR was performed at flowering (GS 62), compared with the application guided only by the growth stage (fixed) in stem elongation (GS 32).

Although understanding the physiology of the host and the phenological stages is relevant, it should not be the only information for guiding fungicide applications for SR control. For all this, it is important to consider the role of diseased lower leaves (especially in very susceptible varieties). Lower leaves may contribute less to yield grain formation but contribute to the multiplication and spread of the pathogen. It is necessary to stop the Pst high rate of multiplication at the beginning of an epidemic that may not coincide with the time of the appearance of the upper leaves. This criterion coincides with Burkow et al. (2014), who mentions that fungicide applications at the early stages of SR infection are much more effective and can stop subsequent reinfections. The smaller the population of the pathogen to be controlled, the greater the control and persistence of the fungicide. When fungicides are applied opportunely to infections in lower leaves and even without having appeared the upper leaves, there is a decrease in the inoculum present in the field plot. This is an effective way of exercising an “indirect protection” on leaves that have not yet emerged because the inoculum is reduced in the field plot. In general, the initial or primary inoculum of rusts is brought in fields by wind, but the multiple reinfections within a field are mainly due to previously infected leaves, predominantly, the lower ones within the canopy (Farber, 2017).

At the opposite end of this analysis are the recommendations that indicate applying fungicides under a “preventive” scheme (Boshoff et al., 2003), that is, when wheat plants still do not show symptoms or visual signs. In these cases, the results are erratic and even fungicide applications for SR control could result in negative economic returns if there is no infection (Burkow et al., 2014). In this line of research, Viljanen-Rollinson et al. (2010) reported that when susceptible cultivars were sowed the impact of fungicides applied preventively during stem elongation (GS 31 and 37) was more effective in controlling SR vs. if they were applied at the first symptoms. The opposite happened when it came to varieties with some resistance (partial resistance). The authors concluded that preventive applications carried out in a fixed growth stage in the absence of the disease, were the most suitable for very susceptible cultivars, while the application performed at first symptoms could be a more appropriate method in those cultivars that slow down the disease because of having a certain genetic resistance, such as being moderately resistant.

Other recommendations when making fungicide application decisions for SR control are related to the economic damage threshold (EDT). Some authors established levels of foliar incidence and/or severity from which the economic return of the fungicide application is justified (Brown and Holmes, 1983; Murray, 2004; Wan et al., 2004; Murray et al., 2005; McLean et al., 2010; Bal, 2014; Jørgensen et al., 2014; Carmona and Sautua, 2018; Hollaway, 2019). These SR intensity thresholds are in the approximate range of 10–35% of leaf incidence (10–35 leaves per 100 have stripe rust) (Table 2). In order to guide fungicide applications using this type of technical recommendation, scouting is essential and must be continued even after applying the fungicide. This ensures that if there is reinfection, a new fungicide application can be carried out on time. The main drawback of this type of threshold is that the disease, unlike other rusts, can frequently appear in the field plots as hot spots or “foci.” Therefore, scouting should be directed to those spots or be exhaustive throughout the whole field, examining as many plants as possible.

Other authors have developed prediction models to help define the most appropriate fungicide timing for SR control. For example, in Australia, Brown and Holmes (1983) determined the different infection rates in different wheat cultivars and with a statistical prediction model they adjusted the best time for fungicide use. Eddy (2009) modeled the probability of wheat yield response in Kansas, USA, based on disease resistance of a variety, historical disease risk, and in-season disease risk with an accuracy between 71 and 84%. According to Chen and Kang (2017b), the optimal fungicides timing is not fixed and varies fundamentally according to the moment of occurrence of the disease in the crop, the cultivar involved, the environment, the region considered and the economic variables at stake.

Defining the optimal fungicide application timing for SR control is not a simple task and it should not be performed based on a single criterion. On the contrary, such complexity must be analyzed carefully. Decision-making necessarily forces us to consider various aspects in an integrated manner, including the host, the epidemiology of the disease, the fungicides and economic variables. It is necessary to analyze the attributes of the pathogen (polycyclic, races, inoculum pressure); the host (critical period for grain yield determination, cultivar degree of susceptibility, potential yield); the fungicide (dose, type of molecule), the environment (dew, rain, temperature, foliar wetness, relative humidity); and the presence of other diseases besides SR along with the analysis of disease economic return.

In relation to the fungicidal active ingredients, it is important that they ensure both preventive and curative action. Therefore, mixtures of SDHI or QoI plus DMIs are ideal for efficiently meeting these objectives. Another important aspect is to respect not only the optimal moment of control but also the recommended doses. Thus, for example, Jørgensen and Nielsen (1994) found that low DMI dosages applied on susceptible varieties had a shorter protection period than full dose when SR outbreaks (high disease pressure) have occurred in Denmark, requiring additional treatments. However, Sharma et al. (2016) showed that lower concentrations of different fungicides could offer good control and be profitable when the disease pressure is not very high.



NUMBER OF FUNGICIDE APPLICATIONS

In general, the number of fungicide applications needed to control SR depends on the inoculum pressure, the level of resistance of the sown cultivars, the timing of disease appearance in the field, and the occurrence of an environment predisposing SR epidemic development. For example, in Argentina, two applications of a QoI + DMI mixture (Carmona et al., 2019), on SR resistant varieties showed a negative economic impact, thereby suggesting that the applications were unnecessary. On the other hand, on SR susceptible varieties, one or two applications significantly reduced the intensity of the disease and protected yields. Moreover, two applications offered a significantly higher yield return in comparison to a single application. The crop season during which those studies took place was characterized by a high SR pressure and a predisposing environment to the reinfections of field plots previously sprayed with fungicide. In most of the wheat varieties evaluated, double application was justified.



WHEAT YIELD RESPONSE TO FUNGICIDE APPLICATIONS

Several reports illustrate the variability among wheat yield response to fungicides when applied to control SR. Those values are dependent on multiple factors, such as type of fungicide, application timing, number of applications, predominant Pst races, wheat variety's degree of susceptibility to SR, environmental variables, and application technology, to mention a few. However, it is clear that in all cases in which epidemics of SR occurred, the impact of fungicides was significant, allowing to reduce or avoid losses and generate higher yields both in number and weight of grains and in quality of wheat harvested. Thus, only by way of example, in Denmark, Jørgensen and Nielsen (1994) reported and average yield increase of 17, 30, 53, and 68% with one, two, three or four applications of a DMI + morpholine mixture (ergosterol inhibitors) using different doses and timing. In South Africa, Boshoff et al. (2003) reported about increases in yields as high as 49% under predisposing conditions for SR. In Canada, Xi et al. (2015) showed in field trials that the application of fungicides increased yield between 15 and 23% and thousand kernel weight (TKW) by 8–10%. In the USA, the use of fungicides to control SR allowed to reduce important yield losses. For example, Chen (2007) reported that the use of fungicides in Washington State alone allowed farmers to save 15–30 million dollars from 2002 to 2005. In another state, Texas, the chemical application resulted in yield increases up to 41% and in the TKW up to 33% (Reid and Swart, 2004). Chen et al. (2016) evaluated 24 wheat varieties in a field near Pullman, WA, in 2015 and reported that fungicide application resulted in yield increases from −4.26 to 38.18%. Sharma et al. (2016) estimated after 2 years in 3 locations in Tajikistan and Uzbekistan an average grain yield increase of 44 and 48% with a single or two fungicide applications, respectively. In India, Singh et al. (2016) evaluated during 2 growing seasons different fungicides applied in different growth stages. These researchers reported average yield increases of 22.8, 81.9, 61, and 39% when the application was made at early stem extension, flag leaf emergence, booting and heading, respectively. Also, Ahanger et al. (2014) reported an average yield increase of 44 and 29.8% in SR-susceptible and resistant wheat varieties, respectively. Jørgensen et al. (2018) conducted a study that involved 40 field trials during two seasons (2015 and 2016) in 10 different countries across Europe and tested four DMI fungicides, alone or in mixtures of two active ingredients at different field doses. These researchers reported grain yield increases between 13 and 44% depending on the dose and the year of evaluation. In Argentina, Carmona et al. (2019) recently reported yield responses to a QoI+DMI mixture varied from 0 to 158% and 5 to 242% for one and two sprays, respectively, depending on the resistance level of the variety evaluated. The evaluations were carried out in fields severely affected by epidemics of the newly introduced exotic race PstS13.



FUNGICIDE RESISTANCE MANAGEMENT

Fungicide resistance is a term that refers to an acquired and inheritable reduction in the sensitivity of a fungus to a specific antifungal active substance (Beckerman, 2013). In recent years, several cases of fungicide resistance in plant pathogenic fungi have been increasingly reported worldwide (Hollomon, 2015). Therefore, pathogen resistance to different fungicide active ingredients is one of the most important aspects in current agriculture (Lucas et al., 2015).

In some cases, fungicide resistance can appear very strongly, quickly and in a single step, as in the case of the G143A mutation (the substitution of alanine for glycine at codon 143 in the mitochondrial cytochrome b gene) that affects the QoIs (Gisi et al., 2002). In other cases, the emergence of resistance may be gradual and the loss of sensitivity of the pathogen is progressive, as is the case of resistance to DMIs (Brent and Hollomon, 2007). In general, the resistance risk level of rust fungi to QoIs is low and even lower to DMIs (Oliver, 2014). Thus, by way of example, the resistance to QoI generated by the G143A mutation has never been observed in any species of rust (Brent and Hollomon, 2007). Currently, SR control efficacy by fungicides is high despite the increased use prompted by the occurrence of severe epidemics worldwide (Singh et al., 2016; Chen et al., 2018; Jørgensen et al., 2018).

Although there have been reports of sensitivity reduction throughout the history of its use (Bayles et al., 2000; Napier et al., 2000), in recent years no cases of control failure in SR-infected field plots treated with fungicides nor detection of fungicide resistance produced artificially in the laboratory have been reported, except for a single report of loss of sensitivity to triadimefon (Tian et al., 2019). Kang et al. (2019) monitored the sensitivity of several Pst isolates from the United States and demonstrated that although propiconazole and pyraclostrobin fungicides are still efficient, there are differences in sensitivity in isolates. Recently, Peng et al. (2020) developed a rapid method of quantifying fungicide effectiveness against Pst with detached leaves. They propose this method could be used for determining effective concentration (EC50) values for fungicides and test the sensitivity of different Pst isolates.

Due to intense use of fungicides in the past, the risk of resistance development must be taken into account as a priority to develop sustainable chemical control strategies. Therefore, it is extremely important that producers and consultants correctly use different fungicide active ingredients to enhance their efficacy and prolong their useful lifespan as many years as possible. The following approaches should be employed with a holistic or integrated approach: (1) use the genetic resistance of the wheat varieties available in each producing region as the first component in SR management; (2) plan and implement an integrated disease management (IDM) program that includes: use of pathogen-free seed, crop scouting, disease monitoring, crop rotation, and application of other cultural practices, such as nutrition diagnosis and water management; (3) apply a fungicide only when necessary at the optimal application timing defined according to the available scientific methodology; (4) use mixtures of fungicide active ingredients with different biochemical mechanism of action. Each active ingredient must have high efficiency in the control of SR; (5) alternate fungicide active ingredients (between and within the same biochemical mechanism of action); (6) complement fungicides with resistance inducers and/or biological control agents; (7) follow the labeled doses of commercial fungicides indicated by the manufacturers and obey the restrictions indicated therein; (8) develop a program to monitor the sensitivity of Pst populations.



INTEGRATED CONTROL OF SR

An integrated SR management program combines the use of crop cultivars with adequate levels of resistance, use of early-warning systems involving regular pathogen monitoring and disease scouting, cultural practices and timely application of effective fungicides (Figure 4) (Line, 1993; Chen et al., 2013; Chen and Kang, 2017b). Control of SR should start with the development of wheat varieties with appropriate and durable levels of resistance. However, because there are no cultivars that are resistant to all Pst races (Zeng et al., 2014), the use of fungicides has become one of the most important practices for SR control worldwide.


[image: Figure 4]
FIGURE 4. Integrated management and prevention of wheat stripe rust scheme. An integrated stripe rust management approach is based on the combination of crop cultivars with adequate levels of resistance, use of early-warning systems involving regular pathogen monitoring and disease scouting, cultural practices, and timely application of fungicides. The base figure is modified from FAO (2014).


Economic, environmental, and legal factors influence fungicide selection and application timing. Until now, fungicides have shown to be significant in reducing SR intensity and yield losses and therefore have become practically the only control option in non-resistant varieties of wheat. Historically, fungicides have allowed us to avoid large economic losses that would have occurred due to the SR epidemics (Line, 2002; Chen and Kang, 2017b). Therefore, it is affirmed that at present it is almost impossible to plant SR-susceptible varieties of wheats without the need to apply fungicides in regions where the disease is endemic. For that reason, and despite their possible negative impacts on the environment, fungicides will continue to be very useful in SR management due to their high effectiveness in defending against SR and relatively low cost.



CONCLUSION AND PERSPECTIVES

The SR remains a major phytosanitary challenge to wheat cultivation and a threat to wheat production worldwide; its global economic impact remains elusive. Our analysis suggests that future SR epidemics are likely to occur worldwide due to: (i) the presence and emergence of aggressive well-adapted Pts strains that can cause severe epidemics in different wheat growing regions, (ii) the limited availability of wheat cultivars with medium to high SR resistance levels and high yield response, and (iii) the likelihood of more frequent extreme weather events that are conducive to long-distance dispersal of rust spores. In view of that, we believe that fungicides will continue to play a key role in SR management, even when wheat cultivars with high level of resistant to the greatest possible number of Pst races become available.

There is limited information on the performance and economic impact of fungicides in controlling SR worldwide. Yet, the effectiveness of QoIs and DMIs is well-proven. The efficacy and protection period of the recently introduced SDHIs still needs to be evaluated. Availability of other products, such as defense activators or biological control agents, alone or in combination with fungicides, will also be crucial to SR management programs.

Within fungicide use, a problem that requires further research is the definition of an optimal fungicide application timing. This will avoid unnecessary applications, thereby minimize negative environmental and social impact. We propose the use of an economic damage threshold (EDT) as the basis for a decision support tool for timing fungicide applications. Ideally, the development and validation stages of the EDT should be carried out locally for at least 3 to 5 growing seasons. Field experiments should include both the most popular wheat varieties and the most used fungicides in each region. Since a good relationship between rust severity and incidence is generally observed then the EDT can use incidence as the preferred disease measurement. Incidence is easier to determine than severity in the field and more practical for researchers and farmers. The EDTs could be integrated with weather forecasts into complex models and thereafter into operational warning systems to predict the probability of crop yield response to a fungicide/s application. Nevertheless, it is important to understand that in field conditions several wheat diseases most often coexist and interact. This problem has been faced by farm advisers when defining the optimal timing for the first fungicide application in situations where more than one foliar disease co-occur on the same crop. Therefore, a multi-disease approach is essential.

It is unknown whether the widespread fungicide use will quickly generate selection pressure on less sensitive isolates in the Pst population and if that could render fungicides less effective. This is a fundamental point that must not be overlooked, and that future research should address. Fungicide resistance monitoring programs should be part of the SR integrated management. Therefore, it is always necessary to reevaluate fungicides annually due to: (i) fungicide sensitivity shifts in different SR strains; (ii) the development of fungicide resistance in pathogen populations; (iii) the appearance of new SR races; and (iv) the necessity to know the reaction of different cultivars.

Fungicide application technology also plays a role in control efficacy. There are practically no modern studies in this regard and is another aspect that research should address.

In some countries, there is still need to establish official survey teams that help keep regional wheat producers informed about SR occurrence and spread. Also, training on scouting and diagnosis should be imparted in some countries to growers and field managers, since reemergence of SR, after a long time of being unseen, is practically a new problem.

In summary, success in controlling SR should start with pathogen surveys and the development of an IDM program that includes use of wheat varieties with high level of SR resistance and correct use of fungicides. The implementation of an IDM program should rely on early disease warning systems developed from regular pathogen scouting and EDTs, thus SR epidemics are predicted with high level of confidence.



AUTHOR CONTRIBUTIONS

MC, FS, and OP-H wrote the manuscript. ER revised the manuscript. All authored reviewed and contributed to the manuscript.



FUNDING

This work was financially supported by the University of Buenos Aires Project UBACyT 20020170100147BA.



REFERENCES

 Agrios, G. (2005). Plant Pathology. 5th Edn. Amsterdam: Elsevier Academic Press.

 Ahanger, R. A., Gupta, V., Bhat, H. A., and Dar, N. A. (2014). Management of yellow rust (Puccinia striiformis West) of wheat and its impact on yield under Jammu sub-tropics of India. Bioscan 9, 215–218.

 AHDB (2019). “Fungicide performance update for wheat, barley, and oilseed rape 2019,” in AHDB Agronomists' Conference, December 3–4 2019 (Leicester: Agriculture and Horticulture Development Board). Available online at: https://projectblue.blob.core.windows.net/media/Default/Imported%20Publication%20Docs/AHDB%20Cereals%20&%20Oilseeds/Disease/Fungicide%20performance/Fungicide%20performance%202019%20(6.12.19).pdf (accessed February 1, 2020).

 Ali, S., Gladieux, P., Leconte, M., Gautier, A., Justesen, A. F., Hovmøller, M. S., et al. (2014a). Origin, migration routes and worldwide population genetic structure of the wheat yellow rust pathogen Puccinia striiformis f.sp. tritici. PLoS Pathog. 10:e1003903. doi: 10.1371/journal.ppat.1003903

 Ali, S., Gladieux, P., Rahman, H., Saqib, M. S., Fiaz, M., Ahmad, H., et al. (2014b). Inferring the contribution of sexual reproduction, migration and off-season survival to the temporal maintenance of microbial populations: a case study on the wheat fungal pathogen Puccinia striiformis f.sp. tritici. Mol. Ecol. 23, 603–617. doi: 10.1111/mec.12629

 Ali, S., Leconte, M., Rahman, H., et al. (2014c). A high virulence and pathotype diversity of Puccinia striiformis f.sp. tritici at its centre of diversity, the Himalayan region of Pakistan. Eur. J. Plant Pathol. 140, 275–290. doi: 10.1007/s10658-014-0461-2

 Ali, S., Rodriguez-Algaba, J., Thach, T., Sørensen, C. K., Hansen, J. G., Lassen, P., et al. (2017). Yellow rust epidemics worldwide were caused by pathogen races from divergent genetic lineages. Front. Plant Sci. 8:1057. doi: 10.3389/fpls.2017.01057

 Amaro, A. C. E., Baron, D., Ono, E. O., and Rodrigues, J. D. (2019). Physiological effects of strobilurin and carboxamides on plants: an overview. Acta Physiol. Plant. 42:4. doi: 10.1007/s11738-019-2991-x

 APVMA (2015). Fluxapyroxad in the Product Systiva Seed Treatment Fungicide. Australian Pesticides and Veterinary Medicines Authority. Available online at: https://apvma.gov.au/node/13241 (accessed February 1, 2020).

 ARC Small Grain Institute (2014). More on the Chemical Control of Wheat Rust. Available online at: https://www.grainsa.co.za/more-on-the-chemical-control-of-wheat-rust (accessed February 1, 2020).

 Ash, G. J., and Brown, J. F. (1990). Yield losses in wheat caused by stripe rust (Puccinia striiformis West.) in northern New South Wales. Aust. J. Exp. Agric. 30, 103–108.

 Bal, R. S. (2014). Effect of some fungicides and time of fungicidal spray on stripe rust of wheat. J. Plant Pest Sci. 1, 39–43.

 Balba, H. (2007). Review of strobilurin fungicide chemicals. J. Environ. Sci. Health B 42, 441–451. doi: 10.1080/03601230701316465

 Bartlett, D. W., Clough, J. M., Godwin, J. R., Hall, A. A., Hamer, M., and Parr-Dobrzanski, B. (2002). The strobilurin fungicides. Pest Manag. Sci. 58, 649–662. doi: 10.1002/ps.520

 Batts, C. C. V., and Elliott, C. S. (1952). Indications of effects of yellow rust on yield of wheat. Plant Path. 1, 130–131.

 Bayles, R. A., Stigwood, P. L., and Clarkson, J. D. S. (2000). Shifts in sensitivity of Puccinia striiformis DMI fungicides in the UK. Acta Phytopathol. Entomol. Hungarica 35, 381–382.

 Beckerman, J. L. (2013). “Detection of fungicide resistance,” In: Fungicides–Showcases of Integrated Plant Disease Management From Around the World, ed N. Nita (London: InTech). doi: 10.5772/55981 Available online at: https://www.intechopen.com/books/fungicides-showcases-of-integrated-plant-disease-management-from-around-the-world/detection-of-fungicide-resistance (accessed February 1, 2020).

 Beddow, J. M., Pardey, P. G., Chai, Y., Hurley, T. M., Kriticos, D. J., Braun, H.-J, Park, R. F., et al. (2015). Research investment implications of shifts in the global geography of wheat stripe rust. Nat. Plants 1:15132. doi: 10.1038/nplants.2015.132

 Beresford, R. M. (2011). Succinate Dehydrogenase Inhibitor (SDHI) Fungicide Resistance Prevention Strategy. Available online at: https://resistance.nzpps.org/index.php?p=fungicides/sdhi (accessed February 1, 2020).

 Bever, W. M. (1937). Influence of stripe rust on growth, water economy and yield of wheat and barley. J. Agric. Res. 54, 375–385.

 Boshoff, W. H. P., Pretorius, Z. A, and van Niekerk, B. D. (2003). Fungicide efficacy and the impact of stripe rust on spring and winter wheat in South Africa. S. Afr. J. Plant Soil 20, 11–17. doi: 10.1080/02571862.2003.10634898

 Braithwaite, M., Cromey, M., Saville, D., and Cookson, T. (1998). “Effects of fungicide rates and timing on control of stripe rust in wheat,” in Proceedings of the 51st New Zealand Plant Protection Conference (Hamilton), 66–70. doi: 10.30843/nzpp.1998.51.11651

 Brent, K. J., and Hollomon, D. W. (2007). Fungicide Resistance: The Assessment of Risk. FRAC Monograph 2. 2nd Edn. Brussels: FRAC. Available online at: http://www.frac.info/docs/default-source/publications/monographs/monograph-2.pdf (accessed February 1, 2020).

 Brown, J. K., and Hovmøller, M. S. (2002). Aerial dispersal of pathogens on the global and continental scales and its impact on plant disease. Science. 297, 537–541. doi: 10.1126/science.1072678

 Brown, J. S., Ballinger, D. J., and Kollmorgen, J. F. (1985). Effects of fungicides applied at seeding on stripe rust and common bunt of wheat. Crop Prot. 4, 481–484. doi: 10.1016/0261-2194(85)90053-5

 Brown, J. S., and Holmes, R. J. (1983). Guidelines for use of foliar sprays to control stripe rust of wheat in Australia. Plant Dis. 67, 485–487.

 Bryson, R. J., Paveley, N. D., Clark, W. S., Sylvester-Bradley, R., and Scott, R. K. (1997). Use of in-field measurements of green leaf area and incident radiation to estimate the effects of yellow rust epidemics on the yield of winter wheat. Dev. Crop Sci. 25, 77–86. doi: 10.1016/S0378-519X(97)80010-4

 Buendía-Ayala, B. L., Martínez-Cruz, E., Villaseñor, H. E., Hortelano Santa Rosa, R., Espitia-Rangel, E., and Buendía-González, M. O. (2019). The incidence of yellow rust and the industrial quality of the grain and the dough in bread wheat. Rev. Mexicana Cienc. Agric. 10, 143–154. doi: 10.29312/remexca.v10i1.1333

 Burkow, J., Singh, A. K., Valle, V., Velázquez, J. C., Padilla, D. P., Renova, J., et al. (2014). A Model for Stripe Rust Growth With Two Fungicidal Effects. Available online at: https://mtbi.asu.edu/2014-4 (accessed February 1, 2020).

 Cantu, D., Segovia, V., MacLean, D., Bayles, R., Chen, X., Kamoun, S., et al. (2013). Genome analyses of the wheat yellow (stripe) rust pathogen Puccinia striiformis f. sp. tritici reveal polymorphic and haustorial expressed secreted proteins as candidate effectors. BMC Genomics 14:270. doi: 10.1186/1471-2164-14-270

 Carmona, M., and Sautua, F. (2018). Epidemias de roya amarilla del trigo. nuevas razas en el mundo, monitoreo y decisión de uso de fungicidas. Agron. Ambiente Rev. Facult. Agron. UBA 38, 37–58.

 Carmona, M. A., Sautua, F. J., Pérez-Hernández, O., et al. (2019). Rapid emergency response to yellow rust epidemics caused by newly introduced lineages of Puccinia striiformis f. sp. tritici in Argentina. Trop. Plant Pathol. 44:385. doi: 10.1007/s40858-019-00295-y

 Chan, K. C. (1985). “Timing of fungicide applications for disease control in wheat,” in Proceedings of the Regional Conference on Plant Quarantine Support for Agricultural Development. Kuala Lumpur, Malaysia, 10–12 December 1985 (Serdang: ASEAN Plant Quarantine Centre and Training Institute), 125–129.

 Chaves, M. S., Martinelli, J. A., Wesp-Guterres, C., Graichen, F. A. S., Brammer, S. P., Scagliusi, S. M., et al. (2013). The importance for food security of maintaining rust resistance in wheat. Food Sec. 5:157. doi: 10.1007/s12571-013-0248-x

 Cheer, A. B., Heatherington, P. J., and Clark, D. C. (1990). “Control of yellow rust with a triadimenol seed treatment on a range of winter wheat cultivars,” in Brighton Crop Protection Conference, Pests and Diseases−1990 (Brighton), 807–812.

 Chen, W., Wellings, C., Chen, X., Kang, Z., and Liu, T. (2014). Pathogen profile: wheat stripe (yellow) rust caused by Puccinia striiformis f. sp. tritici. Mol. Plant Pathol. 15, 433–446. doi: 10.1111/mpp.12116

 Chen, W. Q., Kang, Z. S., Ma, Z. H., Xu, S. C., Jin, S. L., and Jiang, Y. Y. (2013). Integrated management of wheat stripe rust caused by Puccinia striiformis f. sp. tritici in China. Sci. Agric. Sin. 46, 4254–4262. doi: 10.3864/j.issn.0578-1752.2013.20.008

 Chen, W. Q., Wu, L. R., Liu, T. G., Xu, S. C., Jin, S. L., Peng, Y. L., et al. (2009). Race dynamics, diversity, and virulence evolution in Puccinia striiformis f. sp. tritici, the causal agent of wheat stripe rust in China from 2003 to 2007. Plant Dis. 93, 1093–1101. doi: 10.1094/PDIS-93-11-1093

 Chen, W. Q., Xu, S. C., and Wu, L. R. (2007). Epidemiology and sustainable management of wheat stripe rust caused by Puccinia striiformis West. in China: a historical retrospect and prospect. Sci. Agric. Sin. 40, 177–183.

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

 Chen, X. M. (2007). Challenges and solutions for stripe rust control in the United States. Aust. J. Agric. Res. 58, 648–655. doi: 10.1071/AR07045

 Chen, X. M. (2014). Integration of cultivar resistance and fungicide application for control of wheat stripe rust. Can. J. Plant Pathol. 36, 311–326. doi: 10.1080/07060661.2014.924560

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

 Chen, X. M., Evans, C. K., and Liu, Y. M. (2016). Responses of winter wheat cultivars to fungicide application for control of stripe rust in 2015. Plant Dis. Manage. Rep. 10:CF023.

 Chen, X. M., Evans, C. K., Sprott, J., and Liu, Y. M. (2018). Evaluation of foliar fungicide treatments for control of stripe rust on winter wheat in 2017. Plant Dis. Manage. Rep. 12:CF073.

 Chen, X. M., and Kang, Z. (2017a). “Introduction: history of research, symptoms, taxonomy of the pathogen, host range, distribution, and impact of stripe rust,” in Stripe Rust, eds X. Chen and Z. Kang (Dordrecht: Springer), 1–33. doi: 10.1007/978-94-024-1111-9_1

 Chen, X. M., and Kang, Z. (2017b). “Integrated control of stripe rust,” in Stripe Rust, eds X. Chen and Z. Kang (Dordrecht: Springer), 559–599. doi: 10.1007/978-94-024-1111-9_6

 Chen, X. M., Penman, L., Wan, A. M., and Cheng, P. (2010). Virulence races of Puccinia striiformis f. sp. tritici in 2006 and 2007 and development of wheat stripe rust and distributions, dynamics, and evolutionary relationships of races from 2000 to 2007 in the United States. Can. J. Plant Pathol. 32, 315–333. doi: 10.1080/07060661.2010.499271

 Chen, Y. L., Xie, S. X., Sun, Y. H., and Qin, H. K. (1982). Preliminary research on triadimefon as a seed dressing for controlling epidemics of yellow rust of wheat. Chin. J. Plant Protec. 9, 265–270.

 Chen, Y. L., Xie, S. X., Sun, Y. H., and Qin, H. K. (1984). Preliminary research on the control of stripe rust (Puccinia striiformis) of wheat by triadimefon. Chin. J. Plant Protec. 11, 241–246.

 Cheng, Y., Yao, J., Zhang, Y., Li, S., and Kang, Z. (2016). Characterization of a Ran gene from Puccinia striiformis f. sp. tritici involved in fungal growth and anti-cell death. Sci. Rep. 6:35248. doi: 10.1038/srep35248

 Conner, R. L., and Kuzyk, A. D. (1988). Effectiveness of fungicides in controlling stripe rust, leaf rust, and black point in soft white spring wheat. Can. J. Plant Pathol. 10, 321–326. doi: 10.1080/07060668809501706

 Cools, H. J., Hawkins, N. J., and Fraaije, B. A. (2013). Constraints on the evolution of azole resistance in plant pathogenic fungi. Plant Pathol. 62, 36–42. doi: 10.1111/ppa.12128

 Cuomo, C. A., Bakkeren, G., Khalil, H. B., Panwar, V., Joly, D., Linning, R., et al. (2017). Comparative analysis highlights variable genome content of wheat rusts and divergence of the mating loci. G3-Genes Genom. Genet. 7, 361–376. doi: 10.1534/g3.116.032797

 de Vallavieille-Pope, C., Bahri, B., Leconte, M., Zurfluh, O., Belaid, Y., et al. (2018). Thermal generalist behaviour of invasive Puccinia striiformis f. sp. tritici strains under current and future climate conditions. Plant Pathol. 67, 1307–1320. doi: 10.1111/ppa.12840

 de Vallavieille-Pope, C., Huber, L., Leconte, M., and Goyeau, H. (1995). Comparative effects of temperature and interrupted wet periods on germination, penetration, and infection of Puccinia recondita f. sp. tritici and P. striiformis on wheat seedlings. Phytopathol. 85, 409–415. doi: 10.1094/Phyto-85-409

 De Wolf, E., Bockus, W., Shoup, D., Eddy, R., Duncan, S., and Shroyer, J. (2012). Evaluating the Need for Wheat Foliar Fungicides. Agricultural Experiment Station and Cooperative Extension Service, Kansas State University. Available online at: https://www.bookstore.ksre.ksu.edu/pubs/MF3057.pdf (accessed February 1, 2020).

 Doodson, J. K., Manners, J. G., and Myers, A. (1964b). Some effects of yellow rust (Puccinia striiformis) on the growth and yield of a spring wheat. Ann. Bot. 28, 459–472.

 Doodson, J. K., Manners, J. G., and Myers, A. (1964a). “Some effects of yellow rust on the yield and physiology of wheat,” in Paper Presented at the Third International Yellow Rust Conference (Cambridge).

 Eddy, R. (2009). Logistic regression models to predict stripe rust infections on wheat and yield response to foliar fungicide application on wheat in Kansas (M. Sc. Thesis), B. S. Kansas State University, Manhattan, KS, United States. Available online at: https://core.ac.uk/download/pdf/5166244.pdf (accessed February 1, 2020).

 El Jarroudi, M., Kouadio, L., Bock, C. H., El Jarroudi, M., Junk, J., Pasquali, M., et al. (2017). A threshold-based weather model for predicting stripe rust infection in winter wheat. Plant Dis. 101, 693–703. doi: 10.1094/PDIS-12-16-1766-RE

 Elbasyoni, I. S., El-Orabey, W. M., Morsy, S., Baenziger, P. S., Al Ajlouni, Z., and Dowikat, I. (2019). Evaluation of a global spring wheat panel for stripe rust: Resistance loci validation and novel resources identification. PLoS ONE 14:e0222755. doi: 10.1371/journal.pone.0222755

 Ellis, J. G., Lagudah, E. S., Spielmeyer, W., and Dodds, P. N. (2014). The past, present and future of breeding rust resistant wheat. Front. Plant Sci. 5:641. doi: 10.3389/fpls.2014.00641

 Eurowheat (2020). Control Thresholds for Diseases. Available online at: https://agro.au.dk/forskning/internationale-platforme/eurowheat/wheat-ipm-tools-and-information/control-thresholds-for-diseases/ (accessed February 1, 2020).

 FAO (2014). Wheat Rust Diseases Global Programme 2014–2017. Food and Agriculture Organization of the United Nations. Available online at: http://www.fao.org/3/a-i3730e.pdf (accessed February 1, 2020).

 Farber, D. (2017). The primary disease gradient of wheat stripe rust (Puccinia striiformis f. sp. tritici) across spatial scales (Ph. D. thesis), Oregon State University. Available online at: https://ir.library.oregonstate.edu/xmlui/handle/1957/59932?show=full (accessed February 1, 2020).

 FRAC (2020). FRAC Code List 2020: Fungal Control Agents Sorted by Cross Resistance Pattern and Mode of Action (Including FRAC Code Numbering). Available online at: https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2020-final.pdf?sfvrsn=8301499a_2 (accessed February 2020).

 French, R. D. (2016). Fungicides Labeled for Wheat for the Control of Rusts in Texas. Texas A&M AgriLife Extension. Available online at: http://amarillo.tamu.edu/files/2016/03/Fungicides-for-rusts-on-wheat-Spring-2016.pdf (accessed February 1, 2020).

 Gangwar, O. P., Bhardwaj, S. C., Kumar, S., Prasad, P., Khan, H., and Savadi, S. (2017). “Overcoming stripe rust of wheat: a threat to food security,” in Management of Wheat and Barley Diseases, ed D. P. Singh (Palm Bay, FL: Apple Academic Press, 115–131.

 Gaunt, R. E., and Cole, M. J. (1991). An analysis of yield reduction caused by stripe rust in Rongotea wheat. Aust. J. Agric. Res. 42, 45–52. doi: 10.1071/AR9910045

 Germán, S., Azzimonti, G., Castro, M., García, R., Quincke, M., and Pereyra, S. (2018). Roya estriada de trigo: epidemia en 2017 asociada a la presencia de razas agresivas del patógeno y sus posibles consecuencias. Rev. INIA 54, 36–41.

 Gisi, U., Sierotzki, H., Cook, A., and McCaffery, A. (2002). Mechanisms influencing the evolution of resistance to Qo inhibitor fungicides. Pest Manag. Sci. 58, 859–867. doi: 10.1002/ps.565

 Grabow, B. S., Shah, D. A., and DeWolf, E. D. (2016). Environmental conditions associated with stripe rust in Kansas winter wheat. Plant Dis. 100, 2306–2312. doi: 10.1094/PDIS-11-15-1321-RE

 Gupta, I. L., Sharma, B. S., and Dalela, G. G. (1975). Fungicidal control of yellow rust of barley. Indian J. Mycol. Plant Pathol. 5:115.

 Han, Q. M., Kang, Z. S., Buchenauer, H., Huang, L. L., and Zhao, J. (2006). Cytological and immunocytochemical studies on the effects of the fungicide tebuconazole on the interaction of wheat with stripe rust. J. Plant Pathol. 88, 263–271. doi: 10.4454/jpp.v88i3.871

 Han, Q. M., Kang, Z. S., Wei, G. R., and Wang, X. Z. (2003). Studies on folicur and caramba for the control of wheat stripe rust disease. Plant Protec. 29, 61–63.

 Hardison, J. R. (1963). Commercial control of Puccinia striiformis and other rusts in seed crops of Poa pratensis by nickel fungicides. Phytopathology 53, 209–216.

 Hardison, J. R. (1966). Systemic activity of two derivatives of 1,4-oxathiin against smut and rust diseases of grasses. Plant Dis. Report. 50:624.

 Hardison, J. R. (1975a). Control of Puccinia striiformis by two new systemic fungicides, Bay MEB 6447 and BAS 31702 F. Plant Dis. Rep. 59, 652–655.

 Hardison, J. R. (1975b). Relationships of molecular structure of 1,4-oxathiin fungicides to chemotherapeutic activity against rust and smut fungi in grasses. Phytopathology 61, 731–735. doi: 10.1094/Phyto-61-731

 He, C., Zhang, Y., Zhou, W., Guo, Q., Bai, B., Shen, S., et al. (2019). Study on stripe rust (Puccinia striiformis) effect on grain filling and seed morphology building of special winter wheat germplasm Huixianhong. PLoS ONE 14:e0215066. doi: 10.1371/journal.pone.0215066

 Hendrix, J. W. (1994). Stripe rust, what it is and what to do about it. Wash. State Univ. Stn. Circ. 424, 1–6.

 Hewitt, H. G. (1998). Fungicides in Crop Protection. Wallingford: CAB International.

 Hims, M. J., and Cook, R. J. (1991). The use of rainfall and accumulated mean temperature to indicate fungicide activity in the control of leaf diseases of winter wheat in the UK. Bull. OEPP/EPPO Bull. 21, 477–484.

 Hollaway, G. (2019). Stripe Rust of Wheat. Agriculture Victoria. Available online at: http://agriculture.vic.gov.au/__data/assets/pdf_file/0008/402767/Stripe-rust-of-wheat-AG1167-March-2019.pdf (accessed February 1, 2020).

 Hollomon, D. W. (2015). “Fungicide resistance: 40 years on and still a major problem,”. in Fungicide Resistance in Plant Pathogens. Principles and a Guide to Practical Management, eds H. Ishii and D. W. Hollomon (Tokyo: Springer, 3–11.

 Hovmøller, M. S., Justesen, A. F., and Brown, J. K. M. (2002). Clonality and long-distance migration of Puccinia striiformis f. sp. tritici in north-west Europe. Plant Path. 51, 24–32. doi: 10.1046/j.1365-3059.2002.00652.x

 Hovmøller, M. S., Sørensen, C. K., Walter, S., and Justesen, A. F. (2011). Diversity of Puccinia striiformis on cereals and grasses. Annu. Rev. Phytopathol. 49, 197–217. doi: 10.1146/annurev-phyto-072910-095230

 Hovmøller, M. S., Walter, S., Bayles, R. A., Hubbard, A., Flath, K., Sommerfeldt, N., et al. (2016). Replacement of the European wheat yellow rust population by new races from the centre of diversity in the near-Himalayan region. Plant Pathol. 65, 402–411. doi: 10.1111/ppa.12433

 Hovmøller, M. S., Yahyaoui, A. H., Milus, E. A., and Justesen, A. F. (2008). Rapid global spread of two aggressive strains of a wheat rust fungus. Mol. Ecol. 17, 3818–3826. doi: 10.1111/j.1365-294X.2008.03886.x

 Ivic, D. (2010). “Curative and eradicative effects of fungicides,” in Fungicides, ed C. Odile (InTech). doi: 10.5772/13766 Available online at: https://www.intechopen.com/books/fungicides/curative-and-eradicative-effects-of-fungicides (accessed February 1, 2020).

 Jackson-Ziems, T. A., Giesler, L. J., Harveson, R. M., Wegulo, S. N., Korus, K., and Adesemoye, A. O. (2016). “Fungicide application timing and disease control,” in Papers in Plant Pathology, 486. Available online at: https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1487&context=plantpathpapers (accessed February 1, 2020).

 Jin, Y. (2011). Role of Berberis spp. as alternate hosts in generating new races of Puccinia graminis and P. striiformis. Euphytica 179, 105–108. doi: 10.1007/s10681-010-0328-3

 Jin, Y., Szabo, L. J., and Carson, M. (2010). Century-old mystery of Puccinia striiformis life history solved with the identification of Berberis as an alternate host. Phytopathology 100, 432–435. doi: 10.1094/PHYTO-100-5-0432

 Jørgensen, L., and Nielsen, B. (1994). Control of yellow rust (Puccinia striiformis) on winter wheat by ergosterol inhibitors at full and reduced dosages. Crop Prot. 13, 323–330. doi: 10.1016/0261-2194(94)90045-0

 Jørgensen, L. N., Oliver, R. P., and Heick, T. M. (2018). “Occurrence and avoidance of fungicide resistance in cereal diseases,” in Integrated Disease Management of Wheat and Barley, ed R. Oliver (Cambridge: Burleigh Dodds Science Publishing), 235–259. doi: 10.19103/AS.2018.0039.13

 Jørgensen, N. L., Hovmøller, M. S., Hansen, J. G., Lassen, P., Clarkc, B., et al. (2014). IPM strategies and their dilemmas including an introduction to www.eurowheat.org. J. Integr. Agric. 13, 265–281. doi: 10.1016/S2095-3119(13)60646-2

 Kang, Z., Zhao, J., Han, D., Zhang, H., Wang, X., Wang, C., et al. (2010). “Status of wheat rust research and control in China,” in Proceedings of BGRI, Technical Workshop, 30–31 May 2010 (St Petersburg). Available online at: https://globalrust.org/content/status-wheat-rust-research-and-control-china (accessed February 1, 2020).

 Kang, Z. H., Li, X., Wan, A. M., Wang, M. N., and Chen, X. M. (2019). Differential sensitivity among Puccinia striiformis f. sp. tritici isolates to propiconazole and pyraclostrobin fungicides. Can. J. Plant Pathol. 41, 415–434. doi: 10.1080/07060661.2019.1577301

 Kiran, K., Rawal, H., Dubey, H., Jaswal, R., Bhardwaj, S. C., Prasad, P., et al. (2017). Dissection of genomic features and variations of three pathotypes of Puccinia striiformis through whole genome sequencing. Sci. Rep. 7:42419. doi: 10.1038/srep42419

 Klymiuk, V., Yaniv, E., Huang, L., Raats, D., Fatiukha, A., Chen, S., et al. (2018). Cloning of the wheat Yr15 resistance gene sheds light on the plant tandem kinase-pseudokinase family. Nat. Commun. 9:3735. doi: 10.1038/s41467-018-06138-9

 Lan, C., Randhawa, M. S., Huerta-Espino, J., and Singh, R. P. (2017). “Genetic analysis of resistance to wheat rusts,” in Methods in Molecular Biology, ed S. Periyannan (New York, NY: Humana Press), 137–149. doi: 10.1007/978-1-4939-7249-4_12

 Line, R. F. (1993). Integrated pest management for wheat: IPM in a wide-ranging system. Plant Dis. 77, 303–307.

 Line, R. F. (2002). Stripe rust of wheat and barley in North America: a retrospective historical review. Annu. Rev. Phytopathol. 40, 75–118. doi: 10.1146/annurev.phyto.40.020102.111645

 Line, R. F., and Chen, X. M. (1995). Successes in breeding for and managing durable resistance to wheat rusts. Plant Dis. 79, 1254–1255. doi: 10.1094/PD-79-1254

 Line, R. F., and Qayoum, A. (1992). Virulence, aggressiveness, evolution and distribution of races of Puccinia striiformis (the cause of stripe rust of wheat) in North America, 1968–87. USDA Bull. 1788:44.

 Liu, H. W., Xia, Z. T., and Chang, Y. L. (1965). Field experiments on the application of sulfanilic acid for controlling stripe rust of wheat in Shensi province. Chin. J. Plant Protec. 4, 341–345.

 Liu, L., Wang, M., Feng, J., See, D. R., and Chen, X. (2019). Whole-genome mapping of stripe rust resistance quantitative trait loci and race specificity related to resistance reduction in winter wheat cultivar Eltan. Phytopathol. 109, 1226–1235. doi: 10.1094/PHYTO-10-18-0385-R

 Liu, T., Wan, A., Liu, D., and Chen, X. (2017). Changes of races and virulence genes in Puccinia striiformis f. sp. tritici, the wheat stripe rust pathogen, in the United States from 1968 to 2009. Plant Dis. 101, 1522–1532. doi: 10.1094/PDIS-12-16-1786-RE

 Loladze, A., Druml, T., and Wellings, C. R. (2009). “Differential adaptation of Australian and New Zealand stripe rust isolates to high temperature,” in 12th International Cereal Rusts and Powdery Mildews Conference, 13–15 October (Antalya), 22.

 Lucas, J. A., Hawkins, N. J., and Fraaije, B. A. (2015). The evolution of fungicide resistance. Adv. Appl. Microbiol. 90, 29–92. doi: 10.1016/bs.aambs.2014.09.001

 Ma, L., Qiao, J., Kong, X., Zou, Y., Xu, X., Chen, X., et al. (2015). Effect of low temperature and wheat winter-hardiness on survival of Puccinia striiformis f. sp. tritici under controlled conditions. PLoS ONE 10:e0130691. doi: 10.1371/journal.pone.0130691

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

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

 Mboup, M., Bahri, B., Leconte, M., De Vallavieille-Pope, C., Kaltz, O., and Enjalbert, J. (2012). Genetic structure and local adaptation of European wheat yellow rust populations: the role of temperature-specific adaptation. Evol. Appl. 5, 341–352. doi: 10.1111/j.1752-4571.2011.00228.x

 McIntosh, R., Mu, J., Han, D., and Kang, Z. (2018). Wheat stripe rust resistance gene Yr24/Yr26: A retrospective review. Crop J. 6, 321–329. doi: 10.1016/j.cj.2018.02.001

 McLean, M., Henry, F., and Hollaway, G. (2010). “Stripe rust management in wheat.,” in BCG 2010 Season Research Results, 140–142. Available online at: https://www.farmtrials.com.au/trial/14049 (accessed February 1, 2020).

 Milus, E. A., Kristensen, K., and Hovmøller, M. (2009). Evidence for increased aggressiveness in a recent widespread strain of Puccinia striiformis f. sp. tritici causing stripe rust of wheat. Phytopathology 99, 89–94. doi: 10.1094/PHYTO-99-1-0089

 Mu, J., Huang, S., Liu, S., Zeng, Q., Dai, M., Wang, Q., et al. (2019). Genetic architecture of wheat stripe rust resistance revealed by combining QTL mapping using SNP-based genetic maps and bulked segregant analysis. Theor. Appl. Genet. 132, 443–455. doi: 10.1007/s00122-018-3231-2

 Muleta, K. T., Rouse, M. N., Rynearson, S., Chen, X., Buta, B. G., and Pumphrey, M. O. (2017). Characterization of molecular diversity and genome-wide mapping of loci associated with resistance to stripe rust and stem rust in Ethiopian bread wheat accessions. BMC Plant Biol. 17:134. doi: 10.1186/s12870-017-1082-7

 Murray, G. (2004). Stripe Rust–Spray Thresholds, Economics of Control and Risks From Sucker Varieties. GRDC Research Updates. Available online at: https://archive.lls.nsw.gov.au/__data/assets/pdf_file/0003/495300/archive-fungicidal-control-of-stripe-rust.pdf (accessed February 1, 2020).

 Murray, G., Wellings, C., Simpfendorfer, S., and Cole, C. (2005). Stripe Rust: Understanding the Disease in Wheat. Department of Primary Industries, State of New South Wales. Available online at: https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0006/158964/stripe-rust-in-wheat.pdf (accessed February 1, 2020).

 Murray, G. M., and Brennan, J. (2009). Estimating disease losses to the Australian wheat industry. Australas. Plant Pathol. 38, 558–570. doi: 10.1071/AP09053

 Murray, G. M., Ellison, P. J., and Watson, A. (1995). Effects of stripe rust on the wheat plant. Australas. Plant Pathol. 24, 261–270. doi: 10.1071/APP9950261

 Murray, G. M., Ellison, P. J., Watson, A., and Cullis, B. R. (1994). The relationship between wheat yield and stripe rust as affected by length of epidemic and temperature at the grain development stage of crop growth. Plant Pathol. 43, 397–405. doi: 10.1111/j.1365-3059.1994.tb02701.x

 Nagarajan, S., and Singh, D. V. (1990). Long-distance dispersion of rust pathogens. Annu. Rev. Phytopathol. 28, 139–153. doi: 10.1146/annurev.py.28.090190.001035

 Napier, B. A. S., Bayles, R. A., and Stigwood, P. L. (2000). “Sensitivity of powdery mildew and yellow rust to DMI, morpholine and strobilurin fungicides in England and Scotland,” in The BCPC Conference: Pests and Diseases, Volume 1. Proceedings of an International Conference Held at the Brighton Hilton Metropole Hotel, 13–16 November 2000 (Brighton, 427–434.

 Naruoka, Y., Garland-Campbell, K. A., and Carter, A. H. (2015). Genome-wide association mapping for stripe rust (Puccinia striiformis f. sp. tritici) in US Pacific Northwest winter wheat (Triticum aestivum L.). Theor. Appl. Genet. 128, 1083–1101. doi: 10.1007/s00122-015-2492-2

 NCERA (2019). Fungicide Efficacy for Control of Wheat Diseases. North Central Regional Committee on Management of Small Grain Diseases. Available online at: https://www.ag.ndsu.edu/extplantpath/publications-newsletters/crop-disease-control/NCERA184Wheatfungicidetable_2019.pdf (accessed February 1, 2020).

 Nsabiyera, V., Bariana, H. S., Qureshi, N., Wong, D., Hayden, M. J., and Bansal, U. K. (2018). Characterisation and mapping of adult plant stripe rust resistance in wheat accession Aus27284. Theor. Appl. Genet. 131, 1459–1467. doi: 10.1007/s00122-018-3090-x

 Oliver, R. P. (2014). A reassessment of the risk of rust fungi developing resistance to fungicides. Pest. Manag. Sci. 70, 1641–1645. doi: 10.1002/ps.3767

 Peng, F., Miu, S., Yang, Z., Fu, Y., Yang, Y., Yu, Y., et al. (2020). Rapid quantification of fungicide effectiveness on inhibiting wheat stripe rust pathogen (Puccinia striiformis f. sp. tritici). Plant Dis. doi: 10.1094/PDIS-09-19-1836-RE

 Poole, N. F., and Arnaudin, M. E. (2014). The role of fungicides for effective disease management in cereal crops. Can. J. Plant Pathol. 36, 1–11. doi: 10.1080/07060661.2013.870230

 Powelson, R. L., and Shaner, G. E. (1966). An effective chemical seed treatment for systemic control of seedling infection of wheat by stripe rust (Puccinia striiformis). Dis. Report. 50, 806–807.

 Price, C. L., Parker, J. E., Warrilow, A. G., Kelly, D. E., and Kelly, S. L. (2015). Azole fungicides–understanding resistance mechanisms in agricultural fungal pathogens. Pest Manag. Sci. 71, 1054–1058. doi: 10.1002/ps.4029

 Purdy, L. H. (1964). Inhibition of wheat stripe rust by the antibiotic phleomycin in the greenhouse. Plant Dis. Rep. 48, 159–161.

 Rahmatov, M., Otambekova, M., Muminjanov, H., Rouse, M. N., Hovmøller, M. S., Nazari, K., et al. (2019). Characterization of stem, stripe and leaf rust resistance in Tajik bread wheat accessions. Euphytica 215:55. doi: 10.1007/s10681-019-2377-6

 Rakotondradona, R., and Line, R. F. (1984). Control of stripe rust and leaf rust of wheat with seed treatments and effects of treatments on the host. Plant Dis. 68, 112–117. doi: 10.1094/PD-68-112

 Ramachandran, S. R., Mueth, N. A., Zheng, P., and Hulbert, S. H. (2020). Analysis of miRNAs in two wheat cultivars infected with Puccinia striiformis f. sp. tritici. Front. Plant Sci. 10:1574. doi: 10.3389/fpls.2019.01574

 Rapilly, F. (1979). Yellow rust epidemiology. Annu. Rev. Phytopathol. 17, 59–73. doi: 10.1146/annurev.py.17.090179.000423

 Rathmell, W. G., and Skidmore, A. M. (1982). Recent advances in the chemical control of cereal rust diseases. Outlook Agr. 11, 37–43.

 Reid, D., and Swart, J. (2004). Evaluation of Foliar Fungicides for the Control of Stripe Rust (Puccinia striiformis) in SRWW in the Northern Texas Blacklands. Available online at: http://agrilife.org/amarillo/files/2010/11/evaluationof_foliar_fungicides_2004.pdf (accessed February 1, 2020).

 Reis, E. M., and Carmona, M. A. (2011). “Sensibilidade de razas de Puccinia triticina a fungicidas,” in II Simposio Nacional De Agricultura, FAGRO–GTI Agricultura y IPNI Cono Sur. 29 y 30 de setiembre de 2011, Paysandu (Montevideo: Universidad de la Repúbica), 89–94.

 Reis, E. M., and Carmona, M. A. (2013). “Classification of fungicides,” in Fungicides: Classification, Role in Disease Management and Toxicity Effects, eds M. N. Wheeler and B. R. Johnston (New York, NY: Nova Science Publishers, 91–104.

 Ren, R. S., Wang, M. N., Chen, X. M., and Zhang, Z. J. (2012). Characterization and molecular mapping of Yr52 for high-temperature adult-plant resistance to stripe rust in spring wheat germplasm PI 183527. Theor. Appl. Genet. 125, 847–857. doi: 10.1007/s00122-012-1877-8

 Rosewarne, G. M., Singh, R. P., Huerta-Espino, J., Herrera-Foessel, S. A., Forrest, K. L., Hayden, M. J., et al. (2012). Analysis of leaf and stripe rust severities reveals pathotype changes and multiple minor QTLs associated with resistance in an Avocet × Pastor wheat population. Theor. Appl. Genet. 124:1283. doi: 10.1007/s00122-012-1786-x

 Saleem, K., Sørensen, C. K., Labouriau, R., and Hovmøller, M. S. (2019). Spatiotemporal changes in fungal growth and host responses of six yellow rust resistant near-isogenic lines of wheat. Plant Pathol. 68, 1320–1330. doi: 10.1111/ppa.13052

 SARDI (2020). Cereal Seed Treatments 2020. Summary of 2019 Season and Implications for 2020. South Australian Research and Development Institute. Available online at: https://pir.sa.gov.au/__data/assets/pdf_file/0005/237920/Cereal_seed_treatments_2020.pdf (accessed February 1, 2020).

 Schmitz, H. K., Medeiros, C. A., Craig, I. R., and Stammler, G. (2014). Sensitivity of Phakopsora pachyrhizi towards quinone-outside-inhibitors and demethylation-inhibitors, and corresponding resistance mechanisms. Pest Manag. Sci. 70, 378–388. doi: 10.1002/ps.3562

 Schwessinger, B. (2017). Fundamental wheat stripe rust research in the 21st century. New Phytol. 213, 1625–1631. doi: 10.1111/nph.14159

 Schwessinger, B., Chen, Y. J., Tien, R., Vogt, J. K., Sperschneider, J., et al. (2019). Distinct life histories impact dikaryotic genome evolution in the rust fungus Puccinia striiformis causing stripe rust in wheat. bioRxiv 859728. doi: 10.1101/859728

 Schwessinger, B., Sperschneider, J., Cuddy, W. S., Garnica, D. P., Miller, M. E., Taylor, J. M., et al. (2018). A near-complete haplotype-phased genome of the dikaryotic wheat stripe rust fungus Puccinia striiformis f. sp. tritici reveals high interhaplotype diversity. mBio 9:e02275-17. doi: 10.1128/mBio.02275-17

 Scott, R. B., and Line, R. F. (1985). Control of stripe rust and leaf rust of wheat with triadimenol seed treatments and triadimefon foliar sprays. Phytopathol. 75, 1383–1384.

 Shaner, G. E., and Powelson, R. L. (1971). Epidemiology of stripe rust of wheat, 1961–1968. OR Agric. Exp. Stn. Tech. Bull. 117:31.

 Sharma, R., Nazari, K., Amanov, A., Ziyaev, Z., and Jalilov, A. (2016). Reduction of winter wheat yield losses caused by stripe rust through fungicide management. J. Phytopathol. 164, 671–677. doi: 10.1111/jph.12490

 Sharma-Poudyal, D., Chen, X. M., Wan, A. M., Zhan, G. M., Kang, Z. S., Cao, S. Q., et al. (2013). Virulence characterization of international collections of the wheat stripe rust pathogen, Puccinia striiformis f. sp. tritici. Plant Dis. 97, 379–386. doi: 10.1094/PDIS-01-12-0078-RE

 Singh, R., Mahmoudpour, A., Rajkumar, M., and Narayana, R. (2017a). A review on stripe rust of wheat, its spread, identification and management at field level. Res. Crops 18, 528–533. doi: 10.5958/2348-7542.2017.00091

 Singh, R., Srivastava, P., Sharma, A., and Bains, N. S. (2017b). Bread wheat cultivar PBW 343 carries residual additive resistance against virulent stripe rust pathotype. J. Crop Improv. 31, 183–191. doi: 10.1080/15427528.2016.1263262

 Singh, V. K, Mathuria, R. C., Gogoi, R., and Aggarwal, R. (2016). Impact of different fungicides and bioagents, and fungicidal spray timing on wheat stripe rust development and grain yield. Indian Phytopath. 69, 357–362.

 Siyoum, G. Z., Zeng, Q. D., Zhao, J., Chen, X. M., Badebo, A., Tian, Y., et al. (2019). Inheritance of virulence and linkages of virulence genes in an Ethiopian isolate of the wheat stripe rust pathogen (Puccinia striiformis f. sp. tritici) determined through sexual recombination on Berberis holstii. Plant Dis. 103, 2451–2459. doi: 10.1094/PDIS-02-19-0269-RE

 Solh, M., Nazari, K., Tadesse, W., and Wellings, C. R. (2012). “The growing threat of stripe rust worldwide,” in BGRI 2012 Technical Workshop, 1–4 September 2012 (Beijing).

 Tang, C., Wei, J., Han, Q., Liu, R., Duan, X., Fu, Y., et al. (2015). PsANT, the adenine nucleotide translocase of Puccinia striiformis, promotes cell death and fungal growth. Sci. Rep. 5:11241. doi: 10.1038/srep11241

 Tian, Y., Meng, Y., Zhao, X., Chen, X., Ma, H., Xu, S., et al. (2019). Trade-off between triadimefon sensitivity and pathogenicity in a selfed sexual population of Puccinia striiformis f. sp. tritici. Front. Microbiol. 10:2729. doi: 10.3389/fmicb.2019.02729

 Tian, Y., Zhan, G. M., Chen, X. M., Tungruentragoon, A., Lu, X., Zhao, J., et al. (2016). Virulence and simple sequence repeat marker segregation in a Puccinia striiformis f. sp. tritici population produced by selfing a Chinese isolate on Berberis shensiana. Phytopathology 106, 185–191. doi: 10.1094/PHYTO-07-15-0162-R

 Turner, S., Stougaard, B., and Bohannon, B. (2016). Stripe Rust Fungicide Trials for Winter and Spring Wheat at NWARC. Montana State University. Available online at: http://agresearch.montana.edu/nwarc/presentations/documents/04rust.pdf (accessed February 1, 2020).

 Vergara-Diaz, O., Kefauvera, S. C., Elazaba, A., Nieto-Taladrizb, M. T., and Araus, J. L. (2015). Grain yield losses in yellow-rusted durum wheat estimated using digital and conventional parameters under field conditions. Crop J. 3, 200–210. doi: 10.1016/j.cj.2015.03.003

 Viljanen-Rollinson, S. L. H., Marroni, M. V., and Butler, R. C. (2010). Benefits from plant resistance in reducing reliance on fungicides in cereal disease management. N. Z. Plant Prot. 63, 145–150. doi: 10.30843/nzpp.2010.63.6556

 Viljanen-Rollinson, S. L. H., Parkes, R. A., Armour, T., and Cromey, M. G. (2002). Fungicide control of stripe rust in wheat: protection or eradication. N. Z. Plant Prot. 55, 336–340. doi: 10.30843/nzpp.2002.55.3902

 Wallwork, H., and Garrard, T. (2020). Cereal Seed Treatments 2020. Summary of 2019 Season and Implications for 2020. Available online at: https://pir.sa.gov.au/__data/assets/pdf_file/0005/237920/Cereal_seed_treatments_2020.pdf (accessed February 1, 2020).

 Wamalwa, M. N., Owuoche, J., Ogendo, J., and Wanyera, R. (2019). Multi-pathotype testing of selected kenyan wheat germplasm and watkin landraces for resistance to wheat stripe rust (Puccinia striiformis f. sp tritici) Races. Agronomy 9:770. doi: 10.3390/agronomy9110770

 Wan, A., Wang, X., Kang, Z, and Chen., X. (2017). “Variability of the stripe rust pathogen,” in Stripe Rust, eds X. Chen and Z. Kang (Dordrecht: Springer), 35–154. doi: 10.1007/978-94-024-1111-9

 Wan, A., Zhao, Z., Chen, X., He, Z., Jin, S., Jia, Q., et al. (2004). Wheat stripe rust epidemic and virulence of Puccinia striiformis f. sp. tritici in China in 2002. Plant Dis. 88, 896–904. doi: 10.1094/PDIS.2004.88.8.896

 Wan, A. M., Chen, X. M., and He, Z. H. (2007). Wheat stripe rust in China. Aust J Agric Res. 58, 605–619. doi: 10.1071/AR06142

 Wan, A. M., Chen, X. M., and Yuen, J. (2016). Races of Puccinia striiformis f. sp. tritici in the United States in 2011 and 2012 and comparison with races in 2010. Plant Dis. 100, 966–975. doi: 10.1094/PDIS-10-15-1122-RE

 Wang, B., Sun, Y., Song, N., Zhao, M., Liu, R., Feng, H., et al. (2017). Puccinia striiformis f. sp. tritici microRNA-like RNA 1 (Pst-milR1), an important pathogenicity factor of Pst, impairs wheat resistance to Pst by suppressing the wheat pathogenesis-related 2 gene. New Phytol. 215, 338–350. doi: 10.1111/nph.14577

 Wang, J., Tao, F., Tian, W., Guo, Z., Chen, X., Xu, X., et al. (2017). The wheat WRKY transcription factors TaWRKY49 and TaWRKY62 confer differential high-temperature seedling-plant resistance to Puccinia striiformis f. sp. tritici. PLoS ONE 12:e0181963. doi: 10.1371/journal.pone.0181963

 Wang, Z., Zhao, J., Chen, X., Peng, Y., Ji, J., Zhao, S., et al. (2016). Virulence variations of Puccinia striiformis f. sp. tritici isolates collected from Berberis spp. in China. Plant Dis. 100, 131–138. doi: 10.1094/PDIS-12-14-1296-RE

 Wanyera, R., Macharia, J. K., and Kilonzo, S. (2010). Challenges of Fungicide Control on Wheat Rusts in Kenya. IntechOpen. Available online at: https://www.intechopen.com/books/fungicides/challenges-of-fungicide-control-on-wheat-rusts-in-kenya (accessed February 1, 2020).

 Wanyera, R., Wamalwa, M., Odemba, M., Wanga, H., Kinyanjui, P., Onyango, V., et al. (2016). Management of wheat rusts at different growth stages using Nativo 300 SC (trifloxystrobin 100g/L+tebuconazole 200g/L) fungicide. Australas. J. Plant Sci. 10, 1273–1280. doi: 10.21475/ajcs.2016.10.09.p7676

 Wegulo, S. (2015). Stripe Rust Confirmed in Nebraska; Scout Wheat Fields for Early Disease Detection. CROPWATCH. Available online at: https://cropwatch.unl.edu/wheat-stripe-rust (accessed February 2020).

 Wellings, C. R. (2011). Global status of stripe rust: a review of historical and current threats. Euphytica 179, 129–141. doi: 10.1007/s10681-011-0360-y

 Wellings, C. R., McIntosh, R. A., and Walker, J. (1987). Puccinia striiformis f. sp. tritici in eastern Australia-possible means of entry and implications for plant quarantine. Plant Pathol. 36, 239–241. doi: 10.1111/j.1365-3059.1987.tb02230.x

 WSU (2018). Fungicide Data. Washington State University. Available online at: https://striperust.wsu.edu/disease-management/fungicide-data/ (accessed February 2020).

 WSU (2019). Fungicide Data. Washington State University. Available online at: https://striperust.wsu.edu/disease-management/fungicide-data/ (accessed February 1, 2020).

 Xi, K., Kumar, K., Holtz, M. D., Turkington, T. K., and Chapman, B. (2015). Understanding the development and management of stripe rust in central Alberta. Can. J. Plant Pathol. 37, 21–39. doi: 10.1080/07060661.2014.981215

 Xia, C., Wang, M., Yin, C., et al. (2018). Genomic insights into host adaptation between the wheat stripe rust pathogen (Puccinia striiformis f. sp. tritici) and the barley stripe rust pathogen (Puccinia striiformis f. sp. hordei). BMC Genomics 19:664. doi: 10.1186/s12864-018-5041-y

 Xu, Q., Tang, C., Wang, L., Zhao, C., Kang, Z., and Wang, X. (2020). Haustoria–arsenals during the interaction between wheat and Puccinia striiformis f. sp. tritici. Mol. Plant Pathol. 21, 83–94. doi: 10.1111/mpp.12882

 Xu, Q., Tang, C., Wang, X., et al. (2019). An effector protein of the wheat stripe rust fungus targets chloroplasts and suppresses chloroplast function. Nat. Commun. 10:5571. doi: 10.1038/s41467-019-13487-6

 Yang, M., Li, G., Wan, H., Li, L., Li, J., Yang, W., et al. (2019). Identification of QTLs for stripe rust resistance in a recombinant inbred line population. Int. J. Mol. Sci. 20:3410. doi: 10.3390/ijms20143410

 Yang, Y., Yu, Y., Bi, C., et al. (2016). Quantitative proteomics reveals the defense response of wheat against Puccinia striiformis f. sp. tritici. Sci. Rep. 6:34261. doi: 10.1038/srep34261

 Young, C. S., Paveley, N. D., Vaughan, T. B., Thomas, J. M., and Lockley, K. D. (2003). Predicting epidemics of yellow rust (Puccinia striiformis) on the upper canopy of wheat from disease observations on lower leaves. Plant Pathol. 52, 338–349. doi: 10.1046/j.1365-3059.2003.00848.x

 Yuan, C. Y., Wang, M. N., Skinner, D. Z., See, D. R., Xia, C. J., Guo, X. H., et al. (2018). Inheritance of virulence, construction of a linkage map, and mapping of virulence genes in Puccinia striiformis f. sp. tritici by virulence and molecular characterization of a sexual population through genotyping-by-sequencing. Phytopathology 108, 133–141. doi: 10.1094/PHYTO-04-17-0139-R

 Yuan, F. P., Zeng, Q. D., Wu, J. H., Wang, Q. L., Yang, Z. J., Liang, B. P., et al. (2018). QTL mapping and validation of adult plant resistance to stripe rust in chinese wheat landrace Humai 15. Front. Plant Sci. 9:968. doi: 10.3389/fpls.2018.00968

 Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the growth stages of cereals. Weed Res. 14, 415–421.

 Zegeye, H., Rasheed, A., Makdis, F., Badebo, A., and Ogbonnaya, F. C. (2014). Genome-wide association mapping for seedling and adult plant resistance to stripe rust in synthetic hexaploid wheat. PLoS ONE 9:e105593. doi: 10.1371/journal.pone.0105593

 Zeng, Q., Wu, J., Liu, S., et al. (2019). A major QTL co-localized on chromosome 6BL and its epistatic interaction for enhanced wheat stripe rust resistance. Theor. Appl. Genet. 132, 1409–1424. doi: 10.1007/s00122-019-03288-2

 Zeng, Q. D., Han, D. J., Wang, Q. L., et al. (2014). Stripe rust resistance and genes in Chinese wheat cultivars and breeding lines. Euphytica 196, 271–284. doi: 10.1007/s10681-013-1030-z

 Zeng, S. M., and Luo, Y. (2006). Long-distance spread and interregional epidemics of wheat stripe rust in China. Plant Dis. 90, 980–988. doi: 10.1094/PD-90-0980

 Zhang, C., Huang, L., Zhang, H., Hao, Q., Lyu, B., Wang, M., et al. (2019). An ancestral NB-LRR with duplicated 3′UTRs confers stripe rust resistance in wheat and barley. Nat. Commun. 10:4023. doi: 10.1038/s41467-019-11872-9

 Zhang, H. Y., Wang, Z., Ren, J. D., Du, Z. Y., Quan, W., Zhang, Y. B., et al. (2017). A QTL with major effect on reducing stripe rust severity detected from a Chinese wheat landrace. Plant Dis. 101, 1533–1539. doi: 10.1094/PDIS-08-16-1131-RE

 Zhao, J., Wang, L., Wang, Z., Chen, X., Zhang, H., Yao, J., et al. (2013). Identification of eighteen berberis species as alternate hosts of Puccinia striiformis f. sp. tritici and virulence variation in the pathogen isolates from natural infection of barberry plants in China. Phytopathology 103, 927–934. doi: 10.1094/PHYTO-09-12-0249-R

 Zhao, J., Wang, M. N., Chen, X. M., and Kang, Z. S. (2016). Role of alternate hosts in epidemiology and pathogen variation of cereal rusts. Annu. Rev. Phytopathol. 54, 207–228. doi: 10.1146/annurev-phyto-080615-095851

 Zheng, W., Huang, L., Huang, J., Wang, X., Chen, X., Zhao, J., et al. (2013). High genome heterozygosity and endemic genetic recombination in the wheat stripe rust fungus. Nat. Commun. 4:2673. doi: 10.1038/ncomms3673

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.

Copyright © 2020 Carmona, Sautua, Pérez-Hérnandez and Reis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 10 June 2020
doi: 10.3389/fpls.2020.00771





[image: image]

Multi-Location Evaluation of Global Wheat Lines Reveal Multiple QTL for Adult Plant Resistance to Septoria Nodorum Blotch (SNB) Detected in Specific Environments and in Response to Different Isolates

Michael G. Francki1,2*, Esther Walker1,2, Christopher J. McMullan1 and W. George Morris1

1Department of Primary Industries and Regional Development, South Perth, WA, Australia

2State Agricultural Biotechnology Centre, Murdoch University, Murdoch, WA, Australia

Edited by:
Maria Rosa Simon, Faculty of Agriculture and Forestry Sciences, National University of La Plata, Argentina

Reviewed by:
Morten Lillemo, Norwegian University of Life Sciences, Norway
Zhaohui Liu, North Dakota State University, United States
Guillermo Sebastián Gerard, International Maize and Wheat Improvement Center (Argentina), Argentina

*Correspondence: Michael G. Francki, michael.francki@dpird.wa.gov.au

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

Received: 07 March 2020
Accepted: 15 May 2020
Published: 10 June 2020

Citation: Francki MG, Walker E, McMullan CJ and Morris WG (2020) Multi-Location Evaluation of Global Wheat Lines Reveal Multiple QTL for Adult Plant Resistance to Septoria Nodorum Blotch (SNB) Detected in Specific Environments and in Response to Different Isolates. Front. Plant Sci. 11:771. doi: 10.3389/fpls.2020.00771

The slow rate of genetic gain for improving resistance to Septoria nodorum blotch (SNB) is due to the inherent complex interactions between host, isolates, and environments. Breeding for improved SNB resistance requires evaluation and selection of wheat genotypes consistently expressing low SNB response in different target production environments. The study focused on evaluating 232 genotypes from global origins for resistance to SNB in the flag leaf expressed in different Western Australian environments. The aim was to identify resistant donor germplasm against historical and contemporary pathogen isolates and enhance our knowledge of the genetic basis of genotype-by-environment interactions for SNB response. Australian wheat varieties, inbred lines from Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), and International Center for Agricultural Research in the Dry Areas (ICARDA), and landraces from discrete regions of the world showed low to moderate phenotypic correlation for disease response amongst genotypes when evaluated with historical and contemporary isolates at two locations across 3 years in Western Australia (WA). Significant (P < 0.001) genotype-by-environment interactions were detected regardless of same or different isolates used as an inoculum source. Joint regression analysis identified 19 genotypes that consistently expressed low disease severity under infection with different isolates in multi-locations. The CIMMYT inbred lines, 30ZJN09 and ZJN12 Qno25, were particularly pertinent as they had low SNB response and highest trait stability at two locations across 3 years. Genome wide association studies detected 20 QTL associated with SNB resistance on chromosomes 1A, 1B, 4B, 5A, 5B, 6A, 7A, 7B, and 7D. QTL on chromosomes 1B and 5B were previously reported in similar genomic regions. Multiple QTL were identified on 1B, 5B, 6A, and 5A and detected in response to SNB infection against different isolates and specific environments. Known SnTox-Snn interactions were either not evident or variable across WA environments and SNB response may involve other multiple complex biological mechanisms.
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INTRODUCTION

Septoria nodorum blotch (SNB) caused by the fungal pathogen Parastagonospora (syn. ana, Stagonospora; teleo, Phaeosphaeria) nodorum (Berk.) Quaedvlieg, Verkley, and Crous is a significant necrotrophic disease on the leaf and glume of bread wheat. Disease epidemics cause significant yield losses in wheat growing regions of the world, including annual yield losses of 12.9% in Western Australia (WA; Murray and Brennan, 2009). SNB resistant varieties through breeding efforts are estimated to contribute 30% of pathogen control whereas cultural practices and fungicide application contributes the remaining 70% in WA (Murray and Brennan, 2009). Therefore, deploying new improved SNB resistant varieties whilst integrating on-farm management practices as a dual approach provide significant benefits to control the pathogen and disease.

Parastagonospora nodorum have asexual pycnidiospores and sexual ascospores where the latter is the primary source of inoculum (McDonald et al., 1994). There is a high degree of genetic diversity within and between isolate populations from major wheat growing continents with annual cycles of sexual reproduction contributing to population structure (Stukenbrock et al., 2006). Allele assortment, therefore, significantly influences isolate aggressiveness on the host plant in specific environments (Engle et al., 2006; Ali and Adhikari, 2008) whereby breeding for adult plant resistance (APR) would benefit from selection via natural infection or using a mixture of the most genetically diverse isolates for artificial inoculation in a particular environment (Cowger and Silva-Rojas, 2006). It is unlikely that any single isolate or a specific environment would provide sufficiently robust evaluation for host APR in the field as pathogen aggressiveness amongst isolates and host responses vary between wheat genotypes (Scharen and Eyal, 1983; Scharen et al., 1985; Eyal, 1999; Ali and Adhikari, 2008). Consequently, selection of isolates from diverse geographic origins and their effect on wheat cultivars in different environments are important considerations when evaluating disease symptoms and understanding the genetic control of resistance to SNB. Moreover, variation in heading date and height are important determinants in breeding and selection whereby wheat lines ranked as SNB resistant variation could be misclassified particularly for late maturing genotypes that escaped disease infection (Francki, 2013). In some cases, genetic factors controlling height and heading date were, indeed, linked to genes controlling SNB response rather than pleiotropic effects of agronomic characteristics affecting disease evaluation (Shankar et al., 2008; Francki et al., 2011).

Genetic analysis has shown seedling resistance to be under the control of minor genes and independent to APR genes when a bi-parental mapping population was evaluated for SNB response specifically in WA environments (Shankar et al., 2008) with general disease susceptibility often increasing toward physiological maturity of the plant (Develey-Rivière and Galiana, 2007). Infection at or beyond ear emergence is the most damaging, reducing photosynthetic capacity and grain yield (Mullaney et al., 1983; Spadafora et al., 1987; Wainshilbaum and Lipps, 1991). Given disease symptoms proliferate in the warmer spring temperatures in WA as the crop matures, APR is therefore, a high priority in breeding to maintain photosynthetic capability in the leaf and glume when SNB epidemics are at the greatest in-season risk. APR is under polygenic control and genes for leaf and glume resistance have previously been reported to be minor with additive effects (Rosielle and Brown, 1980; Fried and Meister, 1987; Bostwick et al., 1993). A number of genetic studies based on bi-parental mapping populations identified quantitative trait loci (QTL) specifically for SNB resistance on the flag leaf and glume on chromosomes 1B, 3B, 2A, 2D, 4B, and 5B using either mixed isolates as inoculum or natural infection in field environments (reviewed in Francki, 2013). In some instances, QTL for SNB resistance were not detected in all environments (Shankar et al., 2008; Francki et al., 2011; Lu and Lillemo, 2014) indicating that host resistance is controlled by genes expressed in response to different isolates, environments or isolate-by-environment interactions. Moreover, a number of the QTL identified using moderate density molecular marker maps appeared to be co-located on the same regions, such as those on chromosomes 1B, 2A, 2D, and 5B and genes at these loci controlled SNB resistance for different isolates and environments (Shankar et al., 2008; Francki et al., 2011). However, higher resolution genetic maps using the iSelect Infinium 90K single nucleotide polymorphic (SNP) genotyping array (Wang et al., 2014) allowed for and enabled the discrimination of co-locating QTL for SNB resistance into discrete but linked loci (Francki et al., 2018). Multiple loci on the same chromosome, therefore, responded independently to different isolates and environments.

Although genetic maps with high density SNP markers have been beneficial in discriminating genetic loci in QTL mapping, trait variation in bi-parental mapping populations are constrained to alleles from either parent. Genome wide association studies (GWAS) enhances resolution in marker-trait associations whilst simultaneously evaluating a broader gene pool and alleles for desired trait variation. Alleles and marker polymorphisms in a GWAS panel are associated with traits of interest through historical recombination events and linkage disequilibrium (LD). There are increasing reports on the application of GWAS for genetic analysis of traits, including disease resistance. For example, marker-trait associations linked to resistance against stem and stripe rust (Bajgain et al., 2015; Bulli et al., 2016; Gao et al., 2016; Maccaferri et al., 2016) and Fusarium head blight (Arruda et al., 2016) by GWAS further unraveled the genetic complexity of fungal resistance and identified known and discovered novel loci with an expanded repertoire of molecular markers linked to genes controlling disease resistance. Therefore, the application of GWAS allows the evaluation of wider accessions for disease response whilst simultaneously identifying new marker-trait associations with finer mapping resolution based on LD and discovery of new alleles not necessarily represented in parents of bi-parental mapping populations. There are reports for identifying the genetic control of SNB in wheat using GWAS. Included are those for analyzing seedling resistance in a wheat panel of 528 lines that were screened using a single P. nodorum isolate in a single controlled environment using lower density DArT and the Illumina iSelect beadchip 9K SNP assay (Adhikari et al., 2011; Gurung et al., 2014). Considering plant response to disease changes through physiological development from seedling to maturity (Develey-Rivière and Galiana, 2007) and environmental influences on fungal isolate aggressiveness (Pariaud et al., 2009), GWAS analysis using the iSelect Infinium 90K genotyping array (Wang et al., 2014) provides opportunities for a detailed investigation on discrete QTL controlling adult plant response to SNB in multi-environments based on evaluation of a wider gene pool. In recent GWAS studies a number of QTL were detected in only one field environment with some detected in two or more environments and only one QTL on chromosome 2D and 2A detected in all environments (Ruud et al., 2019; Lin et al., 2020). It appears, therefore, that host response to SNB is largely variable and complex where several loci are detected in specific environments indicating considerable genotype-environment interactions.

Parastagonospora nodorum produces a range of necrotrophic effector (NE) proteins that induce necrosis in wheat that harbor corresponding sensitivity genes (McDonald and Solomon, 2018). Several NE-host interactions have been identified and mapped in wheat including SnToxA-Tsn1 interaction on chromosome 5B (Liu et al., 2006; Friesen et al., 2009), SnTox1-Snn1 on 1B (Phan et al., 2016); SnTox2-Snn2 on 2D (Friesen et al., 2009), SnTox3-Snn3-B1 on 5B (Friesen et al., 2008; Ruud et al., 2017; Downie et al., 2018), SnTox4-Snn4 on 1A (Abeysekara et al., 2009), SnTox5-Snn5 on 4B (Friesen et al., 2012), SnTox6-Snn6 on 6A (Gao et al., 2015), and SnTox7-Snn7 on 2D (Shi et al., 2015). Although these studies provided a basis to determine biological processes involved in SNB interaction with wheat, the effect of Snn loci contributing to SNB response against WA isolates in different field environments is not well defined.

The aim of this study was to evaluate SNB response of flag leaf in 232 diverse bread wheat accessions from global breeding programs and discover the genetic interaction of host resistance to different P. nodorum isolates in SNB trials by GWAS using the iSelect Infinium 90K genotyping array. The evaluation for SNB response was done in two locations annually for 3 years by inoculating field trials with a mixture of historical and contemporary P. nodorum isolates collected from diverse geographical regions in WA and the potential role of NE-host interactions elucidated by comparing QTL for SNB response with known Tsn and Snn loci. The outcome of the study will refine our knowledge on host genes responding to SNB and the interplay between isolate diversity and different environments to improve breeding resistance in bread wheat.



MATERIALS AND METHODS


Plant Material

The GWAS accession panel consisted of 71 wheat lines from Australian origin, 72 inbred and commercial lines from Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), 78 inbred lines from International Center for Agricultural Research in the Dry Areas (ICARDA), and 11 landraces from various origins. Inbred lines were accessed through the CIMMYT Australia ICARDA Germplasm Evaluation (CAIGE) project1. Pedigrees and origins of 232 wheat accessions are provided in Supplementary Table S1.



Isolates and Preparation of Inoculum

Parastagonospora nodorum isolates from various wheat growing regions of WA were sourced from the culture collection at the Department of Primary Industries and Regional Development (DPIRD), formerly the Department of Agriculture and Food WA. Inoculum used for evaluation of SNB in field trials each year consisted of a mixture of 16–20 isolates where at least 35% of the inoculum represented contemporary isolates collected from the previous year of the trials. Mixed inoculum used in each year included at least four of the same isolates represented in successive years. Supplementary Table S2 provides details of the isolates used in inoculum each year, including the origin and year of collection. Fungal cultures were prepared by growing the isolates on sterile wheat grain for 3 months to induce formation of pycnidia and pycnidiospores (Fried, 1989). Fungal cultures were air-dried and ground to a coarse powder, equal amounts of each isolate was mixed and stored at 4°C. The mixed fungal isolates were rehydrated to a suspension of 106 spores/ml with 0.5% gelatine prior to use as inoculum in field trials.



Field Trials

Trials in 2016 and 2017 were sown at Northam and Katanning, and Northam and Manjimup in 2018. Locations were selected based on varying mean annual temperatures, rainfall and maximum relative humidity (Northam: 18.1°C, 432 mm, 71%; Katanning: 15.4°C, 470 mm, 70%; and Manjimup: 14.7°C, 981 mm, 76%). Trials were arranged in completely randomized block design with 3 replications for each accession with 0.6 m spacing between plots. Each plot consisted of a single 1.9 m length row with 0.4 m row spacing in 2016 and 2017 trials and two rows of 1.9 m length with 0.2 m row spacing in 2018. A spreader 2-row plot of the susceptible early maturing variety “Amery” was adjacent to each treatment plot. Susceptible check cultivars (6 reps) comprising cultivars “Amery” (early maturing), “Arrino” (early-mid maturity), “Millewa” (mid-late maturity), “EGA2248” (mid-late maturity), and “Scout” (late maturity) were included in all trials. Trials were rainfed or irrigated with above ground sprinklers to simulate a rainfall event and induce disease when required.

Inoculum (106 spores/ml with 0.5% gelatine) was applied using a motorized mister commencing at Feekes growth stage 3–4 with a further three inoculations at 10–14 day intervals. Inoculum was applied at a rate of 28.5 m2/L prior to a rainfall event. Sprinkler irrigation was applied to trials in the absence of rainfall within 2 days post inoculation. SNB response on the flag leaf was visually assessed using percent leaf area diseased (PLAD) scale on susceptible check cultivars where 0% and 100% were scored as highly resistant and highly susceptible, respectively. All accessions were scored in each trial when at least 2 susceptible check varieties had PLAD scores >70%. Disease ratings were scored for 5 random individual plants from the middle of each plot and mean plot scores were used in statistical analysis.

Measurements for plant height (cm) were taken as the distance from the top of the soil to the top of the heads (excluding awns). Three measurements were taken in each plot and mean plot scores used for analysis. Heading date was measured as days from date of sowing to when 50% of the ears were fully emerged for each plot.



Analysis of SNB Disease Response

All statistical analyses for phenotypic evaluation were done using Genstat, 19th edition2. Disease and agronomic data were tested for normality and error variance homogeneity across environments. Residuals plotted against fitted values revealed a random distribution (data not shown) indicating there was no need for data transformation. Generalized linear models and linear mixed models were used in phenotypic analysis of trait data. Treatment factors and co-variates were fitted to fixed models to estimate main effects and interactions. Finlay-Wilkinson joint regression analysis was used to compare genotypes for SNB response and agronomic traits at two locations across 3 years. Broad-sense heritability estimates were calculated using the formula H2 = [image: image]/[image: image] + [image: image]/r, where [image: image], and [image: image] are the genotypic and error variance, respectively, and r is the number of replications.



Genotyping

DNA samples from wheat accessions were assayed using the 90K Infinium SNP chip array. Raw intensity data was analyzed in GenomeStudio, and NormTheta and NormR values for each SNP were extracted. A custom perl script was used to cluster samples and assign genotypes to known polymorphisms. Homozygous genotypes were called when a sample was located at a previously identified cluster from a bi-parental mapping population, whether they had been genetically mapped or not. Clusters that had been genetically mapped in bi-parental mapping populations were assigned to chromosomes and clusters reported in the wheat SNP Consensus map 90K Array (Wang et al., 2014) were also assigned a map position, with some SNP having multiple loci. Physical location of genetic markers were extracted from the International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0 physical map via https://wheat-urgi.versailles.inra.fr/ (Alaux et al., 2018).

The Tsn1 locus was genotyped across lines of the GWAS panel using the linked marker fcp620 as previously described (Zhang et al., 2009). The effect of sensitive versus insensitive alleles was then determined for each environment (p-value threshold p < 0.05) to establish whether Tsn1 had a significant effect on PLAD scores. The genotypes for fcp620 were also compared to the marker-trait associations (MTA) co-locating with Tsn1, IWB14942, and IWB43679.



Population Structure, Genome-Wide Association and Statistical Analysis

Monomorphic markers and markers with less than 80% call rate were removed from the dataset. Markers with minor allele frequencies (MAF) less than 5% were removed prior to analysis, reducing the total number of SNPs to 20,563. The data was then split into three separate analyses, one set containing the filtered data set of 20,563 SNPs, a set where the markers were further filtered to include SNPs with no less than 90% call rate and pruning the data based on a LD of r2 ≤ 0.2 using the PLINK 1.9 command “–indep-pairwise 50 2 0.2,” reducing the data set to 2,941 SNPs, and a third set where the markers were filtered to include SNPs with no less than 90% call rate and pruning the data based on a LD of r2 ≤ 0.1 using the PLINK 1.9 command “–indep-pairwise 50 2 0.1,” reducing the data set to 1,142 SNPs.

To generate a Q matrix the LD pruned data (r2 ≤ 0.1) was imported into STRUCTURE version 2.3.4. (Pritchard et al., 2000; Falush et al., 2003, 2007; Hubisz et al., 2009) and applied to full set, pruned r2 ≤ 0.2 and pruned r2 ≤ 0.1 marker datasets for MTA. A burn-in/MCMC of 20,000/40,000 was applied, selecting the Admixture model with correlated allele frequencies from K = 1–10 with 10 independent runs each. The output was imported into Structure Harvester (Earl and von Holdt, 2012) and determined that K = 2. CLUMPP version 1.1.2 (Jakobsson and Rosenberg, 2007) was implemented to summarize the output as a Q matrix for use in association analysis in TASSEL v.5.2.52 (Bradbury et al., 2007). Within TASSEL a genotypic kinship matrix (K) was estimated by selecting the “Centered_IBS” method. General linear model (GLM; Q), GLM (PCA), mixed linear model (MLM; Q + K), and MLM (PCA + K) were all initially explored with visual assessment of quantile-quantile plots (Q-Q plots). The suitable number of PCs for each trait was determined by testing one through 15 PCs. The option “P3D” was not selected during the MLM analysis with the variance component re-estimated after each marker. After assessing Q-Q plots it was determined that MLM (PCA + K) was the most suitable method, accounting for both population structure and cryptic relatedness. Significant associations were only detected in the full data set with no significant associations detected in either pruned data sets. The pruned data sets were removed from further analysis. The R programs “qqman” and “Rcolorbrewer” were used to draw Manhattan plots (Turner, 2017; R Core Team, 2018). Two-dimensional displays of the top PCs were drawn in R.

A genome-wide significance threshold for MTAs was set at p < 2.43 × 10–6 [−log10 (p) > 5.61] using Bonferroni correction with α = 0.05. Bonferroni correction is highly conservative and reduces type I errors, however, is most practical when all tests are independent (Bland and Altman, 1995; Abdi, 2007). To estimate the number of independent tests the tagger function in Haploview was implemented as described in Maccaferri et al. (2016) with a r2 of 0.1. This returned a genome-wide threshold significance of p < 7.65 × 10–5 [−log10 (p) > 4.12] and was considered a moderate level of significance compared to the Bonferroni corrected threshold. As reported in a number of related studies a threshold of significance of p < 1 × 10–3 [−log10 (p) > 3.00] was included as a suggestive level of significance (Maccaferri et al., 2015; Alomari et al., 2017; Muqaddasi et al., 2019).

Linkage disequilibrium was assessed to identify MTAs that occurred as single entities or clusters of SNPs in strong LD. The “–block” function in PLINK 1.9 was utilized to identify intra-chromosomal SNPs in strong LD as previously defined (Gabriel et al., 2002) with the bottom of the 90% D-prime confidence interval greater than 0.70 and the top of the confidence interval at least 0.98 (Purcell et al., 2007). LD decay was estimated to gage the approximate size of QTL intervals. Marker pairwise r2 values were calculated in PLINK 1.9 with a sliding window of 50 and then LD decay curves fitted by non-linear regression for each subgenome (A, B, and D) as previously described (Marroni et al., 2011) with decay of r2 against distance. LD decay plots were drawn in R with a critical threshold of r2 = 0.2 which represented the LD half decay point (R Core Team, 2018). QTL were defined as having moderate to highly significant MTA for a single SNP locus. Linkage decay values were used as estimates for a QTL interval when multiple moderate to highly significant MTA were identified within a similar genomic region.

The most significant SNP marker was chosen as a representative for all QTL and their individual and collective effect of allele stacking on PLAD scores for each environment was assessed and P-values calculated in R (R Core Team, 2018).



RESULTS


Phenotypic Analysis of SNB Response

The population mean values for SNB response measured as PLAD ranged from 25.0 to 53.0 (Table 1) indicating variable disease pressure across environments and years. Analysis of variance indicated significant differences between genotypes for PLAD, heading date and height in each environment (Table 1). High broad sense heritability was observed for PLAD in each of the two locations across three years (H2 = 0.64–0.88) and similarly for heading date and plant height (Table 1).


TABLE 1. Summary statistics for SNB response. Trait measurements include percent leaf area diseased (PLAD) heading date (HD) and plant height (HGT) from two locations annually in years 2016–2018.

[image: Table 1]
Pearson’s correlation co-efficient for PLAD scores within and between years was low to moderate but highly significant (r = 0.272 to 0.568, P < 0.001; Table 2). It appears, therefore, that SNB response of many individual genotypes is variable even when inoculated with the same isolates across different locations in the same year indicating host-by-isolate-by-environment interactions. The exception was between Northam and Manjimup in 2018 where correlation for PLAD was high (r = 0.797, P < 0.001; Table 2) indicating that, in some instances, the relative response of genotypes to SNB between environments in the same year was similar when inoculated with the same isolates.


TABLE 2. Pearson’s correlation co-efficient of SNB response across locations within and between years 2016–2018.
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The contribution of genotype, environment and their interactions in the same year was further analyzed by fitting genotype, environment and their interactions as terms in linear mixed models. Among the three sources of variation, the largest proportion of SNB response was significantly (P < 0.01) accounted by genotypes (72.94–79.71%) followed by genotype-by-environment interactions (10.22–22.63%) and environment (4.43–10.07%) for each year (Table 3). Moreover, a highly significant (P < 0.001) but smaller proportion of variation was accounted by genotypes at two locations across 3 years (44.52%) whereby genotype-by-environment interactions (34.52%), and environment (20.96%) was higher compared to their respective sources of variation across environments within years (Table 3). The genotype-by-environment interactions within and between years indicated that either varying host response to disease, genetically distinct isolates, diverse isolate virulence, or aggressiveness or a combination of these factors interact to significantly influence the expression of SNB response across genotypes in different environments.


TABLE 3. Linear mixed model analysis for genotypes, environments and their interactions for 232 wheat lines responding to SNB within years and across all environments in 2016–2018.
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Genotype Performance Using Joint Regression Analysis

Despite highly significant genotype-by-environmental interactions for PLAD within and between years (Table 3), means of each genotype were fitted with average environmental means using a Finlay and Wilkinson joint regression model to identify genotypes with low mean PLAD scores at two locations across 3 years and ranked in ascending order based on sensitivity to SNB response (Table 4). Genotypes with PLAD scores <30.0 and with similar heading date and plant height to the susceptible check varieties were determined as consistently expressing SNB resistance. A total of 19 genotypes had mean PLAD values across all locations ranging from 15.33 to 28.94 compared to control susceptible varieties with similar heading dates and plant height (Table 4). The CIMMYT inbred lines ZJN12 Qno 25 and 30ZJN09, in particular, were identified as having low SNB severity with high stability and lowest mean square deviation indicating greater predictable SNB disease response in any given environment (Table 4). Interestingly, ZJN12 Qno 25, and 30ZJN09 had comparable or improved resistance to SNB but with higher stability and predictability than other resistant lines, 6HRWSN125, and EGA Blanco (Table 4) that have been deployed as donor parents in doubled haploid populations for QTL studies (Shankar et al., 2008; Francki et al., 2011). Moreover, ZJN12 Qno 25, 30ZJN09, 6HRWSN125, and EGA Blanco have distinctly different pedigrees (Supplementary Table S1) so it is likely that the source of SNB resistance is from different parental origins.


TABLE 4. Summary of resistant wheat genotypes relative to susceptible controls and their mean PLAD scores, heading date and plant height at two locations across 3 years (2016–2018) using joint regression analysis.
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Fixed Effects of Morphological Traits on SNB Response

Pleiotropic effects of morphological characteristics can have significant implications when interpreting the genetic control of SNB response and often exacerbated in QTL studies when populations have significant differences in trait measurements. There was a significant and moderate to high negative correlation between heading date and PLAD scores (r = -0.51 to -0.86, P < 0.001) with similar negative correlation between plant height and PLAD scores (r = -0.52 to -0.79, P < 0.001) in all environments supporting potential pleiotropic effects of morphological characteristics on disease evaluation. Since heading date and plant height were significantly different (P < 0.001) between genotypes in each environment (Table 1), they were fitted as variates in a linear mixed model to estimate the significance of any main fixed effects and their interactions on PLAD. Heading date had highly significant (P < 0.001) main effects on SNB response at two locations across 3 years when adding to or sequentially dropping terms from the fixed model whereas plant height had significant main effects (P < 0.05) in most environments (Table 5). There was no significant heading date-by-height interactions (P > 0.05) in any of the environments (Table 5). Heading date and plant height were, therefore, fitted as co-variates in general linear model and adjusted mean PLAD scores were used for subsequent genetic analysis to reduce spurious MTA with agronomic characteristics and improve the accuracy of association of SNP markers with genes controlling PLAD response in GWAS.


TABLE 5. Results of fixed effect model to estimate the significance of main effects of heading date and plant height and their interactions on PLAD.
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Population Structure and Linkage Disequilibrium

A total of 20,563 markers filtered from the 90K Infinium SNP chip array was used to investigate the relatedness of the GWAS panel based on principal component analysis (PCA). PCA described 15.6% of the genetic variance between PC 1, 2, and 3 (6.2, 4.7, and 4.7%, respectively) and regarded as having low population structure (Figure 1). Despite wheat lines sourced from different breeding programs and continents and selected based on different pedigrees (Supplementary Table S1), demarcation for clustering into distinct sub-populations was not apparent (Figure 1) indicative of shared genetic relatedness of distant ancestors in inbred lines and varieties. A comparison between the entire 20,563 SNP marker dataset and the LD pruned datasets (2,491 SNP with no less than 90% call rate and LD of r2 ≤ 0.2 SNP, and 1,142 SNP with no less than 90% call rate and LD of r2 ≤ 0.1) showed no difference in principal component analysis and population structure, with the top PCs accounting for slightly less of the total variation in the LD pruned datasets (Figure 1 and Supplementary Figure S1). The extent of LD of the GWAS panel was estimated based on the pairwise squared correlation coefficients (R2) for the 20,563 SNP loci. LD decay was estimated by non-linear regression at 6.97 cM and 6.14 cM for the A and B subgenomes, respectively, whereas the D subgenome had a significantly higher LD of 24.62 cM for threshold R2 = 0.2 (Figure 2).
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FIGURE 1. Principal component analysis of 232 wheat genotypes using 20,563 markers filtered from the 90K Infinium SNP chip array. Different colors represent genotype origins: black, Australian cultivars; red, CIMMYT inbred lines; and green, ICARDA inbred lines and blue, landraces.
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FIGURE 2. Linkage disequilibrium based on 20,563 SNP markers for the A (blue), B (orange), and D (green) genomes. Red dashed lines indicates LD decay level (R2 = 0.2).




Marker-Trait Associations for SNB Response

A mixed linear model (MLM) was applied to account for any confounding effects of population structure and cryptic relatedness and reduce rate of false positives or spurious SNP marker associations linked to genes controlling SNB resistance. Adjusted mean PLAD values from six individual environments in 2016–2018 were used to reduce any confounding effects of heading date and height and analyzed using 20,563 filtered SNP markers. Analysis of quantile-quantile (Q-Q) plots for adjusted mean PLAD scores showed deviations of the observed association compared to the association statistics expected under the null hypothesis of no association (Figure 3), indicating SNP markers were associated with trait variation at two locations across 3 years. Association tests were analyzed independently for each of the environments with thresholds of p < 2.43 × 10–6 [−log10 (p) > 5.61], p < 7.65 × 10–5 [−log10 (p) > 4.12], and p < 1 × 10–3 [−log10 (p) > 3.00] ranking as a high, moderate and suggestive levels of significance, respectively, in Manhattan plots (Figure 3).
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FIGURE 3. Genome wide association scans for adjusted mean PLAD scores for two locations across 3 years (2016–2018). Q-Q and Manhattan plots are shown to the left and right, respectively. Horizontal dotted lines in each environment represent suggestive (bottom), significant (middle), and highly significant (top) threshold levels for marker-trait associations.


A total of 47 SNP loci associated with PLAD with moderate to high significance were detected on nine chromosomes at two locations across 3 years including 1A, 1B, 4B, 5A, 5B, 6A, 7A, 7B, and 7D (Table 6). None of the SNP markers detected for SNB were associated with known loci controlling variation for heading date and plant height (Supplementary Tables S3, S4 and Supplementary Figures S2, S3) using moderate to high threshold values of p < 7.65 × 10–5 [−log10(p) > 4.12] so it appears that markers are associated with disease response and not a pleiotropic effect of agronomic characteristics. The number of QTL detected for each environment was variable. A minimum of two QTL were detected for Katanning 2017 and Northam in 2018 with a maximum of seven QTL detected for Katanning in 2016 (Figure 3 and Table 6). The majority of MTA were detected on the A and B subgenomes with fewer genes controlling PLAD on the D subgenome when the GWAS panel was evaluated in all environments (Figure 3). Although SNP were evenly spaced across the genome, the average distance between SNP ranged from 0.52 cM in the full dataset to 9.06 cM in the smaller pruned dataset of 1,142 SNP. The full and pruned dataset had large gaps of 79.53 cM and 135.67 cM, respectively, both on the D subgenome. SNP per chromosome ranged from 83 SNP to 1907 SNP for the full dataset and 19 SNP to 111 SNP for the pruned dataset of 1,142 (Supplementary Table S5).


TABLE 6. Summary of SNP marker associations with PLAD scores from two locations across 3 years in 2016–2018. Gray shading represent SNP markers that are in strong LD as defined by Gabriel et al. (2002).
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Since genotype-by-environment interaction was significant (Table 3) and the disease correlation showed low to moderate Pearson’s coefficients between environments (Table 2), it was expected that the same QTL would not necessarily be detected across environments within and between years. A total of 20 QTL were identified at two locations across 3 years (Table 6). The locus at 539.46 Mbp to 546.70 Mbp on 5B was represented by IWB14942 and IWB43679 in Northam and Manjimup in 2018, respectively, but neither these SNP nor others at this locus were detected in the remaining four environments in 2016 and 2017 (Table 6) indicating that this locus had limited effect against different isolates in other environments. The remaining 19 QTL represented single MTA effective against different isolates in specific environments (Figure 3 and Table 6). Interestingly, multiple loci on chromosomes 1B, 5A, 5B, and 6A were detected and dependent on the isolates used in a particular environment. For instance, 1B had four distinct QTL (8.56 Mbp: 205.68 Mbp to 307.43 Mbp; 586.30 Mbp; and 645.57 Mbp) detected in three environments, 5A had two QTL detected in two environments (588.37 Mbp and 609.87 Mbp), 6A had four QTL detected in three environments (11.11 Mbp; 16.56 Mbp; 17.66 to 17.91 Mbp; and 610.20 Mbp), and 5B had three QTL detected in four environments (514.93 Mbp; 539.46 Mbp; and 617.14 Mbp; Table 6). Phenotypic variance accounted by each SNP ranged from 7 to 10% and allele effects on reducing disease score ranged from 7.47 to 24.45% (Table 6). Therefore, multiple loci on the same chromosome control SNB resistance with varying effects of genes and alleles on reducing disease severity within and between environments and isolates. Individual SNP alleles representative of each locus consistently showed significantly (P < 0.05) reduced PLAD across all environments when stacking of more than one allele (Supplementary Figure S4). Marker alleles for QTL were different for some SNP in each of the four resistant wheat genotypes (Table 6) having different parentage (Supplementary Table S1) with consistent low PLAD at two locations across 3 years (Table 4). The resistant wheat genotypes probably inherited different genes and alleles for SNB response.

Single nucleotide polymorphic markers from the 90K Infinium SNP chip array used to genotype the GWAS panel enabled a direct comparison with QTL based on the physical map marker position (Alaux et al., 2018) and the wheat consensus map (Wang et al., 2014). Loci detected in this study, therefore, were compared to those previously reported for SNB response in other WA environments on chromosome 1B and 5B from a bi-parental doubled haploid (DH) mapping population derived from the parents EGA Blanco and Millewa (Francki et al., 2011; Francki et al., 2018). All of the 22 MTA identified for four QTL on chromosome 1B from GWAS analysis (Table 6) did not co-locate with the QTL, QSnl07.daw-1B, and QSnl08.daw-1B (4.3 Mbp to 6.9 Mbp) in the EGA Blanco/Millewa population (Figure 4). Therefore, it appears that regions on chromosome 1B contain multiple genes that respond to SNB in different environments and isolates. Similarly, the SNP marker IWA5670 (at 514.9 Mbp) associated with SNB resistance in Katanning in 2016 was identified flanking the QTL QSnl07.daw-5B in the EGA Blanco/Millewa mapping population (Figure 4) and likely represents an alternative locus on chromosome 5B responding to SNB in specific environments and against diverse isolates. SNP markers 1WB43679 (at 539.5 Mbp) and IWB14942 (at 546.7 Mbp) on chromosome 5B associated with SNB resistance at Northam and Manjimup in 2018, respectively, aligned to the QTL, QSnl07.daw-5B in the EGA Blanco/Millewa population (Figure 4) indicating similar regions harbor QTL detected in more than one environment.
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FIGURE 4. Comparison of maps for chromosomes 1B and 5B with genetic and physical position of QTL detected in the doubled haploid EGA Blanco/Millewa map (Francki et al., 2018) and GWAS panel. Physical location (in Mbp) of SNP are shown in square brackets with common markers anchoring EGA Blanco/Millewa and consensus map (Wang et al., 2014) shown by black dashed lines. QTL for SNB resistance detected in the DH map in 2017 and 2018 are shown in orange and SNP markers detecting QTL on the consensus map are shown in blue. Black bars represent centimorgan distances in the DH and consensus maps.




Comparison of MTA for SNB Resistance With Known SnTox-Snn Loci

The distribution of MTA across nine chromosomes were compared to locations for known Snn loci. SNP markers identified for Tsn1 (Ruud et al., 2017; Ruud et al., 2019) Snn1 and Snn3-B1 (Ruud et al., 2017; Downie et al., 2018) loci were assigned directly to the genetic consensus map (Wang et al., 2014). The closest SSR markers linked to Snn4 (Abeysekara et al., 2009), Snn5 (Friesen et al., 2012), and Snn6 (Gao et al., 2015) were cross-referenced with genetic maps consisting of SSR and SNP markers (Francki et al., 2018) to identify closely linked SNP as anchoring markers to assign Snn4, Snn5, and Snn6 on the genetic consensus map (Wang et al., 2014). A total of six from eight known NE-host loci were mapped to nine chromosomes containing QTL detected across WA environments (Figure 5). The Tsn1 locus represented by marker fcp620 identified on 5B in the EGA Blanco/Millewa population was co-located with two SNP markers, IWB14942 and IWB43679, at 252.96 cM on the consensus map (physical positions 546.70 Mbp and 539.46 Mbp, respectively) associated with SNB response in Northam and Manjimup 2018 (Figure 4). A QTL on 6A detected from the Northam 2018 environment only was within 6 cM of Snn6 whereas the co-location of QTL on remaining chromosomes was not apparent with other known Snn loci (Figure 5).
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FIGURE 5. Comparison of QTL for SNB resistance with known Snn loci. Assignment of known Tsn and Snn loci and position of MTA detected in multiple environments in 2016–2018 on the genetic consensus map (Wang et al., 2014). Black horizontal lines represent the genetic locations (cM) of SNP markers used in GWAS analysis. Colored bars represent the MTA detected at two locations across 3 years (2016–2018). Arrows indicate the putative location of known Snn and Tsn loci.


The marker for Tsn1 (fcp620) was used to genotype the GWAS panel for sensitivity or insensitivity to SnToxA with 100% genotype identity with SNP marker IWB14942 located at 546.70 Mbp (Figure 4). However, an additional SNP marker IWB43679 located at 536.46 Mbp had only 69% genotype identity and, therefore, did not co-segregate with Tsn1. Box plot analysis confirmed the allelic effects of fcp620 linked to Tsn1 significantly (P < 0.05) reducing PLAD in only two environments, Northam 2018 and Manjimup 2018 (Figure 6) which corroborated similar allelic effects of IWB14942 at these sites (Supplementary Figure S5).
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FIGURE 6. Allelic effects at fcp620 locus at two locations across 3 years (2016–2018). P-values for significance are shown.




DISCUSSION

The analysis of global wheat accessions for their response to APR against mixed isolates of SNB in WA field environments and cultivar-by-isolate-by-environment interactions are poorly understood. As environmental influences may either affect host gene response, virulence or aggressiveness of genetically diverse isolates, this study evaluated wheat accessions in two environments for three successive years against a mixture of isolates to expand our knowledge on SNB disease response and capture genotype-isolate-environment interactions. The outcomes of this study provided further insight to the complexity of these interactions and the underlying genetic control of SNB response for Australian wheat cultivars, inbred lines from CIMMYT, ICARDA, and some landraces.

Parastagonospora nodorum isolates have displayed a high degree of genetic diversity and the ability to evade plant host resistance (McDonald and Linde, 2002). Reports have shown that a wide range of P. nodorum isolates collected from different geographical regions of the United States can differ significantly in their aggressiveness and vary independently of the cultivar tested (Rufty et al., 1981; Scharen et al., 1985; Krupinsky, 1997), so it is plausible that isolates collected in diverse geographical regions of WA were genetically distinct with varying effects on disease development in regions other than the environment from where they were collected. Moreover, a number of environmental factors including climatic conditions for optimal spore germination, lesion development and sporulation or indeed the genetic basis influencing relative fitness and differential adaption of isolates to host cultivars can influence aggressiveness in different environments (Pariaud et al., 2009). SNB evaluation in this study detracted from using a single isolate as inoculum in field trials as it may neither be prominent in any season and environment, a strain assortment representative of a contemporary isolate, nor represent the breadth of diversity needed for identifying effective and robust SNB resistance. Instead, historical and contemporary SNB isolates presumed to be genetically distinct were used in mixed inoculum for evaluation and comparison of SNB response across wheat genotypes in different production environments. Highly significant genotype-by-environment interactions was consistent within and between years in this study and provided evidence that either alternative host genes, isolate virulence or aggressiveness, environment influences or a combination of these factors contribute to varying SNB response of wheat genotypes across environments. We anticipated consistent high correlation across genotypes in each year when inoculated with the same isolates under similar conditions in different trial locations but this was not evident particularly in 2016 and 2017 and across all years. Instead, both low to moderate correlation and high genotype-by-environment interactions were apparent. It is, therefore, reasonable to assume that different environments affect expression of alternative host genes against the same and different isolates. Conditions favoring isolate virulence or aggressiveness in one environment may also be different in another with a profound and variable effect on different host genes. Further studies to identify genetic factors controlling variability in isolate virulence and their interactions with alternative host genes would continue to unravel the biological and genetic complexity of genotype-by-environment-by-isolate effects on varying SNB disease response in wheat.

Despite varying SNB response in genotypes across environments, this study exploited the genetic diversity of breeding programs in Australia, Mexico, Middle East and landraces from discrete regions of the world to evaluate SNB response in WA environments. There were a total of 19 genotypes having robust resistance at two locations across 3 years against a total of 42 different isolates. Interestingly, EGA Blanco and 6HRWSN125, previously used as donor parents in QTL analysis (Shankar et al., 2008; Francki et al., 2011) showed consistent low PLAD scores indicating these lines have sustained expression of resistance particularly against contemporary isolates. Similarly, inbred lines from CIMMYT including 30ZJN09 and ZJN12 Qno 25, exhibited consistent stable low mean PLAD scores against historical and contemporary isolates in each year. Since EGA Blanco, 6HRWSN125, 30ZJN09, and ZJN12 Qno 25 have no common pedigree it appears, therefore, that SNB resistance could be derived from different genes or alleles with consistent SNB resistance in multiple environments. The different SNP alleles for QTL on chromosomes 1B, 4B, 5A, 5B, 7A, and 7D partly supports the inheritance of alternative genes or alleles while shared favorable alleles were found on 1B, 5B, and 6A. The four wheat genotypes with stable SNB resistance across multi-environments evaluated in this study are ideal donor parents for SNB resistance breeding.

A comparison of population structure using the full set of 20,563 SNP markers compared to the LD pruned datasets in this study showed no difference in population structure. The use of LD pruned datasets in genome-wide association studies were assumed to be favorable for avoiding deleterious effects caused by overrepresentation of markers for some regions of the genome or by artificially creating structure in the population caused by LD between markers rather than by true ancestry (supplementary note in Price et al., 2006). However, in practise, this is often not found to be the case and it is usually recommended to include a full set of cleaned marker data to accurately model more distant relationships and complex ancestry (Price et al., 2006; Eu-ahsunthornwattana et al., 2014). The PCA using the full set of 20,563 SNP markers confirmed that population structure was low and 15.6% of the total genetic variances was contributed by the first three principal components. Reduced population structure with a similar low total genetic variance was previously reported where wheat genotypes were predominantly sourced from one breeding program having extensive and reciprocal germplasm exchange with other programs resulting in a genetic bottleneck (Arruda et al., 2016). Similarly, CIMMYT wheat germplasm is widely distributed globally (Ortiz et al., 2008) so it is reasonable to conclude that reduced population structure of the panel in this study was a consequence of historical and frequent exchange of germplasm between breeding programs in Australia, CIMMYT and ICARDA. Given that population structure had low genetic variance, long-range LD blocks would be assumed for subgenomes of wheat. Although LD decay for the A and B subgenomes were similar to those reported for spring wheat populations (Chao et al., 2010; Bajgain et al., 2015), LD for the D subgenome was considerably higher in this study. The long-range LD decay to 50% of its original value at 26 cM in this study was similar to the D subgenome of hexaploid wheat reported to be 22 cM in a GWAS panel of germplasm sourced from CIMMYT and breeding programs in South America (Mora et al., 2015). Longer- range LD may be due to selection forces restricting recombination events required to retain favorable alleles in the D subgenome for broader adaption of CIMMYT, ICARDA, and Australian genotypes when breeding for geographically diverse environments. Longer-range LD in the D subgenome compared with the A and B subgenome of hexaploid wheat have also been attributed to recent introgressions and population bottlenecks (Chao et al., 2010).

Significant genotype-by-environment interactions within and between years supported conclusions that QTL may harbor concomitant disease-related genes that respond differently to isolate infection across environments (Francki et al., 2018). GWAS provided further evidence of multiple host genes on the same and different chromosomes that responded independently to different environments, isolates or both. Moreover, low to moderate correlations for PLAD scores across locations in successive years in this study were consistent to those previously reported for field-based SNB response (Shankar et al., 2008; Francki et al., 2011; Lu and Lillemo, 2014; Ruud et al., 2019) and QTL for SNB resistance detected in one WA environment may not necessarily have a significant effect on SNB response in another (Shankar et al., 2008; Francki et al., 2011). New loci on chromosomes 5A and 6A in this study provided further evidence of alternative genomic regions harbored disease-related genes that responded to specific WA environments and isolates.

Genome wide association studies for APR to SNB in multi-environments in Norway based on the iSelect Infinium 90K genotyping array (Ruud et al., 2019) enabled a tentative comparison of marker-trait associations across global field-based studies. SNP markers on chromosomes 1B (206.1 cM) and 5B (214.95 and 252.96 cM) detected in WA environments using the genetic consensus map location were associated with disease response either in Nordic field infection in 2011 or inoculation with individual Norwegian isolates NOR4 or 201618 (Ruud et al., 2019). Further comparative studies will determine whether these regions share common genes or whether distinctive disease-related gene clusters respond differently to pathogen infection across diverse environments as proposed by Francki et al. (2018). SNP markers for the remaining QTL detected in this study, however, did not correspond to other QTL in Nordic environments or isolates (Ruud et al., 2019; Lin et al., 2020) indicating that in some instances, alternative loci probably respond to SNB in different environments and against isolates from diverse global origins.

The co-location of QTL with the position of known SnTox-Snn and Tsn loci provides a means to identify the role of NE-host interactions in response to SNB disease in the field. The marker fcp620 (co-segregated with IWB14942) on chromosome 5B indicated that Tsn1 was associated with SNB resistance but only at Northam and Manjimup in 2018 and not the remaining environments. Therefore, it appears that the SnToxA-Tsn1 interaction is inconsistent across environments in WA and corroborates a similar conclusion drawn from a previous QTL study using a bi-parental mapping population (Francki et al., 2011). Moreover, QTL did not co-locate with other known Snn loci indicating that historical and contemporary SNB isolates from WA may secrete alternative effector proteins or environmental influences may have an effect on known host-NE interactions. The inconsistent association with several known NE host susceptibility loci across environments, the preponderance of environment-specific QTL and minimal common loci across QTL from global field-based studies makes it reasonable to assume that alternative and distinct biological mechanisms are largely influenced either by the environment, isolates or their interactions. Biological mechanisms other than known SnTox-Snn interactions, including a myriad of biochemical and physiological process during infection, penetration and colonization (Bellincampi et al., 2014; Presti et al., 2015) may have a significant bearing on host resistance and susceptibility.

Additional studies are needed to identify other possible genes involved in SNB response but would require extensive field evaluation across wider locations and contemporary isolates to elucidate their role in specific environments. In doing so, it would provide a comprehensive analysis of the role of multiple genes on chromosomal blocks that respond to SNB infection and provide further insights on environmental factors and isolates affecting different biological pathways. In the meantime, the challenge for breeding SNB resistance is to transfer chromosomal blocks from donor resistant parents to increase the probability of an individual gene contributing suitable SNB resistance in any specific environment and against contemporary isolates. EGA Blanco, 6HRWSN125, 30ZJN09, and ZJN12 Qno 25 would be logical donor parents and the SNP markers identified on chromosomes on 1B, 5A, 5B, and 6A in this study will be important for marker-assisted selection and tracking chromosomal blocks harboring resistance genes.



CONCLUSION

The wheat response to SNB infections against historical and contemporary isolates under multi-environment field conditions showed considerable genotype-by-environment-by isolate interactions within and between years. Although phenotypic correlation between wheat genotypes sourced from Australian cultivars, inbred lines from CIMMYT and ICARDA and some landraces was low, four genotypes expressed stable phenotypes with consistently low SNB symptoms at two locations across three years and identified as suitable donor parents for breeding SNB resistant wheat for WA production environments. GWAS identified 20 QTL with the majority detected in only one environment, confirming the complex genetic control for SNB response and the role of different environments and diverse isolates on expression of minor host genes. It appears that a majority of SnTox-Snn interactions are not evident with SnToxA-Tsn1 being variable in different Western Australian environments and SNB response may involve other multiple complex biological mechanisms.
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Fusarium head blight (FHB), primarily caused by Fusarium graminearum, is one of the most devastating fungal wheat diseases. During the past decades, many efforts have been deployed to dissect FHB resistance, investigating both the wheat responses to infection and, more recently, the fungal determinants of pathogenicity. Although no total resistance has been identified so far, they demonstrated that some plant functions and the expression of specific genes are needed to promote FHB. Associated with the increasing list of F. graminearum effectors able to divert plant molecular processes, this fact strongly argues for a functional link between susceptibility-related factors and the fate of this disease in wheat. In this review, we gather more recent data concerning the involvement of plant and fungal genes and the functions and mechanisms in the development of FHB susceptibility, and we discuss the possibility to use them to diversify the current sources of FHB resistance.
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INTRODUCTION

Fusarium head blight (FHB) is a cereal fungal disease primarily induced by Fusarium graminearum (Goswami and Kistler, 2004; Xu and Nicholson, 2009). In wheat, FHB has a direct impact on yield and grain quality, reducing grain weight as well as changing protein accumulation. FHB also causes serious health concerns through the contamination of grains by mycotoxins (e.g., deoxynivalenol, DON, a group 3 carcinogenic toxin), which are resilient to most transformation processes (Li et al., 2014). FHB has become a major threat for wheat crops since the early 1990s, especially in the main producing areas, such as North America, Europe, and China (Zhang et al., 2012). For example, economic losses have been estimated to a total of $1.176 billion over 2015 and 2016 in the United States (Wilson et al., 2018). Such losses are expected to increase as a result of an amplification of the frequency and the intensity of FHB outbreaks due to rises in temperatures and occasional increases in air humidity expected with the climate change (Luck et al., 2011; Shah et al., 2014).

Although the combined use of tolerant wheat cultivars, fungicides, and specific management practices (e.g., tillage and crop rotation) can reduce part of the losses due to the disease (Haidukowski et al., 2005; Hollingsworth et al., 2008; Salgado et al., 2014; Dahl and Wilson, 2018), no efficient strategy can fully control FHB epidemics so far (Mesterházy et al., 2005; Tóth et al., 2008). Primarily addressed through the search for genetic resistance, the last two decades of prolific FHB researches turn out with more than 550 quantitative trait loci (QTLs) (Steiner et al., 2017; Venske et al., 2019), covering the whole genome of wheat but with little effect on resistance improvement and failing in identifying regular resistant genes. Twenty years after the identification of Fhb1, the most stable and efficient locus for wheat resistance to FHB (Bai et al., 1999), it was recently shown that a deletion spanning the start codon or an N-terminal mutation of the TaHRC gene encoding a putative histidine-rich calcium-binding protein explains part of the Fhb1-mediated resistance (Li et al., 2019; Su et al., 2019). Although still in dispute, TaHRC constitutes the first susceptibility (S) gene to FHB in wheat and directly questions the involvement of susceptibility factors in the disease progress. With this in mind, the purpose of this review is to discuss the growing interest about the determinism of susceptibility to FHB by gathering information from both interacting partners and by emphasizing on its benefits in diversifying the current sources of FHB resistance.



FHB INFECTION PROCESS: IS SUSCEPTIBILITY BEHIND THE MIRROR?

Although the recessive nature of some plant resistances has been established for decades, the concept of susceptibility factors, encoded by the so-called susceptibility genes (S genes), has been clearly defined in 2002 by describing the function of the pmr6 plant gene that promotes the infection process and supports the pathogen’s growth and development (Vogel et al., 2002). Many S genes are now described in plants [reviewed in van Schie and Takken (2014)]. Albeit relatively few, those controlling the wheat/pathogens interactions fit well with this model. For example, the monodehydroascorbate reductase gene, TaMDHAR4, has been demonstrated to promote wheat stripe rust infection (Feng et al., 2014). Its mutation results in reducing the hyphae growth of the biotrophic pathogen Puccinia striiformis, thus inhibiting its sporulation and enhancing necrosis at the infection site. Further studies in the same interaction evidenced two other S genes, TaMDAR6 and TaSTP13 (Abou-Attia et al., 2016; Huai et al., 2020), emphasizing the existence of several S genes in the wheat genome and suggesting that some of them might be implicated in wheat susceptibility-related mechanisms to FHB. If most studies have focused on the genetic determinants of wheat resistance to FHB so far, an interesting alternative is to consider the molecular and the physiological processes that make the host plant susceptible to F. graminearum. An extensive literature dealing with large-scale analyses has already shown that, compared to resistant cultivars, the most susceptible ones are characterized by a specific deregulation of genes involved in a wide range of molecular processes (e.g., transcription factors, enzymes involved in primary and secondary metabolism, and defense-related genes), suggesting the intricate participation of a wealth of potential susceptibility factors (Ding et al., 2011; Gottwald et al., 2012; Erayman et al., 2015; Pan et al., 2018; Wang et al., 2018; Brauer et al., 2019).


Genetics Demonstration of the Existence of Wheat Susceptibility Factors to FHB

The involvement of putative susceptibility determinants during FHB development has been primarily suggested by studies using wheat aneuploïd lines (Figure 1). Ma et al. (2006) first evidenced that ditelosomic lines lacking in specific chromosome arms displayed an enhanced resistance to F. graminearum infection, suggesting the removal of pivotal susceptibility factors along with chromosome fragment deletion. Likewise, Garvin et al. (2015), in an attempt to introgress a new FHB resistance locus from the cultivar (cv.) “Freedom” into the susceptible cv. “Apogee,” have shown that the most resistant line was characterized by the deletion of a chromosome segment of about 19% of the length of the 3DL arm in comparison with the cv. “Apogee” (Figure 1). The wheat line missing this genomic interval resulted in up to 59% decrease of FHB severity as compared to cv. “Apogee” and displayed a significant reduction of DON accumulation (Garvin et al., 2015). Similarly, another chromosomal fragment of 31.7 Mbp on the short arm of chromosome 4D was demonstrated to contain potential wheat susceptibility factors to FHB (Hales et al., 2020). Its deletion leads to a significant decrease of F. graminearum spreading in wheat spikes. Evidence of susceptibility factors to FHB has also been provided through allele mining studies. The dwarfing allele at the locus Rht-D1 (Rht-D1b, formerly termed Rht2) has not been associated to FHB susceptibility by a direct effect of the plant height but rather through a pleiotropic or linkage effect (Draeger et al., 2007). Further experiments demonstrated that, in the cv. “Spark,” FHB resistance was largely conferred by the wild allele of the Rht-D1 gene, while the Rht-D1b allele found in the susceptible lines was responsible for approximately 50% of the phenotypic variance associated with the magnitude of initial infection (Srinivasachary et al., 2009). A similar increase of FHB infection has been described for the two particular alleles of the vernalization-related genes Vrn-A1 and Vrn-B1 (Xu et al., 2020). An FHB susceptibility source has also been identified in the “Sumai 3” Qfhs.kibr-2DS QTL (Figure 1), in which a specific allele encoding a multidrug resistance-associated protein was identified in the susceptible “Sumai 3”-derived cv. named “Gamenya,” unveiling that the FHB susceptibility determinants could be fortuitously inherited from resistant cultivars (Handa et al., 2008; Basnet et al., 2012; Niwa et al., 2014). Such examples suggest that a substantial subset of S genes/factors could be present in the wheat genome and highly conserved among the wheat cultivars. Although most of these studies provide only indirect evidences about the molecular determinism of FHB susceptibility, these results emphasize the relevance of considering the diversity of S genes as a complementary and promising approach to improve wheat resistance to FHB.


[image: image]

FIGURE 1. Circos plot of the wheat genome (Triticum aestivum) exemplifying Fusarium head blight susceptibility determinants. The three-component genome is represented as a circle including the A, B, and D genomes and their respective chromosomes. The pink areas refer to the deleted chromosome arms in the ditelosomic lines (Ma et al., 2006), the green and blue zones refer to the deleted genomic regions, and the red lines indicate the gene position.




Role of Phytohormones in FHB Development

Several works have already suggested that wheat hormonal pathways play a favorable role in FHB development. For instance, reducing EIN2 expression in wheat, one of the major components of ethylene signaling, decreased the disease symptoms and DON accumulation in the grains (Chen et al., 2009). Further large-scale transcriptomics showed that the ethylene pathway was specifically induced in the FHB-susceptible NAUH117 line, as compared to the resistant Wangshuibai landrace (Xiao et al., 2013). The abscisic acid (ABA) signaling pathway has also been demonstrated to favor F. graminearum infection in wheat spikes (Gordon et al., 2016; Wang et al., 2018). A virus-induced gene silencing approach demonstrated a role of the wheat ABA receptor Ta_PYL4AS_A (Figure 1), and its close homologs, in mediating FHB susceptibility and in decreasing mycotoxin accumulation (Gordon et al., 2016). Likewise, transcriptional and hormonal profiling showed that wheat genes involved in auxin biosynthesis were highly up-regulated, along with auxin accumulation, in the susceptible cultivars during the F. graminearum infection process as compared to the resistant ones (Biselli et al., 2018; Wang et al., 2018; Brauer et al., 2019). Salicylic and jasmonic acids are also widely described for their role in modulating FHB responses and in discriminating resistant vs. susceptible cultivars as well (Ding et al., 2011; Gottwald et al., 2012; Sun et al., 2016; Wang et al., 2018). Upon F. graminearum infection, their respective actions occur in two phases, an initial induction of salicylic acid happens at the early stages followed by the synthesis of jasmonic acid at the later stages (Ding et al., 2011). In addition, the silencing of the wheat TaSSI2 gene has been shown to increase FHB resistance, promoting salicylic acid signaling (Hu et al., 2018) and potentially altering the jasmonic acid pathway as demonstrated in Arabidopsis ssi2 mutant lines (Kachroo et al., 2004). This illustrates further the involvement of these two antagonist hormones in the FHB progress and suggests that susceptibility may involve systemic signals capable of deeply reshaping the plant physiology.



Shaping FHB Susceptibility in the Course of Grain Development

With a period of maximal susceptibility occurring within 3 days after anthesis (Beccari et al., 2019), FHB develops concomitantly with the grain filling period, during which a large number of plant physiological processes allow a massive accumulation of sugars, lipids, and proteins (Nadaud et al., 2010), resulting in a possible nutrient reservoir in the infection area. Spike ontogeny could thus indirectly and sequentially set up a range of susceptibility factors that can partly explain the dynamics of fungal development during the infection course (Chetouhi et al., 2015, 2016). Extensively boosted during the endosperm expansion, in planta F. graminearum growth is associated with massive protein abundance adjustments detectable simultaneously in both plant and fungal proteomes at 48–72 h post-inoculation at anthesis transition (Fabre et al., 2019b). At this stage, extensive metabolic changes in wheat rachis nodes have been reported, including a strong increase of gibberellic acid amount as well as glycolysis intermediates, suggesting that a release of wheat storage carbohydrates could possibly be used for fungal metabolic requirements (Bönnighausen et al., 2018). This is also supported by the converging evidences of large decreases in the expression of genes involved in sucrose and starch metabolism (Erayman et al., 2015; Chetouhi et al., 2016). Starch components, such as amylopectin and amylose, are known to be difficult for the fungus to recycle as a carbon source and for DON production (Oh et al., 2016), unlike sucrose (Jiao et al., 2008; Kawakami et al., 2014), suggesting that the deregulation of the host energy processes at the early stage of the disease could be one of the key factors that determine wheat susceptibility. However, the links are not obvious since many other studies have shown that primary metabolism and especially photosynthesis are extensively rearranged (Long et al., 2015; Biselli et al., 2018; Li et al., 2018; Fabre et al., 2019b). Although this can substantially limit the accumulation of sugars, this could also be seen as a means of constraining the energy requirements necessary to trigger defense mechanisms (Bolton, 2009). In agreement with many previous studies suggesting a key role of chloroplast in plant susceptibility (Lo Presti et al., 2015; Sowden et al., 2018; Han and Kahmann, 2019; Kretschmer et al., 2020), the remodeling of its functioning in wheat spikes during FHB is suspected to be a link between the plant defense responses and the adjustments of primary metabolism. This raises direct questions about the mechanisms used by the fungus to achieve such effects (Fabre et al., 2019b).



FUSARIUM GRAMINEARUM EFFECTORS: KNOCKING AT THE WHEAT CELL DOOR TO TRIGGER SUSCEPTIBILITY?

Several studies have already demonstrated that plant susceptibility factors could be diverted by a range of pathogen effectors. Consisting of proteins, RNA, and metabolites, effectors are molecules synthesized by the pathogen, delivered in host tissues, and able to alter the structure and the function of the host cell (Hogenhout et al., 2009; Lo Presti et al., 2015). Compared to bacteria, knowledge about fungal effectors remains relatively limited (Niu et al., 2013). However, a number of studies have provided essential information on the ability of F. graminearum in interfering with wheat molecular processes. Identifying F. graminearum effectors and understanding their roles in the infectious process could be a relevant strategy for identifying wheat susceptibility factors.


Breaking Wheat’s Defenses

One of the first characterized effectors of F. graminearum is the secreted DON mycotoxin (Miller and Young, 1985). Although its synthesis is not necessary for the penetration phase, its role in fungal spreading within the spike has been reported (Bai et al., 2001). DON acts as an inhibitor of protein and nucleotide synthesis in the host cell (Audenaert et al., 2013). Through such an effect, DON is supposed to alter the mitochondrial functions of many eukaryotes, and its role in inhibiting programmed cell death as well as in the expression of defense compounds (chitinases, peroxidases, and pathogen-related proteins) has already been described (Brown et al., 2011; Audenaert et al., 2013; Diamond et al., 2013). A recent report has shown that DON promotes the TaNFXL1 transcription factor in wheat, leading to FHB susceptibility through uncharacterized mechanisms (Brauer et al., 2020). Other F. graminearum effectors have been reported so far, revealing that proteins belonging to the cell-wall-degrading enzymes (CWDEs) are important promoters of wheat susceptibility to FHB (Quarantin et al., 2016, 2019; Paccanaro et al., 2017; Lu and Faris, 2019). For instance, several studies identified F. graminearum xylanases with a direct impact on cell wall weakening and an indirect role in enhancing hypersensitive-like symptoms in plant tissues (Paper et al., 2007; Pollet et al., 2009; Sella et al., 2013; Tundo et al., 2015). The FGL1 lipase, another CWDE effector (Voigt et al., 2005), was shown to physically interact with the wheat immunophilin protein FKBP12, altering the establishment of the FKBP12/ERG complex, which finally triggers cell death (Niu et al., 2013). In addition, by degrading the plant cell wall, the FGL1 effector promotes the release of free fatty acids that inhibit the callose deposits associated with the immune responses (Blümke et al., 2014). Similarly, the arabinanase Arb93b, induced during the early stage of FHB, was shown to suppress ROS-activated defense along with its arabinan-degrading activity (Hao et al., 2019). Besides protein effectors, sRNA products have also been reported to control plant responses. The 18-nt-length sRNA (Fg-sRNA1) targets a wheat chitin elicitor-binding protein, which is likely to function in wheat disease resistance signaling pathways (Jian and Liang, 2019). The identification of non-targeted allelic variants could thus guide future research toward “loss-of-susceptibility” forms of resistances.



Predicted Effector Searches Reveal an Increasingly Complex Arsenal

Although the catalog of characterized F. graminearum effectors remains limited, substantial efforts using genomics approaches have provided a large set of new candidates. Using the reference genome sequence, Brown et al. (2012) established a predicted secretome of 574 proteins sharing the structural features of secreted proteins (small size, cysteine-rich proteins, and signal peptides). This revealed a diverse hydrolytic arsenal and a range of putative effectors that could be potentially delivered in the wheat tissues. Secretome was further investigated by focusing on the 190 small secreted cystein-rich proteins (SS): the extracellular localization was confirmed for 25 of them, and the expression of 34 of them was demonstrated as regulated during the FHB progress (Lu and Edwards, 2015). The sequence analysis suggested that 17 SS harbor conserved functional domains such as glycosyl-hydrolase or pathogenesis-related domains, and two of them were homologous to Ecp2, a well-known effector produced by the tomato pathogen Cladosporium fulvum (Van den Ackerveken et al., 1993). Other studies dealing with in vitro or in planta approaches have also been successful in enlarging the list of candidate effectors (Paper et al., 2007; Yang et al., 2012; Ji et al., 2013). By evidencing the protein repertoire found specifically in the extracellular part of the plant tissues or identified in liquid culture and confirmed in planta using qRT-PCR, these extended the range of putative function including a number of proteases, esterase, and nucleases. Based on the few structural information available about fungal effectors (Sperschneider et al., 2018), several exploratory reports provided novel insights in their diversity and dynamics (Lysøe et al., 2011; Brown et al., 2017; Fabre et al., 2019a, b). By dissecting the asymptomatic and the symptomatic stages of the FHB infection, Brown et al. (2017) revealed particular gene groups with specific abundance patterns illustrating the early expression of genes involved in the transport of amino acids, in polyamine synthesis and ABC transporters, while hydrolytic carbohydrate-active enzymes and lipases were found at later stages. The delivery of putative effectors by waves at specific stages of the infection has also been confirmed at the protein level using an in planta dual-proteome approach (Fabre et al., 2019b). This study further demonstrated that putative effectors could be already accumulated in spores or synthesized within hours, and extensive co-variations were evidenced between abundance changes of effectors and the regulation of plant chloroplast proteins, especially at the beginning of grain cellularization. In addition, strong links were evidenced between the abundance of candidate effectors and strain aggressiveness (Fabre et al., 2019a), emphasizing that increased knowledge of the fungal component could lead to a better understanding of the processes involved in host susceptibility.



CONCLUDING REMARKS

The past decades of researches on FHB in wheat have provided a wealth of information on the genetic and the molecular determinants of the disease progress in spikes, mostly focused on resistance mechanisms. Although still marginally investigated, wheat susceptibility factors to FHB are emerging as key components that determine the fate of the disease, involving a complex molecular dialogue based on the interplay of fungal effectors and their plant targets. Understanding wheat susceptibility still requires many efforts on both partners and needs to fill the gap between wheat and fungal studies. This knowledge will open new strategies in order to control this complex plant/fungus interaction, providing alternative forms of resistance that are potentially more sustainable. While still a challenge, such loss-of-susceptibility forms have already demonstrated their potential to provide efficient and durable sources of disease resistance in crops (Pavan et al., 2010). They represent a promising strategy to control FHB epidemics and may provide a complementary approach to the introgression of gain-of-function resistance genes.
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Wheat blast disease caused by the Magnaporthe oryzae Triticum (MoT) pathotype exerts a significant impact on grain development, yield, and quality of the wheat. The aim of this study was to investigate morphological, physiological, biochemical, and nutritional properties of wheat cv. BARI Gom 24 under varying levels of blast disease severity in wheat spikes. Grain morphology, volume, weight, and germination of the infected grains were significantly affected by MoT. Biochemical traits specifically grain N, Ca, Mg, and Fe content significantly increased (up to threefold; p > 0.05), but organic carbon, Cu, Zn, B, and S content in wheat grains significantly decreased with increased severity of MoT infection. The grain crude protein content was about twofold higher (up to 18.5% in grain) in severely blast-infected grains compared to the uninfected wheat (9.7%). Analysis of other nutritional properties such as secondary metabolites revealed that total antioxidant activity, flavonoid, and carotenoid concentrations remarkably decreased (up to threefold) with increasing severity of blast infestation in wheat grain. Grain moisture, lipid, and ash content were slightly increased with the increase in blast severity. However, grain K and total phenolic concentration were increased at a certain level of blast infestation and then reduced with increase in MoT infestation.

Keywords: disease severity, grain mineral content, BARI Gom 24, protein content, antioxidant activity


INTRODUCTION

Wheat is the most important cereal crop in the world due to its widespread distribution and extensive use as food products (Barak et al., 2013). The global production of wheat is more than 700 million tons (Kumar et al., 2017), and it is the second most important cereal crop in Bangladesh after rice. Changes in dietary food habits and the regular uptake of wheat products were increasing in Bangladesh. Wheat is a good source of calories, minerals, proteins, and dietary fibers helping in the prevention and treatment of some digestive disorders. The major components of wheat kernels are bran (13–17%), germ (2–3%), and endosperm (81–84%). Starch (60–75%), proteins (6–20%), moisture (∼10%), and lipids (1.5–2%) are the major constituents of the endosperm (Barak et al., 2013). The grain protein content is an important factor determining the quality of pasta and bread making and also human nutrition. It is an important trait for growers because premium prices are frequently paid on the basis of high grain protein content (Olmos et al., 2003). Grain lipids are distributed unevenly throughout the different parts of the wheat grain (Chung et al., 2009; Day, 2016), and the highest concentration is present in the germ (Uthayakumaran and Wrigley, 2017). The mineral contents (N, P, K, Fe, S, Zn, etc.) of wheat grain also determine the quality of grain (Urashima et al., 2009). The antioxidant profile has been representing a key parameter to predict the shelf life of the product and also protects plants from oxidative damage (Shahidi and Liyana-Pathirana, 2008). Phenolic acids, flavonoids, lignans, carotenoids, tocopherols, and phytosterols are also present in wheat grain and exert beneficial effects on human health (Tsao, 2008). Phenolic compounds are involved in plant defense mechanisms by inducing a barrier to invade phytopathogens. These compounds have antioxidative, anti-inflammatory, antimutagenic, and anticarcinogenic properties to modulate enzymatic functions in the plant cell (Ho et al., 1992; Shahidi and Liyana-Pathirana, 2008). Phenolics are concentrated in the outer layers, pericarp, aleurone, germ, and less in the endosperm of wheat grain (Maillard and Berset, 1995; Atanasova-Penichon et al., 2016). It also neutralizes free radicals, decomposing peroxides, and quenching singlet oxygen (Valifard et al., 2014). Synthesis and accumulation of phenolic compounds are stimulated in the response of pathogenic attack. Flavonoids are present in the leaf tissue of wheat in diversified form, but in grains, they are not diverse in nature (Cavaliere et al., 2005; Asenstorfer et al., 2006). Carotenoids are another group of phytochemicals contributing to pigments and play important roles in the human diet.

Biotic and abiotic stresses are major concerns for wheat production. Fungal diseases have been increasing and limit wheat production worldwide (Fisher et al., 2012). Magnaporthe oryzae Triticum (MoT) pathotype causes wheat blast disease and can limit wheat production up to 100% (Islam et al., 2016, 2019; Ceresini et al., 2018). It was first reported in the State of Paraná of Brazil in 1985 (Iragashi et al., 1986). Since then, it has become a major constraint to wheat-growing areas in Brazil (Lima, 2004), Argentina (Perelló et al., 2015), Bolivia (Barea and Toledo, 1996), and Paraguay (Viedma et al., 2010). In February 2016, wheat blast disease was first spotted in Bangladesh, which devastated 15,000 hectares of wheat field of eight wheat-growing districts (Meherpur, Chuadanga, Jessore, Barishal, Bhola, Jhenaidah, Pabna, and Kustia) with yield losses up to 100% (Islam et al., 2016). It was spread to 12 other wheat-growing districts (Magura, Faridpur, Rajshahi, Tangail, Comilla, Jamalpur, Natore, Rajbari, Norail, Noagoan, Mymensingh, and Madaripur) in the subsequent years. Meherpur district is known as a hot spot for wheat blast infection in Bangladesh. In 2015, the estimated wheat production was 45,383 metric tons in Meherpur. Owing to MoT infestation, it was dramatically reduced into 19,893 metric tons (BBS, 2017) in 2016 and caused 56.17% yield loss. The sudden emergence of wheat blast disease is posing a serious threat to food and nutritional security of Bangladesh and South Asia. However, our understanding of the biology of MoT and its interactions with wheat plant is very limited. Better understanding of interactions between MoT and wheat plant would help us to design an effective management strategy against the wheat blast disease.

Infection of MoT at the grain filling stage results in small, shriveled, light in weight, and discolored grains (Miranda et al., 2015; Islam et al., 2016, 2019). It also affects physiological processes resulting in reduced growth, yield, and nutritional qualities of the grains (Arfan et al., 2007; Urashima et al., 2009). Enhanced knowledge on biochemical and nutritional aspects of MoT-infected grains will be helpful in determining the nutritional value of wheat grains and also provides information related to detrimental damaged levels for human consumption.

To date, there is scant information available to describe the nutritional and biochemical changes occurring in wheat grains during MoT infection (Urashima et al., 2009; Miranda et al., 2015; Martínez et al., 2019). Infection of wheat grains by the notorious MoT pathogen may change the metabolic processes, reduce grain productivity, and also reduce the beneficial dietary contents (Urashima et al., 2009; Martínez et al., 2019). However, to fill the knowledge gaps, the present study was undertaken to: (i) evaluate physical, physiological properties, and mineral contents in grains affected by varying levels of blast disease infestation and (ii) analyze biochemical properties, nutritional contents, and antioxidant activities in varying levels of wheat blast damaged grains.



MATERIALS AND METHODS


Sample Collection

Wheat cv. BARI Gom 24 was cultivated in the majority of wheat-growing areas of Meherpur in 2016. High yield, big spike, large grain, and lodging tolerance are the main attractive attributes of BARI Gom 24 cultivar (Pandit et al., 2011; Rashid and Hossain, 2016). Similarly, BARI Gom 26 is another high yielding and superior wheat variety in Bangladesh. In February 2016, severely affected BARI Gom 24 and BARI Gom 26 cultivated in farmer’s fields were randomly selected. The seed sowing was performed by broadcasting method in both varieties.

Complete or partial bleached spikes above the point of infection with no grain or shriveled grain were commonly found in all affected heads by the MoT (Figures 1, 2). The field symptoms of wheat blast are shown in Figure 2. The wheat spikes (300 spikes per category) were collected by cutting the ear from the wheat plants. Visual observation of the wheat spikes was used to categorize the disease severity (Figures 1, 2). A simple modification of the study of Murakami et al. (2000), wheat spikes were categorized into six different categories: category 1 (no visible symptom on the spike and the grains); category 2 (1–19% bleached spike and shriveled grains); category 3 (20–39% bleached spike and shriveled grains); category 4 (40–59% bleached spike and shriveled grains); category 5 (60–79% bleached spike and shriveled grains); and category 6 (≥80% bleached spike and shriveled grains). However, only three categories (1, 3, and 4) of the damaged wheat grains were obtained for BARI Gom 26 due to unavailability of other categories in that field for this variety.


[image: image]

FIGURE 1. Morphological features of intact grains of blast affected and unaffected wheat cv. BARI Gom 24 spike. (a) Category 1: unaffected (control). (b) Category 2: 1–19% damaged. (c) Category 3: 30–39% damaged. (d) Category 4: 40–59% damaged. (e) Category 5: 60–79% damaged. (f) Category 6: 80–99% damaged wheat grains.



[image: image]

FIGURE 2. Wheat blast symptoms in the field and spikes. (a) Almost 100% bleached spikes (arrows) of a severely blast-infected wheat cv. BARI Gom 24 in the field in Meherpur district of Bangladesh. (b) Characteristic wheat blast disease symptom in wheat spikes (head blast) of varying levels of severity (from left to right), category of damage 1–6. Upper part of the point of infection of the spikes became bleached due to blockage and/or blocking of vascular system of the rachis by the mycelial growth of Magnaporthe oryzae Triticum (MoT).


Exactly 300 spikes were collected from the field for each category for the experimental purposes, and all grains were separated from the spikes. Grains were stored at 4°C in a zipped lock polybag until further studies.



Physical Observations of Infected Grains

Based on the preliminary visual observations, around 250 g of grains were used from each category of infected spikes and ca. 1,000 grains were selected randomly for evaluation of physical parameters (grain length, breadth, 1,000 grain weight, germination, and volume of 500 grains). The breadth and lengths of the grains were measured using a slide caliper. The weight of 1,000 grains was recorded using a digital weight machine. For germination test, 25 sterilized seeds were placed in a Petri dish containing water-soaked filter paper. Germination percentage was recorded after 7 days and calculated using the following formula:
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Estimation of Mineral Contents

Dried wheat grain samples were ground finely in an electric grinder for mineral analysis. The nitrogen (N) percentage (%N) was determined through the micro-Kjeldahl method (Jackson, 1973). Phosphorus (P) content was determined by colorimetric method (Page et al., 1982) and the potassium (K) content by the flame emission spectrophotometric method (Ghosh et al., 1983). Grain sulfur (S) and calcium (Ca) contents were determined by turbidimetric (Tandon, 1995) and complexometric method (Page et al., 1982), respectively. Magnesium (Mg), boron (B), and zinc (Zn) contents were analyzed by Azomethine-H and atomic absorption spectrophotometric method as described by Page et al. (1982).



Estimation of Protein, Moisture, Lipid, and Ash Contents in Wheat Grains

The contents of crude protein, moisture, lipid, and ash in wheat grains were determined by using standard AOAC methods (AOAC, 2000).


Crude Protein Percentage

Crude protein was determined using the micro-Kjeldahl method. The percentage of crude protein in the sample was calculated as:

Nitrogen as % crude protein = % N × F, where N is nitrogen and F (conversion factor) is equivalent to 5.7 (Martínez et al., 2019).



Moisture Content

The moisture content of the grain was determined by weighing 2.0 g of sample into a pre-weighed china dish and drying it in an air-forced draft oven at a temperature of 105 ± 5°C until the constant weight of dry matter was obtained. The moisture content in the grain was determined as follows:
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Lipid Content

Two grams of grain samples were weighed in triplicate. The samples were extracted with 200 ml of petroleum ether for 6 h. The solvent-free fat in the flux was dried in an oven at 105°C for an hour and cooled in desiccators. The final weight was recorded, and the lipid content was determined as follows:
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Ash Content

Two grams of grain samples were incinerated in a muffle furnace at 550°C for 4 h and cooled in a desiccator. The dried sample was weighed and powdered. The final weight after powder was also registered. The ash content was determined as follows:
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Determination of Total Carotenoids, Flavonoids, and Phenolics of Wheat Grain

Hundred grams of grains were finely ground, and 1.0 g of ground grains was extracted in 40 ml of 90% aqueous methanol in a tightly capped bottle. The mixture was homogenized by a standard homogenizer for 1 h. The extract was filtered, and sub-samples were used for the determination of total flavonoids, total phenolics, and total antioxidant capacity. To determine carotenoid concentration, 5.0 ml of acetone was added to 2 g of homogenized seed sample in a glass vial. Then, it was incubated for 24 h in the dark at 4°C. Three milliliters of supernatant was taken in a glass cuvette, and the absorbance of the acetone extract was measured at 444 nm using acetone as blank in the spectrophotometer (PD-303UV Apel spectrophotometer, United States) mentioned above in triplicate. Total carotenoid concentration was measured in mg per g of a sample as lutein equivalent according to the protocol described earlier (Rahman et al., 2018). The AlCl3 colorimetric method was used to determine the total flavonoid concentration (TFC) of wheat grain extract. In a test tube, 1.0 ml of methanol extract of seed sample was added to 0.4 ml of 5% sodium nitrate, 0.6 ml of 10% AlCl3.6H2O (5 min later) at room temperature. Five minutes later, 2.0 ml of 1 M NaOH was added to the mixture and shaken thoroughly. For blank reaction, 1.0 ml of methanol was taken instead of methanol extract of grain samples. A PD-303UV Apel spectrophotometer (United States) was used to take the absorbance of the solution reaction mixture at 510 nm against the blank sample (Zhishen et al., 1999). The measurements were compared to a standard curve of quercetin solutions, and TFC was expressed as μg/g FW quercetin equivalent. Total phenolic compound concentration was determined by the Folin–Ciocalteau method. In a test tube, ca. 0.5 ml of 10% (0.2 N) Folin–Ciocalteau reagent was added with 1.0 ml of methanol extract of wheat seed sample and 1.0 ml of methanol alone as blank. The test tubes were shaken for 10 s, covered, and incubated for 15 min at room temperature. Aqueous 700 mM sodium carbonate (Na2CO3) solution (2.5 ml) was added to each reaction mixture, then vortexed, covered, and incubated at room temperature (25°C) for 2 h. The absorbance of the solution was measured at 765 nm against the blank sample (Ainsworth and Gillespie, 2007). The measurements were compared to a standard curve of gallic acid solutions, and total phenolics were expressed as μg/g FW gallic acid equivalent (Rahman et al., 2018).



Antioxidant Activity

1,1-Diphenyl-2-picrylhydrazyl (DPPH; CalBiochem, Germany) radical scavenging assay (Kitts et al., 2000; Rahman et al., 2018) was used to estimate the antioxidant activity. In a test tube, 1.0 ml of DPPH solution (0.0788 g of 0.2 mM DPPH in 1 L of methanol) was added to 1.0 ml of methanol extracted supernatant of grain sample for 5 min at 25°C. A PD-303UV Apel spectrophotometer (United States) was used to read the absorbance at 517 nm. When the antioxidants react with DPPH, the DPPH is reduced to DPPH-H, and as a consequence, the absorbance decreases. The DPPH-H formation results in decolorization (yellow color) concerning the number of electrons captured (Kitts et al., 2000). The DPPH solution with corresponding solvents (i.e., without plant material) served as the control. Methanol with the respective plant extracts was used as the blank. The DPPH radical scavenging activity of grain extracts was calculated as the percentage inhibition (Rahman et al., 2018).
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Statistical Analysis

The data were statistically analyzed using SPSS version 16 and Microsoft Excel 2016 software. Fisher’s least significant difference (LSD) was performed to determine the significant difference between means at a significance level of p ≤ 0.05 and reported as the mean ± standard deviation (SD). Each experiment was repeated thrice with nearly identical results.



RESULTS


Evaluation of Physical Parameters and Germination of MoT-Infected Grains


Grain Length and Breadth

Grain breadth and length differed significantly (p ≤ 0.05) at varying levels of MoT infestation in wheat grains compared to uninfected healthy grains (Table 1). On average, seed length ranged from 4.86 to 6.96 mm. The maximum grain length was recorded in category 1 (no infection) followed by category 2 (1–19% damaged) grains, and the values were 6.96 and 6.90 mm, respectively. Average grain length was highly affected in category 6 (≥80% damaged) grains (4.86 mm). The grain breadth also showed a significant drop with an increase in MoT infestation. The maximum grain breadth was recorded in unaffected healthy category 1 (2.80 mm), and the minimum was found in category 6 (≥80% damaged) grains (1.30 mm) (Table 1). There was about twofold variation between highly infested grains and unaffected healthy grains. A significant positive correlation was recorded between grain length and grain breadth. Both grain length and breadth in BARI Gom 26 also reduced due to blast severity (Supplementary Table S1).


TABLE 1. Effects of Magnaporthe oryzae Triticum (MoT) infestation on physical changes and germination percentage of wheat cv. BARI Gom 24.
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Thousand Grain Weight, 500 Grain Volume, and Germination Percentage

Comparative evaluation of the wheat grain weight and volume under unaffected healthy and blast-damaged grains indicated that the MoT infestation caused a significant reduction in 1,000 grain weight (Figure 3) and volume of 500 grains (Table 1). The reduction in 1,000 grain weight was higher in category 6 (17.88 g) grains than those of damaged grains in other categories. The maximum 1,000 grain weight (42.7 g) was found in category 1 (unaffected healthy) grains, whereas the minimum was recorded in category 6 (17.88 g) grains (Figure 3). Similar to 1,000 grain weight, the volume of 500 grains also significantly (p ≤ 0.05) varied among the categories of the grains. The maximum grain volume (20.07 mm3) of 500 seeds was also found in category 1 (no infection), followed by category 2 (1–19% damaged) grains (20.03 mm3). The minimum of 500 grain volume (5.89 mm3) is recorded in category 6 (Table 1). There was 2.4- and 3.4-fold reduction in MoT-infested grain weight and volume, respectively, compared to unaffected healthy grains. The 1,000 grain weight of BARI Gom 26 was also significantly reduced by blast infestation compared to unaffected healthy wheat grains (Supplementary Table S1). However, blast infestation did not significantly affect the volume of 500 seeds of BARI Gom 26 (Supplementary Table S1).
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FIGURE 3. Influence of MoT infection in 1,000 grain of wheat cv. BARI Gom 24. Mean values in the bars followed by the same letter(s) are not significantly different as assessed by Fisher’s protected LSD (least significant difference) at p ≤ 0.05.


Grain germination percentage (%) was slightly affected by blast infestation. The germination percentage varied from 86.46 to 92.92%. The maximum germination (92.92%) is registered in category 1 (non-infected healthy) grains, and the minimum is recorded in 80–99% damaged grains of category 6 (86.46%). The blast infestation significantly reduced the germination percentage compared to unaffected healthy grains. Germination percentage in the category 4 seeds of BARI Gom 26 was significantly reduced compared to the unaffected healthy grains.



MoT Infection Changes the Composition of Grain Minerals

Table 2 presents the content of minerals of blast-infected wheat grains. The mineral contents of wheat grains were significantly changed due to MoT infestation in wheat grains. The severity of MoT infection increased the contents of nitrogen (N), calcium (Ca), magnesium (Mg), and iron (Fe) but decreased organic carbon, phosphorus (P), copper (Cu), zinc (Zn), boron (B), and sulfur (S) contents in wheat grains. However, grain potassium (K) content changed slightly then reduced with increased MoT infestation.


TABLE 2. Effects of MoT infestation on mineral contents of wheat cv. BARI Gom 24.
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Nitrogen (N) and Organic Carbon Contents

In this study, the content of nitrogen (N) varied from 1.70 to 3.25%. High N content (3.25%) was obtained in category 6 (Table 2), which was ca. twofold higher than unaffected control. The range of organic carbon content was 2.00–4.00%. The percentage of organic carbon was simply reversed in trend. High organic carbon (4%) was noted in unaffected control category 1 grains followed by category 2 (3.79%) grains. The minimum value (2.0%) was recorded in category 6 grains. Compared with N content, organic carbon content showed a simply reversed trend. Similar trends of N content and organic carbon were also obtained in blast-damaged grains of BARI Gom 26 (Supplementary Table S2).



Calcium and Magnesium Contents

The calcium (Ca) content ranged from 0.21 to 0.67 mg/g. The highest Ca content (0.67 mg/g) was registered in category 6 grains (80–99% damaged), and the lowest in non-infected category 1 grains (0.21 mg/g). The magnesium (Mg) content slightly increased with the increase in disease severity and ranged from 0.10 to 0.13 me/100 g. In category 4 and category 5 damaged grains, the Mg contents were the same (0.12 me/100 g), and the highest content was recorded in category 6 damaged grains (0.13 me/100 g) (Table 2). Although Ca content increased twofold in category 4 compared to healthy wheat grains in BARI Gom 26, Mg content remained unchanged (Supplementary Table S2).



Potassium and Phosphorus Contents

In this study, the potassium (K) content varied from 1.0 to 1.50 me/100 g. The K content was increased up to the damage of 40–59% of grains (category 4), and then, the values were decreased with increased disease severity. Like organic carbon percentage, the phosphorus (P) content was decreased when the severity of blast infestation level increased at a certain level (Table 2). The maximum value of P content was found in unaffected grains (category 1; 3.1 mg/g), and it was significantly higher than all other categories. The minimum P content was found in category 5 grains (2.3 mg/g). On the other hand, in BARI Gom 26, both K and P contents were significantly increased with increasing blast infestation (Supplementary Table S2).



Copper and Iron Content

Copper (Cu) content showed remarkable variations in terms of damaged levels of the wheat grains (1.20–4.20 mg/g). The highest Cu content (4.20 mg/g) was found in the unaffected category 1 grains, and the lowest (1.20 mg/g) was in category 6 grains. Iron (Fe) content was varied from 53.20 to 89.40 mg/g. The significant and notably higher Fe content (89.40 mg/g) was found in category 6 (more than 80% damaged) grains, and lower (53.20 mg/g) was recorded in unaffected healthy category 1 grains. Almost similar trends of changes in Cu and Fe contents were recorded in BARI Gom 26 due to blast infestation (Supplementary Table S2).



Zinc, Boron, and Sulfur Contents

The zinc (Zn) content of wheat grains varied significantly in terms of blast infestation. The higher the blast infestation, the lower the Zn content in grains. It ranged from 12.0 to 52.20 mg/g. High (53.20 mg/g) Zn content was observed in unaffected category 1 grains followed by damaged category 2 (48.43 mg/g) grains. The minimum Zn content (12.00 mg/g) was recorded in heavily damaged category 6 grains (Table 2). It revealed that grain Zn content reduced up to fourfold by the blast infestation.

The boron (B) content was significantly varied from 17 to 52 μg/g (Table 2). The maximum B content (52 μg/g) was obtained in unaffected category 1 grains. The minimum B content (17 μg/g) was found in category 6 grains (Table 2), which is about threefold lower than the content in healthy grains. Similarly, maximum S content was recorded in healthy category 1 grains (0.36 μg/g), and the minimum content (0.11 μg/g) was in category 6 grains (Table 2). Almost similar trends of the contents of Zn, B, and S in blast-affected wheat grains of BARI Gom 26 were also recorded (Supplementary Table S2).



Changes in Crude Protein, Moisture, Lipid, and Ash Percentage

Table 3 presents the proximate compositions of wheat grains. Crude protein content ranged from 9.69 to 18.53%. It was increased with the increased severity of MoT infestation (Figure 4). Category 6 grains (18.53%) had higher protein content followed by the grains of category 5 (18.13%). The lowest crude protein percentage (9.69%) was found in unaffected grains of category 1 (Figure 4). The protein content (average) increased nearly twofold due to blast severity compared to unaffected healthy grains. The moisture percentage ranged from 18.36 to 18.73%. The maximum moisture content was recorded in highly damaged grains but did not exhibit pronounced variations among the various levels of blast-affected grains (Table 3).


TABLE 3. Effect of MoT infestation on moisture, lipid, and ash contents in wheat cv. BARI Gom 24.
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FIGURE 4. Enhancement of crude protein content (%) by the severity of MoT infection in wheat cv. BARI Gom 24. Mean values in the bars followed by the same letter(s) are not significantly different as assessed by Fisher’s protected LSD (least significant difference) at p ≤ 0.05.


Similar to grain moisture content, lipid and ash contents of the grains were slightly increased with the increase in disease severity (Table 3). The maximum lipid (3.55%) and ash (2.35%) contents were noted in category 6 grains where unaffected healthy grains had the minimum values of these two parameters (Table 3). Similarly, in BARI Gom 26, protein content significantly increased with increasing infestation of the blast (Supplementary Table S3). The other two parameters, grain lipid and ash contents, remained statistically unchanged.



Modulation of Nutritional Concentrations in Blast-Affected Wheat Grains


Total Flavonoids and Phenolics

Figure 5 exhibits the changes in total flavonoids, phenolics, carotenoids, and antioxidants in wheat grains as influenced by varying levels of severity of blast infestation. The range of TFC was 382.37 to 990.68 μg quercetin/g. Category 1 (990.68 μg quercetin/g) had a higher TFC than the other categories of the grains. Category 6 (≥80% damaged) grains had the lowest TFC (382.37 μg quercetin/g), which was about 2.5-fold lower than the unaffected control (Figure 5A). The total phenolic concentration (TPC) significantly varied from 356.93 to 491.70 μg gallic acid/g among the different categories of the wheat grains. Initially, the TPC was increased (up to 40–59% of damaged grains), but after a certain level (60–79% of damaged grains), the TPC was slightly decreased (Figure 5B). The maximum concentration (491.70 μg gallic acid/g) of TPC was estimated in category 4 (40–59% damaged grains), followed by category 3 (450.26 μg gallic acid/g). The minimum concentration (356.93 μg gallic acid/g) was registered in category 1 (no infection) of the healthy wheat grains. In BARI Gom 26, the concentration of total flavonoids decreased with increasing blast infestation; however, a reverse phenomenon was found in the concentration of total phenolics (Supplementary Table S4).
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FIGURE 5. Changes in total flavonoids, total phenolic, total carotenoid concentrations, and antioxidant activity in variously damaged wheat grains cv. BARI Gom 24 infected by MoT. (A) Reduction in total flavonoid concentration (μg quercetin equivalent/g). (B) Changes in total phenolic concentration (μg gallic acid equivalent/g). (C) Reduction in total carotenoid concentration in mg lutein equivalent/g). (D) Total antioxidant activity (μg BHT equivalent/g). Mean values in the bars followed by the same letter(s) are not significantly different as assessed by Fisher’s protected LSD (least significant difference) at p ≤ 0.05.




Total Carotenoids

Infection by MoT in wheat grain significantly decreased total carotenoid concentration (Figure 5C). The total carotenoid concentration in various categories of the grains ranged from 5.63 to 4.56 mg (lutein/g). The highest carotenoid concentration was estimated in the grains of category 1 (no infection; 5.63 lutein/g), followed by category 2 (1–19%) damaged grains (5.37 lutein/g). Total carotenoid concentration in unaffected wheat grain was significantly higher than those of blast-affected wheat grains. The minimum carotenoid concentration was estimated in the grains of category 6 (4.56 mg lutein/g) (Figure 5C). Carotenoid concentration in BARI Gom 26 remained statistically unchanged (Supplementary Table S4).



Total Antioxidant Activity

The total antioxidant activity (TAA) of wheat grains was estimated by DPPH assay. The MoT infestation also remarkably modulated the antioxidant activity in grains of wheat (Figure 5C). The range of TAA (DPPH) was from 162.82 to 311.22 μg BHT/g. The significant decrease in antioxidant activity (DPPH) in grain was observed when the MoT was infestation increased. It was constitutively maximum in the case of category 1 (311.22 μg BHT/g) (Figure 5D), and minimum level was found in category 6 grains (162.82 μg BHT/g). Similar to BARI Gom 24, the antioxidant activity was remarkably decreased with increased blast infestation in BARI Gom 26 (Supplementary Table S4).



DISCUSSION

In the present study, we demonstrated that MoT infection significantly modulated physical, physiological, biochemical, and nutritional properties of wheat grains. Physical properties of the grain such as length, breadth, volume, and 1,000 grain weight significantly decreased with increased severity of the wheat grains by the MoT infestation. A significant negative impact of wheat blast disease was recorded in some grain mineral contents such as P, Cu, Zn, B, and S, and organic carbon. Blast infestation significantly increased TPC, N, crude protein, Ca, and Fe contents in wheat grains. However, Mg, K, moisture, ash, and lipid contents were slightly increased with increased MoT infestation. Germination of blast-infested grains was considerably decreased compared to the unaffected healthy wheat grains. Changes in some biochemical parameters in blast-affected wheat grains shown in this study are similar to a report published by Urashima et al. (2009). To our knowledge, this is the first report on quantitative estimation of modulation of physical, physiological, biochemical, and nutritional properties of wheat grains affected by the varying levels of MoT infestation. We found an almost similar trend of change in the contents of nutritional and biochemical properties of grains of both wheat cultivars BARI Gom 24 and BARI Gom 26 affected by blast infestation indicating that the modulation of nutritional and biochemical contents in wheat grains infected by wheat blast fungus MoT demonstrated in this research is a general phenomenon.

Our result showed that infection of MoT significantly reduced the breadth, length, weight, and volume of the wheat grains compared to unaffected healthy grains. Wheat grains that originated from diseased heads had a mix of smaller, lighter, and shriveled grains (Figure 1). Higher infestation rates lowered the grain length, breadth, weight, and volume (Table 1). Similar results were reported by Manandhar et al. (1998) and Urashima et al. (2009). However, severely damaged grains gave appreciable percentage of grain germination. Slightly reduced germination of wheat blast-infected grains were recorded by Urashima et al. (2009) and Gomes et al. (2017). The possible reason may be that the pathogen remains on the outer surface and invades only a few layers of the seed endosperms. The embryo is likely to remain free from the damage by pathogen, and thus, seed germination was not much affected (Urashima et al., 2009).

Grain N, Ca, Mg, and Fe contents significantly increased with increased damage of the grains by the MoT infestation is one of the notable findings of our study. On the other hand, P, Cu, Zn, B, and S contents in grains significantly reduced with increase in MoT infestation. However, K content was initially increased (up to 40–59% damaged) with an increase in damage, but later on, it was decreased with increase in damage. Jaskulska et al. (2018) reported that blast infestation results in increase in N and C contents in wheat grains. Urashima et al. (2009) also found a similar trend of result for the N content in blast-damaged grains compared to unaffected control. However, our report demonstrated that the severity of grain damage by wheat blast disease is correlated with the increment of grain N and Ca contents. Still, the mechanisms are not clearly understood from the data of this article; however, translocation of N, Ca, and Fe might happen much earlier in the spike than other mineral nutrients. Györi (2017) reported that Cu, Fe, and Zn accumulation are highly dependent on grain N content. In our study, grain Cu, Fe, and Zn contents ranged from 1.20 to 4.20, 53.20 to 89.40, and 12 to 52.20 mg/g, respectively. The exact explanation of such high variability in mineral contents in blast-affected grains are not known. It might be linked with the time of translocation patterns of various mineral nutrients to the gain filling and spike development stages of wheat. In fact, head infection of wheat blast fungus blocks the vascular system in rachis, and thus, nutrients and water cannot move to the growing spike, which results in bleaching of the spike above the point of infection. Several lines of evidence suggest that plant pathogen infection causes variations in mineral nutrient contents in plant products (Uthayakumaran and Wrigley, 2017). Further studies are needed to elucidate the mechanisms of positive (N, Ca, Mg, and Fe) and negative (P, Cu, Zn, B, and S) correlations of mineral nutrient contents in wheat grains with severity of blast infestation.

A strong positive relationship between grain crude protein percentage and level of grain damage by MoT infestation was a notable finding in our study. Previously, Martínez et al. (2019) reported that irrespective of the isolates of Pyricularia oryzae and cultivars of wheat, blast infestation generally increases the grain protein content. Urashima et al. (2009) also found a higher content of protein in the blast-damaged wheat grains. Miranda et al. (2015) also demonstrated that blast disease changes the physiochemical parameters of the wheat grain. Like MoT, infestation by Meloidogyne graminicola also increases the grain protein content in wheat (Dimmock and Gooding, 2002). Similarly, Maciel et al. (2014) reported that septoria leaf blotch disease in wheat enhances the grain protein content with an increase in disease severity. A further study is needed to elucidate the underlying mechanisms of the inverse relationship of grain crude protein content with severity of grain damage caused by MoT. The moisture, lipid, and ash percentage slightly increased with increased damage caused by MoT. High moisture content in grain affects grain yield (Mohan and Gupta, 2015). Grain lipids were degraded endogenously via fungal invasion by oxidation and hydrolysis. An increase in lipid levels in grains is indicative of more utilization of fatty acids by spoilage fungi. However, the reason for increase of ash percentage with the increase in MoT infestation is not clear from the data obtained in this study.

We found a significant difference in concentrations of total flavonoid and carotenoids, and antioxidant activities in wheat grains. The grain concentrations of TFC, total carotenoids, and TAA were decreased with increased severity of the wheat blast disease. However, the grain TPC was increased at a certain level of the damage by MoT and then decreased with increased infestation. Prevention of oxidative damage, as well as damage caused by pathogen, is controlled by antioxidant activity (Adom et al., 2003; Shahidi and Liyana-Pathirana, 2008). The flavonoids are present in the pericarp and the germ of the wheat grain. About 93% of the total flavonoids in wheat are present in the cell wall-bound form (Adom and Liu, 2002). Carotenoids play important roles as antioxidants, attractants for pollinators, and light-harvesting pigments. The lower the carotenoid level, the lower is the antioxidant capacity, and the lower the protective role against the pathogen. The higher amounts of antioxidant compounds, flavonoids, and carotenoids play a major role in inhibiting fungal attacks as well as provide a barrier to invade in the plant cell (Atanasova-Penichon et al., 2016). The decreasing trends of flavonoids, carotenoids, and antioxidant activities of wheat grains with higher infestation by MoT described in this paper have not been reported earlier. Surprisingly, initially, TPC increased with the increase in MoT infestation. However, with the infection level at 60% or higher, the amount of phenolic compounds decreased significantly. In wheat grains, a total of 85% phenolic compounds are present in bound form (Kim et al., 2006). The bound phenolic acids and other polyphenols are very important for health benefits (Adom et al., 2003; Kim et al., 2006; Liyana-Pathirana and Shahidi, 2006). Changes in biochemical, minerals, and nutritional components in wheat grains affected by various levels of MoT infection and their underlying molecular mechanisms would be helpful for efficient disease management strategies.



CONCLUSION

In conclusion, a detailed study of physical, physiological, biochemical, mineral, and nutritional properties of wheat grains affected by varying levels of blast infestation was carried out. The MoT infestation significantly increased contents of grain N, crude protein, Ca, Mg, and Fe, but decreased the contents of organic carbon, P, Zn, B, Cu, and S. Concentrations of total flavonoid, and carotenoid and TAA in wheat grains are also remarkably affected by the damage caused by MoT. The K content and TPC increased at a certain level of damage; then, they decreased with the increase in MoT infestation. Although this study demonstrated significant insights of wheat–MoT interactions, further studies are needed to clarify the underlying mechanisms of the modulation of grain minerals, biochemical, nutritional, and antioxidant activities caused by varying levels of MoT infestation. Better understanding of the modulation of biochemical and nutritional properties in blast-infested grains may support further decision making and opens a new window for future genetic and functional genomic studies of wheat blast disease.
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Seed treatments with antagonistic bacteria could reduce the severity of crown and root rot diseases in wheat crops. The objective of this study was to evaluate the potential antagonistic activity of a bacterial consortium of three Chilean strains of Pseudomonas protegens against the wheat crown and root rot pathogens Gaeumannomyces graminis var. tritici, Rhizoctonia cerealis, and Fusarium culmorum. Two field experiments were carried out on artificially infested soil during two consecutive seasons (2016–2017 and 2017–2018) in an Andisol soil of southern Chile. Control treatments (not inoculated with fungi) were also included. Each treatment included a seed treatment of spring wheat cv. Pantera-INIA with and without the bacterial consortium. Both phytosanitary damage (incidence and severity) and agronomic components were evaluated. Bacterial populations with the phlD+ gene in the wheat plant rhizosphere during anthesis state (Z6) were also quantified. In both seasons, infection severity decreased by an average of 16.8% in seeds treated with P. protegens consortium, while yield components such as spikes m−1 and number of grains per spike increased. The use of antagonistic bacteria resulted in a total yield increase only during the first experimental season (P < 0.05). In general, accumulated rainfall influenced the antagonistic effect of the consortium of P. protegens strains, accounting for the differences observed between the two seasons. The results suggest that this P. protegens consortium applied on seeds can promote plant growth and protect wheat crops against crown and root rot pathogens in Southern Chile under field conditions.
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Introduction

Wheat cultivation (Triticum aestivum) is severely affected by several soil-borne pathogenic fungi that cause diseases of economic importance. Pathogens associated with root and crown rot of wheat plants include species of the genera Gaeumannomyces, Fusarium, and Rhizoctonia. Crown and root rot diseases affect the vascular system and hence interfere with the normal transport of water and nutrients. Severe infections lead to death of the plant and can result in significant economic losses (Daval et al., 2010). In southern Chile, several species of phytopathogenic Fusarium and Rhizoctonia have been isolated from commercial wheat crops (Moya-Elizondo et al., 2015), whereas Gaeumannomyces graminis var. tritici has been identified as the phytopathogenic fungus that causes the greatest losses in wheat yields in the country (Andrade et al., 2011; Vera et al., 2014).

Gaeumannomyces graminis var. tritici causes take-all disease of cereals, which damages roots, crown, and culms of the plant and strongly reduces crop yield (McMillan et al., 2014; Vera et al., 2014), mainly surviving as mycelium in a saprophytic manner in culms, crowns, and roots of wheat plants and other susceptible grasses. This fungus produces runner hyphae, which grow superficially and then cover and penetrate tissues in the root area, colonizing and destroying vascular tissues, thus interfering the transport of water and nutrients in the host plant (Kwak and Weller, 2013; Quan et al., 2015). As a consequence, wheat plants develop chlorosis, and/or present stunted crop growth, formation of white spikes during flowering, reduced seed formation or plant death. The genetic variability of G. graminis var. tritici identifies two genetic groups capable of co-existing, but with differences in the severity of infection under wheat monoculture as well as different sensitivity to fungicides (Lebreton et al., 2004; Daval et al., 2010). A third genetic group, also capable of causing severe infections in wheat plants, was identified by using RAPD (random amplification polymorphism DNA) fingerprinting while sampling 48 commercial wheat fields in the 2011–2012 season in the Araucanía, Los Ríos, and Los Lagos regions of Chile (unpublished data).

The fungal complex of the genus Fusarium is composed of several species that affect cereal crops, including F. graminearum Schwabe, F. culmorum (Smith) Sacc., and F. pseudograminearum Aoki and O’Donnell, which has been particularly associated with severe crown and root rot disease of wheat (Pecoraro et al., 2018; Moya-Elizondo et al., 2011). These species have been reported as significant pathogens in wheat cultivation worldwide, affecting both final yield and grain quality (Scherm et al., 2013). Moreover, members of the genus Fusarium are capable of producing mycotoxins such as deoxynivalenol (DON) and zearalenone (ZEA), which are secondary metabolites that can contaminate grains, posing risks to human and animal health (Rohweder et al., 2011).

In wheat, the species R. solani Kuhn (AG 8), R. oryzae Ryker and Gooch, and R. cerealis E. P. Hoeven are important soil-borne pathogens (Mavrodi et al., 2012b; Weller et al., 2016). Members of the Rhizoctonia complex attack roots, and penetrate into and decay the culm, affecting plant vigor and wheat production (Okubara et al., 2014). In Chile, the three abovementioned species have been identified as pathogens affecting wheat crops (Moya-Elizondo et al., 2015; Doussoulin et al., 2016). However, there is little information known regarding the quantitative damage caused by these Rhizoctonia fungi in wheat grown in southern Chile.

Crown and root rot diseases are difficult to control. Their management involves the integration of cultural and genetic, as well as chemical and biological control methods (Scherm et al., 2013; Weller, 2015). At present, there are no resistant G. graminis var. tritici wheat varieties available, and although chemical control has had some success, the disease is not completely controlled (Vera et al., 2014). In this context, biological control seems to be a sustainable alternative for the management of fungal soil diseases, while suppressive soils could be an important source of biocontrol agents to manage root rot diseases of wheat (Raaijmakers et al., 2009; Doussoulin and Moya-Elizondo, 2011; Weller, 2015; Expósito et al., 2017; Durán et al., 2018). In suppressive soils, bacteria of the genus Pseudomonas have been described as antagonistic agents against pathogens, because they produce antibiotics, such as 2,4-diacetylphloroglucinol (2,4-DAPG), phenazine-1-carboxylic acid (PCA), pyrrolnitrin, rhizoxin, pyoluteorin, cyanide hydrogen (HCN), and 2-hexyl-5-propyl resorcinol (HPR) (Ramette et al., 2011; Loper et al., 2012). Among the groups of pseudomonads species, Pseudomonas protegens are characterized by 2,4-DAPG, pyrrolnitrin, and pyoluteorin production. This bacterium has recently been detected in commercial wheat crops in Chile (Moya-Elizondo et al., 2013).

Recent studies in Chile have evaluated the effect of P. protegens on take-all disease (Moya-Elizondo et al., 2013; González et al., 2018; Vera et al., 2019). However, the extent to which a consortium of different isolates of this antagonistic bacterium can reduce the damage caused by different crown and root rot fungi on wheat has not been determined. Therefore, the objective of this study was to evaluate the potential antagonistic activity of a consortium of three Chilean Pseudomonas protegens strains against three phytopathogenic fungi that cause crown and root rot diseases in wheat in an Andisol soil in southern Chile. Field trials with artificial inoculation of three crown and root rot pathogens of wheat and a seed treatment with a consortium of P. protegens strains were conducted. Both phytosanitary and agronomic parameters were evaluated. The former included incidence and severity of root and crown rot disease, and the latter included height (cm), number of grains, spikes and grains/spike m−1, weight of one thousand grains (g), hectoliter weight (kg hl−1), biomass accumulation m−1 (g), and yield (ton ha−1). In addition, the population dynamics of the bacteria on the wheat rhizosphere was studied.



Materials and Methods


Study Area

Two field experiments were carried out in two consecutive seasons, 2016–2017 (season 1) and 2017–2018 (season 2), in the Santa Rosa Experimental Station at the Quilamapu Regional Research Center of the National Agricultural Research Institute (INIA), Chillán, Ñuble Region, Chile (36°31’53’’ S, 71°54’50.1’’ O, 220 m.a.s.l). The soil corresponds to an Andisol (Typic Melanoxerands) of the Arrayán series that uses gravitational irrigation (Stolpe, 2006). The experiments were seeded with spring wheat (T. aestivum) cv. Pantera-INIA and established in a completely randomized block design with 10 treatments and four replicates (Table 1). Each treatment included artificial soil inoculation with one of the four wheat pathogenic fungi under study and a control treatment not inoculated (CNIF). Each one of the treatments, including the control, was either seeded with seeds treated or untreated with a consortium of three strains of P. protegens (+Pp or −Pp, respectively). Seeding was conducted on August 8, 2016 and August 16, 2017 in season 1 and 2, respectively. The experimental unit consisted of a plot with six rows, 2 m long and spaced 0.2 m apart (2 m2). In the case of rows inoculated with phytopathogenic fungi, oat grains inoculated with the pathogens were placed next to the wheat seeds at sowing time at a 1:3 ratio. Only the four central rows of each plot were inoculated.


Table 1 | Treatments used to evaluate a seed treatment with a consortium of three Pseudomonas protegens (Pp) strains against crown and root rot pathogens (artificially inoculated) in field experiments with spring wheat cv. Pantera-INIA.





Phytopathogenic Fungi Inoculum Preparation

The species of fungi used in the study were highly pathogenic G. graminis var. tritici isolate 2010_04_G (GGT2) belonging to the genetic group 2 (Vera et al., 2014; Vera et al., 2019), G. graminis var. tritici isolate Oso1 belonging to the proposed new genetic group 3 (GGT3) (unpublished data), F. culmorum isolate F_CULM (Fc), and R. cerealis isolate M31S (Rc). The fungal isolates were collected from commercial wheat crop fields in southern Chile (Moya-Elizondo et al., 2015). Fungi were maintained in the Plant Pathology Laboratory of the Universidad de Concepción, Campus Chillán, Chile, and grown in PDA medium during 7 d at 24 ± 2°C prior to inoculum preparation.

The inoculum preparation for all phytopathogenic fungi was carried out according to the methodology described by Vera et al. (2014). Briefly, 500 ml Erlenmeyer flasks were filled with 200 g of oat and 100 ml of distilled water, soaked for 24 h, and autoclaved for two consecutive days at 120°C for 15 min, at a pressure of 15 psi. Subsequently, 20 pieces of agar from each individual pathogenic isolate were cut and placed to the sterile flasks with oat, and maintained during 15 d for Fusarium and Rhizoctonia isolates and 30 d for G. graminis var. tritici isolates to ensure that the kernels could be uniformly colonized by each pathogen. During colonization time, the flasks with inoculated oat kernels were shaken on daily basis until use. The oat kernels were then sown together with the wheat seeds in the field as described above.



Seed Treatment With a Consortium of Pseudomonas protegens Strains

A bacterial consortium composed of P. protegens strains Ca10, Ca6, and ChB7 was used to treat the wheat seeds. The bacteria were isolated from the wheat rhizosphere from different Andisol soils located in southern Chile (Moya-Elizondo et al., 2013). ChB7 strain was obtained from a wheat field located in Chillán, Ñuble Region (36°35’55’’S 72°04’42’’W); whereas strains Ca10A and Ca6 were isolated from two wheat fields located in Cajón, a locality 8 km to the north of Temuco, Araucanía Region, Chile (38°40’04’’S 72°29’53’’W). Analyses performed in the laboratory showed the presence of phlD, plt, and prn genes, which are associated with 2,4-DAPG, pyoluteorin, and pyrrolnitrin production in these three bacterial strains. Moreover, the strains belong to the genetic group A of the phlD gene and have proven efficient to promote growth through phosphorus (P) solubilizing activity and IAA (indole acetic acid) production (unpublished data). These bacteria were stored at −80°C in King’B medium plus 20% glycerol, at the Plant Pathology Laboratory of the Universidad de Concepción, Chillán, Ñuble Region, Chile.

In order to obtain the bacterial concentration, a volume of 40 μl of each stored strain was individually placed into Falcon tubes with 10 ml of KB broth, and kept in agitation at 150 rpm during 24 h. Eight ml were transferred to a flask with 200 ml of KB broth, which was subsequently shaken using a rotary shaker at 250 rpm during 48 h. Bacterial suspensions of the Ca10, Ca6, and ChB7 strains [~1010 colony forming units (CFU) ml−1] were centrifuged at 4,000 rpm at 20°C for 8 min. The supernatant was eliminated and the samples were washed in a buffer (25 ml sodium chloride 0.9%) to be centrifuged again under the same conditions for 5 min and the supernatant was removed. Total volumes of 100 µl sterile KB medium and 3 ml of 0.5% carboxymethyl cellulose were added to improve bacterial adherence to the seeds. Finally, a volume of 3.1 ml of bacterial suspension (~108 CFU g−1 of seed) was mixed at a vortex and then applied to 1 kg of seeds before seeding. Seed were dried under sterile conditions in a laminar flow cabinet during 6 h before seeding. A dose of 50 g of seeds per experimental plot was used for each treatment with (+Pp) and without (−Pp) the antagonistic bacteria.



Agronomic Management and Weather Conditions

Once the soil was prepared and herbicide applied, seeding was carried out manually. The products used were flufenacet+flurtamone+diflufenican (Bacara® Forte 360 SC, Bayer S.A.). A second application of herbicide was performed at tillering, growth stage Z2.3 (Zadoks and Schein, 1974), using iodosulfuron-methyl-sodium + mesosulfuron-methyl (Cossack 150 WG, Bayer S.A.). Fertilization broadcast was carried out at seeding, with DAP (diammonium phosphate, 260 kg ha−1), potassium chloride (KCl) (60 kg ha−1), Sulpomag (200 kg ha−1), boronatrocalcite (10 kg ha−1), and Zn sulfate (ZnSO4) (3 kg ha−1). Nitrogen fertilization was split-applied by using 133 units of sodium nitrate (NaNO3): 93 units (375 kg ha−1) in main shoot and three tillers state (Z2.3 Zadoks scale) and 60 units (580 kg ha−1) at the end of the tillering state (Z2.9 Zadoks scale).

The average monthly rainfall was 24.6 and 77.9 cm in season 1 and season 2, respectively (Figure 1). Regarding irrigation, plots were flood irrigated twice in season 1 (October 11 and November 9, 2016), and once in season 2 (November 21, 2017). The average monthly air temperature was quite similar in both seasons (14°C in both crop cycles). Climatic information was obtained from the agrometeorological station available at the INIA Quilamapu Santa Rosa Experimental Station.




Figure 1 | Monthly accumulated rainfall (mm) in Chillán, Ñuble Region, Chile, between August (seeding) to January (harvest) of season 1 (2016–2017) and 2 (2017–2018).





Determination of Bacterial Populations of Pseudomonas protegens Present in the Seed Before and After Seeding and in the Rhizosphere of Wheat Plants in Anthesis (Z6)

Bacterial populations of P. protegens in the wheat seeds were quantified after seeds were treated (prior to seeding) and 24 h later since this was the time period between seed inoculation and seeding in the field. Determination of initial bacterial inoculum in seeds was performed through serial dilutions, where a gram of seeds inoculated with the bacterial consortium was placed in 9 ml of sterile distilled water (SDW) and vortexed for 25 s. Then, 100 µl of each serial dilution were grown in KB agar medium. Dishes were incubated at 25°C for 24 h to determine CFU g−1 seeds. A random sample of approximately 10 g of root tissue from each plot was collected in the anthesis state (Z6). Roots were cleaned by removing the excess soil with sterile brushes. Samples were placed in 15 ml individual centrifuge tubes and stored at −80°C until use. Both quantification and bacterial detection of the samples collected in anthesis were carried out using the real-time quantitative PCR technique (qPCR), based on the protocols described by Vera et al. (2019). Briefly, 1 g of root tissue was collected from each plot and 9 ml SDW were added; the mixture was incubated for 24 h at room temperature. Samples were then vortexed four times for 25 s to remove bacteria from roots. DNA extraction was performed using the PowerSoil® DNA Isolation kit (Qiagen N.V, Germany), following the instructions of the manufacturer. Standard curves with DNA purified from rhizospheres were created based on the protocol and parameters described by Mavrodi et al. (2007). Subsequently, an analysis of the presence of the phlD gene group A was also performed. This is associated with the fact that P. protegens strains ChB7, Ca10, and Ca6 belong to genetic group A of the phlD gene (unpublished data). StepOnePlus™ Real Time PCR Systems (Applied Biosystems) equipment was used. For the analysis, primers A_Up and A_Low (Mavrodi et al., 2007) were used, and each qPCR reaction contained a mixture of 5 µl SYBR® Green (KAPA SYBR® FAST qPCR, KAPA Biosystems), 2 µl of ADN, 0.1 µM ROX (passive reference), and 0.5 µM of each primer until completing a final volume of 10 µl with ultrapure sterile water. The qPCR plate was loaded with three technical replicates of each sample.



Evaluation of Disease Damage

All plants in each experimental plot were inspected visually on a weekly basis in order to detect symptoms of root rot disease. Once the first symptoms were observed, the damaged area presenting chlorotic patches, stunted growth and presence of white spikes was estimated. Data obtained were used to calculate the area under the disease progress curve (AUDPC), which combines multiple observations of visual symptoms over time and expresses them into one single value (Simko and Piepho, 2012).

Crown and root rot incidence was assessed in each experiment by sampling the plants within an area of 50 linear cm of the second row of each plot. Wheat plants were collected 1 d before harvest and disease incidence in each plot was determined as the percentage of symptomatic crowns and roots in a culm from the total number of assessed culms (80 culms). In addition, disease severity or IDSI (internodes discoloration severity index) was determined through a 5-digit visual scale, corresponding to the percentage of damage observed in the first internode of the wheat culm (class value), where 0 = 0% or without symptoms, 1 = 1–25%, 2 = 25–50%, 3 = 50–75%, and 4 = 75–100% of darkening of the tissue in the first internode (Moya-Elizondo et al., 2015). The IDSI for each field was then calculated as: [Σ (class value × frequency)/(total number of culms × the highest class value)] × 100 (Hogg et al., 2007), and it was evaluated in 80 culms of wheat plants 1 d after harvest. In addition, a sample of 10 symptomatic culms was taken for the re-isolation of pathogens from each experimental plot.



Plant Development and Agronomic Parameters Evaluated

Ten days after seeding, plant emergence was evaluated by counting the number of plants present in an area of one linear meter within the four central rows. After emergence, phenological crop stages were determined on a weekly basis using the Zadoks scale (Zadoks and Schein, 1974). Similarly, plant height was also recorded weekly until harvest maturity (Z9).

One day prior to harvest, wheat plant samples were collected to determine the number of spikes per m2, number of grains per spike, and thousand grain weight. The sample in each experimental plot consisted of 20 spikes collected within an area of one linear meter of the second row, which were then manually threshed to obtain the kernels (80 spikes per each treatment). In addition, total biomass and harvest index (HI) were determined. The HI is the ratio of harvested grain to total shoot dry matter, and this can be used as a measure of reproductive efficiency. The harvest was carried out on January 23, 2017 and January 26, 2018 in season 1 and 2, respectively, using a Wintersteiger threshing machine and considering only the four central rows of each experimental plot. Wheat test weight (kg hl1) and grain yield per plot (ton ha−1) were calculated.



Statistical Analysis

The experiments were established in a completely randomized block design. The results of each evaluation were subjected to an analysis of variance (ANOVA), after checking the assumptions of normality, homoscedasticity, and independence of the data. When significant differences were found, Fisher’s least significant difference (LSD) method was used to determine differences between the treatments (p < 0.05). Percentages were adjusted through the square root transformation through the formula y = √(x + 0.5), where x = percentage value to be transformed (Little and Hills, 1978). Pearson correlation analyses were performed to determine the relations between pathogenicity fungal isolates and bacterial populations of P. protegens with respect to the variables evaluated. All analyses were performed using SAS software Version 8 (SAS Institute Inc., 1999).




Results


Quantification of Populations of P. protegens in Seed and Rhizosphere of Wheat Plants

Pre- and post- seeding quantification of the bacterial inoculum on seeds ranged between 109 and 107 CFU g−1 of seed (data not shown). For both seasons, bacterial populations in the rhizosphere of wheat plants during the phenological state of anthesis (Z6) showed differences between the treatments with (+Pp) and without (−Pp) application of the P. protegens consortium (P < 0.05; Figure 2). Inoculation of the bacterial consortium increased the populations of bacteria phlD+ in the rhizosphere, moving from an average of Log 3.05 CFU g−1 of root to Log 5.28 CFU g−1 root in season 1, and from Log 4.46 CFU g−1 to 5.45 CFU g−1 in season 2 for untreated and treated seeds with the bacterial consortium of P. protegens, respectively (Figure 2).




Figure 2 | Bacterial populations phlD+ gene (Log CFU per g of root) obtained by qPCR from wheat roots of cv. Pantera-INIA at anthesis stage (Z.6) in treatments of seeds treated with or without a consortium of Pseudomonas protegens (+ Pp + or − Pp, respectively) and inoculated with different crown and root rot pathogens (two isolates of Gaeumannomyces graminis var. tritici [GGT], Fusarium culmorum (Fc), and R. cerealis (Rc) in two crop seasons. NCIF, Control not inoculated with fungi. Different lowercase letters on bars indicate significant differences between treatments during the 2016–2017 season, while different capital letters indicate differences between treatments in the 2017–2018 season, according to mean comparison LSD test (α = 0.05). Description of the treatments is available in Table 1.



The highest responses in bacterial phlD+ population in roots for the seed treatment with P. protegens (+Pp) were observed in those plots inoculated with the two isolates of G. graminis var. tritici (GGT2: isolate 2010_04_G; and GGT3: isolate Oso1), reaching more than Log 4.3 CFU g−1 of root in both seasons (Figure 2). Conversely, these bacterial populations were not detected in the roots of the treatment G. graminis var. tritici isolate Oso1 without inoculation with P. protegens (GGT3 −Pp) during anthesis in season 1 (Figure 2). This occurred because their concentration in the sample was below the detection range of the qPCR protocol used to estimate their presence. Infection associated with inoculation with F. culmorum and R. cerealis did not increase the population of phlD+ bacteria with respect to the control (CNIF −Pp) or seed not treated with P. protegens (Fc −Pp and Rc −Pp treatments). Seed treatment with the consortium of P. protegens increased the bacterial populations in wheat roots in those plots inoculated with F. culmorum (Fc +Pp) and R. cerealis (Rc +Pp). However, this variation was variable and did not differ from the controls [CNIF +Pp and CNIF −Pp in some experiments (Figure 2)].



Effect of a Pseudomonas protegens Consortium on Disease Symptoms Caused by Crown and Root Rot Pathogens in Wheat

Disease severity progress (percentage of leaf area covered with symptoms) was expressed as AUDPC values, which integrated all visual assessments conducted on weekly basis in the experimental plots (Table 2). In season 1, significant differences were found between the plots with and without inoculation of P. protegens in all the inoculated fungi, with the exception of those inoculated with F. culmorum (Table 2). The control CNIF +Pp recorded the lowest AUDPC values and was the healthiest of all the treatments assessed in the season, recording an AUDPC value of 1237, while G. graminis var. tritici isolate 2010_04_G (GGT2) showed the highest AUDPC value in this experiment. No differences were found between the controls (CNIF +Pp and CNIF −Pp) and the treatments inoculated with F. culmorum with or without seed treatment of the P. protegens consortium (Fc +Pp and Fc −Pp), while these treatments showed no differences between them and recorded the lowest AUDPC values. An increase in the plot area covered with symptoms was observed in the R. cerealis and G. graminis (GGT3 and GGT2) treatments where seeds were not treated with the bacterial consortium (Table 2).


Table 2 | Area under the disease progress curve (AUDPC) values on foliage, percentage of incidence and crown and root rot severity index (IDSI)a observed in treatments of wheat cv. Pantera-INIA seed treated with (+ Pp) and without (– Pp) a consortium of three Pseudomonas protegens strains against crown and root rot pathogens (artificially inoculated) in two consecutive crop seasons (including two control treatments (CNIF) with no fungal inoculation).



Incidence of culm tissue damage showed no significant differences between the seed treatments treated and untreated with the bacterial consortium for the control with no fungal inoculations and all the phytopathogens assessed, with the exception of F. culmorum, where the seed treatment with P. protegens strains increased necrosis of the culms (Table 2). In general, the seed treatments inoculated with the bacterial consortium did not affect damage incidence observed in the culms.

An internode discoloration severity index (IDSI) was calculated to determine the severity of infection observed in the first internode of the wheat plants. The IDSI presented no differences between the treatments Pp+ and −Pp for each one of the fungal pathogens inoculated. Values showed that both controls (CNIF Pp+ and CNIF −Pp), and the treatments inoculated with R. cerealis had the lowest infection rates (Table  2). Fungal artificial inoculation showed that R. cerealis and F. culmorum recorded mild to moderate infections below 14% in the first internode and roots, whereas GGT2 showed the highest severity of infection (29–34%), and severity of GGT3 remained under 17% in wheat plants. Moreover, a positive significant correlation was observed between the AUDPC values and the severity of infection observed in the first internode of the culms in season 1 (Pearson: 0.30; p = 0.0412).

In season 2, AUDPC values for the CNIF and Rc consortium seed treated (+Pp) treatments differed from those seeds not treated with the bacterial consortium (−Pp). In fact, the bacterial treatment resulted in a reduction of 30% and 40.7% in AUDPC values, respectively (P< 0.001; Table 2). GGT3 +Pp showed an AUDPC value 12% higher than GGT3 −Pp, whereas those treatments inoculated with GGT2 and F. culmorum presented no significant differences in the AUDPC value when seeds were either treated or not treated with the bacterial consortium (P< 0.001; Table 2). Both controls (CNIF +Pp and CNIF −Pp) as well as the treatments inoculated with F. culmorum and R. cerealis and seeds treated with P. protegens consortium (Fc +Pp and Rc +Pp, respectively) showed the lowest symptoms on wheat foliage. On the other hand, both G. graminis var tritici genotypes (+Pp or −Pp) and R. cerealis −Pp presented the highest observable damage symptoms on foliage, reaching an average AUDPC value of 1,808, which was 96.3% higher than the average of both controls (CNIF +Pp and CNIF −Pp). Incidence of damaged culms followed an infection pattern and control response on pathogens similar to that observed for AUDPC, where no difference were found between +Pp and −Pp treatments, except for CNIF and GGT2. The use of bacteria on the seeds markedly reduced the incidence of damage in the culms when comparing the two controls not inoculated with a fungus (135% less). Moreover, GGT2 +Pp had a greater damage in the culms than GGT2 −Pp (p < 0.0001). Disease progress observed in the first internode, expressed as a discoloration severity index (IDSI), showed no differences between +Pp and −Pp for both fungal inoculated and control treatments, except for the treatments inoculated with GGT2 since GGT2 +Pp resulted in an increased damage and was significantly different from its counterpart GGT2 −Pp.



Effect of Pseudomonas protegens Consortium on Agronomic Variables in Wheat Inoculated With Crown and Root Rot Pathogens

Final plant height per treatment (season 1 and 2) is shown in Table 3. In season 1, a significant difference was found in plant height between +Pp and −Pp for the treatments inoculated with GGT3 and F. culmorum (p = 0.018). However, seed treatment with consortium of P. protegens showed higher average plant height; these differences were not significant for CNIF, GGT2, and Rc in season 1. In general, inoculation with the pathogens markedly reduced plant growth, although GGT2 −Pp and GGT3 −Pp treatments showed the lowest growth rate at the end of the season. On the other hand, the bacterial seed treatment in season 2 did not show differences in plant height when each pathogen or CNIF was compared, although the treatments that reached the highest final plant growth were CNIF +Pp and Rc +Pp (≥94 cm in plant height). Those treatments inoculated with GGT2 and GGT3 reached the lowest plant height (88.2 cm in average). In both seasons, a negative correlation was observed between final plant height and AUDPC values (Pearson: −0.64, p <0.0001 and Pearson: −0.52, p = 0.0006, respectively).


Table 3 | Final average plant height (cm) observed in treatments of wheat cv. Pantera-INIA seed treated with (+ Pp) and without (– Pp) a consortium of three Pseudomonas protegens strains against crown and root rot pathogens (artificially inoculated) in two consecutive crop seasons (including 2 control treatments (CNIF) with no fungal inoculation).



In season 1, the number of stems, spikes and grains/spike per a linear meter of the plots presented significant differences between the treatments (P <0.05; Table 4). In general, seed treatment with the bacterial consortium improved some of these parameters, especially when the three strains of P. protegens were adhered on the seeds in the control (CNIF +Pp), which recorded increases of 24.6% and 9.5% in spikes and grains/spike, respectively. The use of the bacterial consortium in this treatment also resulted in an increase in the number of stems (14.8%), but with no significant differences between both controls. Infection of GGT2 and GGT3 inoculation showed a marked reduction of the three parameters abovementioned. However, GGT3 +Pp resulted in a significant increase of 37 stems m−1, and an average of 32 spikes m−1. A similar effect was observed in GGT2 +Pp as the addition of the bacterial consortium resulted in an increase of 5 grains/spike m−1 more compared to GGT2 −Pp. In addition, significant differences were observed between GGT2 +Pp and GGT2 −Pp (p <0.05). Inoculation with F. culmorum and R. cerealis showed almost no differences with the controls (CNIF +Pp and CNIF −Pp) in terms of number of stems and spikes nor when these fungal treatments were seed treated with the antagonistic bacteria. However, regarding grains/spike m−1, plots inoculated with F. culmorum and R. cerealis had higher values than the control CNIF −Pp. Moreover, Fc +Pp and Fc −Pp differed significantly from both controls (CNIF +Pp and CNIF −Pp).


Table 4 | Average number of stems and spikes m−1 and number of grains/spikes observed in treatments of wheat cv. Pantera-INIA seed treated with (+ Pp) and without (– Pp) a consortium of three Pseudomonas protegens strains against crown and root rot pathogens (artificially inoculated) in two consecutive crop seasons (including 2 control treatments (CNIF) with no fungal inoculation).



In season 2, significant differences were observed in the number of stems and spike m−1 between treatments, where inoculation of isolates of GGT2 and GGT3 strongly affected the performance of these variables in wheat plants (p <0.05; Table 4). On the other hand, inoculation with F. culmorum and R. cerealis had an erratic performance, although slightly more aggressive in the case of R. cerealis. In this season, there was an increase in the number of stems and spikes in the plots inoculated with the bacterial consortium in almost all the treatments, but no significant differences were observed when comparing treatments with or without the use of the bacterial consortium. However, GGT2 +Pp showed a significant increment of 15 stems per lineal meter compared to GGT2 −Pp regardless of the high aggressiveness presented by this fungal isolate. The number of grains per spike did not show differences among the treatments (Table 4). There was a negative correlation between severity of infection (ISDI) and the number of spikes (Pearson: −0.34, p = 0.0308).

In terms of total biomass, no significant differences were found between +Pp and −Pp treatments for each inoculated fungus and the controls in both seasons. However, the pathogen factor resulted in differences between the treatments with fungal inoculation and the controls CNIF+Pp and CNIF−Pp in season 1 and 2 (Table 5). Nevertheless, average total biomass was 2.5% (7.4 g) and 6.4% (26.2 g) higher in the +Pp treatments compared to −Pp treatments in season 1 and 2, respectively. Plots inoculated with GGT2 recorded the lowest value in terms of average total biomass and grain biomass in both seasons (Table 5). In season 1, the GGT2 treatments were statistically different in terms of total biomass from the rest of the treatments (p = 0.05), with the exception of Rc −Pp, whereas the GGT2 treatments in season 2 were lower than all the other treatments, with the exception of GGT3 +Pp.


Table 5 | Total and grain biomass (g) and harvest index (HI) observed in treatments of wheat cv. Pantera-INIA seed treated with (+ Pp) and without (– Pp) a consortium of three Pseudomonas protegens strains against crown and root rot pathogens (artificially inoculated) in two consecutive crop seasons (including 2 control treatments (CNIF) with no fungal inoculation).



In general, grain biomass was higher in the +Pp treatments, with the exception of GGT2 in both seasons and F. culmorum in season 2 (Table 5). In this season, the control CNIF +Pp recorded the highest value in grain biomass of 182 g m−1, which was 138% higher than the 76.6 g m−1 of biomass of grains obtained by the GGT2 +Pp treatment. Values obtained in the control CNIF +Pp were between 29.6% and 15.3% higher than CNIF−Pp, and the two controls were significantly different between them in both seasons. The same situation was observed in those treatments inoculated with GGT3, where GGT3+Pp increased grain biomass in 22.1% and 17.9% when compared to the GGT3−Pp treatments in season 1 and 2, respectively. Nevertheless, Fc +Pp and Rc +Pp treatments showed higher grain biomass, especially during season 1; no significant differences were found between these treatments and those with untreated seeds (Fc −Pp and Rc−Pp) (Table 5).

The HI reflected the differences observed for grain biomass and total biomass. Bacterial consortium seed treatment only increased significantly the value of this index for CNIF +Pp compared to CNIF −Pp (45% more; p = 0.005) in season 1 (Table 5). In addition, CNIF +Pp had a higher and significantly different HI compared with the other treatments, with the exception of the GGT2 −Pp treatment in this season. In general, HI had no significant differences between all the fungal inoculated treatments (either treated or not treated with the P. protegens consortium) in both seasons (Table 5).

A correlation between the assessed variables was observed only in season 1, where total biomass and grains m−1 showed a significant negative correlation with respect to severity of infection (Pearson: −0.49, p = 0.0012, and Pearson: −0.52, p = 0.0005 respectively).

In general, the seed treatments with the consortium of P. protegens had no major effect on increasing grain test weight (Table 6). In season 1, treatments inoculated with GGT2 and GGT3 showed the lowest hectoliter weight values, presenting differences with respect to both controls and those plots inoculated with F. culmorum and R. cerealis (p < 0.0001). Both control treatments and those inoculated with F. culmorum and R. cerealis reached an average value close to 82 kg hl−1, with no differences between them (Table 6). The treatments inoculated with GGT2 and GGT3 showed no major differences between them, recording values below 79.6 kg hl−1. A similar situation was observed in season 2, where both GGT2 and GGT3 treatments reached the lowest hectoliter weight values (81–83 kg hl−1) and were significantly different from the rest of the treatments (p < 0.0001). On the other hand, the controls treatments and those inoculated with F. culmorum, and R. cerealis showed homogeneous weight of around 85 kg hl1. Regarding thousand grain weight of wheat (g), values ranged between 50 and 53 g in both seasons, so that the seed treatments with the bacterial consortium and pathogens inoculated had no effect on this parameter (data not shown).


Table 6 | Grain test weight (kg hl−1) and grain yield averages (ton ha−1) observed in treatments of wheat cv. Pantera-INIA seed treated with (+ Pp) and without (– Pp) a consortium of three Pseudomonas protegens strains against crown and root rot pathogens (artificially inoculated) in two consecutive crop seasons (including 2 control treatments (CNIF) with no fungal inoculation).



In terms of grain yield (ton ha−1), GGT2−Pp and GGT3−Pp recorded the lowest values, with values 35% lower than the control CNIF +Pp in season 1. The use of the consortium of P. protegens strains resulted in significant increases of 1.7 ton ha−1 and 1.2 ton ha−1 for plots inoculated with GGT2 (31% increase) and GGT3 (17.6% increase), respectively (p > 0.05). In season 1, plots inoculated with F. culmorum had the highest yields; Fc +Pp recorded a significant increase in yield when compared to Fc −Pp, reaching similar values to those recorded by CNIF + Pp. In fact, Fc +Pp and CNIF + Pp achieved yields 20% higher than the rest of the treatments, with an average of 10.6 ton ha−1. In case of inoculation with R. cerealis, no differences were found between Rc +Pp and Rc −Pp or with respect to the controls, indicating that this fungus had no effect on grain yield. In addition, a negative and significant correlation was observed between grain yield and the severity of infection and visual symptoms observed in the plots (AUDPC) (Pearson: −0.37, p = 0.0183 y Pearson: −0.87, p< 0.0001, respectively). On the other hand, positive correlations were observed between final yield and plant height (Pearson: 0.74, p <0.0001), number of stems m−1 (Pearson: 0.57, p < 0.0001), spikes m−1 (Pearson: 0.59, 0.0001), total biomass (Pearson: 0.69, p < 0.0001), biomass of grains (Pearson: 0.72, p < 0.0001), HI (Pearson: 0.40, p = 0.0103), and thousand grain weight (Pearson: 0.43, p = 0.0059).

In season 2, the addition of the bacterial consortium caused no effect on productivity, and differences between seeds treated and those untreated with the antagonistic bacteria were only found in the treatments inoculated with R. cerealis (P <0.01). In this sense, the Rc +Pp treatment showed an increase of 6.5% in the final productivity. Moreover, a scarce 1.5% yield increase was observed in those plots inoculated with GGT3 (p < 0.05) (Table 6). The two isolates of G. graminis var. tritici resulted in the highest yield losses, with an average of 6.1 ton ha−1 and showing significant differences with the rest of the treatments (p > 0.05; Table 6). The treatments inoculated with R. cerealis and F. culmorum showed no major effect on yield and only the inoculation with Rhizoctonia without bacterial seed treatment was different from the controls (CNIF +Pp and CNIF −Pp), which showed no differences between them. In addition, significant negative correlations were observed between final yield and incidence and severity of infection (Pearson: −0.73, p <0.0001 and Pearson: −0.75, p <0.0001, respectively). On the other hand, positive correlations were observed respect to yield components, such as number of stems m-1 (Pearson: 0.43; p = 0.0051), spikes m-1 (Pearson: 0.51; p = 0.0007), total biomass (Pearson: 0.73, p <0.0001), grain biomass (Pearson: 0.72, p < 0.0001), and HI (Pearson: 0.32, p = 0.0414).




Discussion

Pathogens associated with crown and root rot diseases of wheat cause considerable yield losses in Chile. At present, there are not efficient control methods for these plant pathogens (De Coninck et al., 2015; Vera et al., 2019). The use of fungicide seed treatments is a common practice worldwide that has achieved certain effectiveness for the control of these phytopathogens (Vera et al., 2014; Vera et al., 2019). Therefore, the antagonistic effect of a consortium of three Chilean strains of P. protegens on important crown and root rot pathogens, such as G. graminis var. tritici, F. culmorum and R. cerealis, was evaluated on spring wheat during two consecutive seasons under field conditions. The seed treatment at a concentration of 108 CFU g−1 seeds of the consortium of P. protegens plus carboxymethyl cellulose reached a population density of approximately 105 CFU g−1 roots in the anthesis state (Z6) in both seasons. This value is in accordance with the minimum population density that has been reported in the wheat rhizosphere as the required to trigger the phenomenon of take-all decline in suppressive soils (Kwak et al., 2009; Yang et al., 2011). The 2.0 Log reduction in bacterial population in the 24-h period between seed inoculation with the bacterial consortium and seeding in the field could be explained by the drying conditions to which treated seeds were exposed under a laminar flow cabinet before seeding. Nevertheless, the quantification of bacterial populations based on the presence of the +phlD gene, associated to the production of the antimicrobial compound 2,4-DAPG, showed that seed inoculation markedly increased the natural concentration of 2,4-DAPG producing-bacteria in the rhizosphere in both seasons. These populations moved from Log 4.3 CFU g−1 average roots observed in the plots not inoculated with the P. protegens consortium to an average of Log 4.6 CFU g−1 roots in plots with bacterial consortium seed treated, reaching a maximum population of approximately Log 6.2 CFU g−1 roots in season 2 (season 2017–2018). This demonstrates that seed treatment is an adequate tool to favor the colonization of the rhizosphere by antagonistic bacteria such as P. protegens. This has also been reported for other species such as P. fluorescens (Fox et al., 2016; Imperiali et al., 2017).

The quantification of bacterial populations of P. protegens per root gram was 2.6 times lower in season 1, with a difference of about Log 5.3 CFU g−1 roots between the two seasons. This difference could be attributed to the climatic conditions of each crop season, where the variation in the accumulated rainfall had a difference of 320 mm, with season 2 being markedly rainier than season 1. The difference in rainfall regimes between the seasons could have affected the colonization of the antagonistic bacteria as described by Mavrodi et al. (2012a) and Mavrodi et al. (2018). The authors have reported that growth of phlD-producing pseudomonads present in wheat plant rhizosphere is favored under conditions of higher soil moisture compared to bacteria of the same genus, but without the presence of this gene. On the other hand, both studies indicated that phenazine-producing Pseudomonas are more frequent under conditions of lower water availability. This suggests that within a context of lower rainfall, that phenazine-producing Pseudomonas could be less affected and predominate over populations of 2,4-DAPG-producing Pseudomonas. Nevertheless, the increased growth and yield and reduced severity of disease observed in this study with the consortium of the Chilean P. protegens strains, particularly during the season with lower rainfall (season 1), suggest that wheat seed treatment with this consortium could be useful to improve productivity under dryland conditions. The influence of different genetic groups of the phlD gene (occurring in natural or indigenous population of rhizospheric bacteria) on the results of disease control and growth promotion was not addressed in this study, because all the inoculated P. protegens strains belong to the genetic group A of this gene. Studies conducted in our lab allowed determining that genotype group A is very common in southern Chile. However, genetic groups B, D, K, L, and P associated with the phlD gene are also found in Andisol soils (unpublished data).

The observed pathogenicity of inoculated phytopathogenic fungi determined that G. graminis var. tritici of the genetic groups 2 and 3 (GGT2 and GGT3, respectively) were the most pathogenic fungi. Under field conditions, both isolates were highly aggressive, affecting roots and first internode of wheat plants, decreasing total and grain biomass, and reducing accumulation of total and grain biomass, and grain yield. On the other hand, R. cerealis and F. culmorum presented an erratic and weak pathogenicity, showing in some cases similar values to both CNIF treatments in parameters such as disease symptoms (AUDPC and culm damages), final plant height, total and grain biomass, grain test weight, and grain yield. However, phytopathogenicity tests showed that all pathogens could be re-isolated from infected plant material, confirming that the fungi were capable of entering and establishing into the host, causing different levels of infection (data not shown).

Low phytopathogenicity could be related to the geographical origin of the isolates used in the experiments. R. cerealis isolate M31S and F. culmorum isolate F-CULM were obtained from wheat plants sampled from commercial field crops located between Araucanía and Los Lagos Regions (Moya-Elizondo et al., 2015). In this area, average rainfall fluctuates between 1,050 and 1,560 mm per year, while air and soil temperatures vary between 11°C and 13°C. The two field trials were conducted about 400 km north of this sampling site. In Chillán, the average rainfall recorded during the crop cycles was 307 mm, whereas air and soil temperatures were around 14°C. The differences in climatic conditions between the area where the isolates were sampled and the study area as well as the adaptation of the isolates to higher precipitation regimes and lower air and soil temperatures could account for the reduced pathogenic capacity of them. However, drought conditions favor infection by Fusarium (Moya-Elizondo, 2013). Therefore, drier conditions in season 1 may also explain the higher rates of AUDPC, incidence of symptomatic culms, and damage in the first internode and roots observed in the treatments inoculated with F. culmorum. In the case of R. cerealis, the results were also contradictory since this wheat pathogen is commonly observed causing problems in geographic areas with annual rainfall lower than 400 mm, as is the case of the Pacific Northwest, USA (Yin et al., 2013; Weller et al., 2016). In our research, plants presented more visual symptoms of the disease (AUDPC) in plots inoculated with R. cerealis in season 1, which markedly had lower rainfall than season 2. In this sense, soil moisture level at the time in which a given pathogen is most highly aggressive can also explain the results obtained, particularly because high rainfall was concentrated at plant emergence (August and September) and one or two irrigation events were conducted at the end of tillering or anthesis (October and November). Such water availability conditions could have influenced the aggressiveness of these fungi. In addition, no greater effects of these fungi were observed at crop emergence, which would indicate that these pathogens are either weak or more aggressive depending on the environmental conditions. For example, F. culmorum causes most pre and post-emergence death of seedlings in dry soil with increasing temperature, while smallest number of dead plants or surviving plants with lesions occurs under wet soil and low temperatures (Moya-Elizondo, 2013), which were conditions observed in both seasons, but particularly notorious in season 1. If isolates of F. culmorum and R. cerealis are weak pathogens, further research is required to determine levels of fungal pathogenicity with artificial inoculation of pathogens in the field. Screening through pot trials with artificial inoculation of the isolates in the soil substrate prior to seeding would allow evaluating and determining their levels of aggressiveness.

Even though bacterial populations were lower in season 1, the beneficial effects of the bacterial consortium of P. protegens on the vegetative development and productivity of wheat inoculated with root and crown pathogens were more evident than in season 2. In season 1, there was a marked decrease of aerial symptoms associated with crown and root rots pathogens, as well as a significant increase in the number of stems and spikes m−1, biomass accumulation, and grain yield. These results are coincident with those reported by Rubin et al. (2017), who have indicated that the effectiveness of PGPR (plant grow promoting rhizobacteria) is greater under conditions of lower soil moisture. On the other hand, Mäder et al. (2011) reported an increase of 31% in grain yield when wheat seeds were artificially inoculated with two strains of P. fluorescens in field experiments. In this sense, the results of our study on spring wheat are in agreement with the previously described findings, considering that artificial inoculation with a consortium of Chilean P. protegens strains resulted in increases of 31% in yield, 18% in total biomass, and 42% in grain biomass.

The results obtained in the present study show that the consortium of the three Chilean P. protegens strains have growth promoting activity as that reported for PGPR microorganisms. PGPR organisms have positive effects on plants by using direct mechanisms such as production of growth regulators, nitrogen fixation, and phosphorous (P) biosolubilization, whereas indirect mechanisms are related to biocontrol on phytopathogens through the production of antimicrobial compounds, lytic enzymes, competition for resources, niche occupation (Ramette et al., 2011; Tabassum et al., 2017; Sahu et al., 2018), and induction of resistance (Maketon et al., 2012). Pseudomonas protegens is characterized by the production of the antimicrobial compounds 2,4-DAPG, pyoluteorin and pyrrolnitrin, whose genes are present in the strains Ca6, Ca10, and ChB7 used in this study. In addition, the ability of these strains to solubilize P and produce IAA has also been determined in our laboratory. All the bacterial strains studied show antagonistic activity against G. graminis var. tritici and 1,3-β-glucanase activity under in vitro conditions, with strains Ca6 solubilize P at high levels (120 mg P L−1), while ChB7 and Ca10 have shown high biosurfactant production activity and IAA production (2,1–3,1 mg IAA L−1, respectively) (unpublished data). These differential characteristics among the Chilean P. protegens strains used as a consortium seed treatment in this research would explain the reduction observed in the symptoms associated with crown and root rot and their impact on growth and yield in spring wheat. Improved root colonization, reduced damage caused by fungal pathogens, and the positive effect on development and productivity of the wheat plant achieved by the inoculation of the three strains of P. protegens could have practical implications for the future use of these in wheat crops located in geographical areas with low rainfall. The agricultural production in Andisol soils between Ñuble (36°37’00’’S 71°57’00’’W) and Los Lagos regions (41°28’18’’ S 72°56’12’’W) in Chile is mainly characterized by being conducted under dryland conditions, in many cases associated with small farmers (Durán et al., 2017). Moreover, the genera Gaeumannomyces, Fusarium, and Rhizoctonia are usually found in this type of soil (Moya-Elizondo et al., 2015). Andisols are soils of volcanic origin and they are very rare in the world, representing less than 1% of the cultivable soils worldwide (Delmelle et al., 2015). An Andisol soil is characterized by a high P fixation capacity, high content of organic matter (OM), and high levels of acidity that trigger phytotoxicity by aluminum and manganese (Borie et al., 2010). Therefore, the use of bacteria that promote P solubilization and root growth is a good tool to improve the productivity of this type of soils. This is even more relevant in a scenario of climate change, considering that the use of plant growth promoting microorganisms can improve wheat productivity under condition of water stress in plants. In Chile, as in most countries, climate change is expected to have significant impacts on agricultural production, mainly due to changes in precipitation regimes. In this sense, the steady decline of precipitation recorded in Central Chile over the last decade, with rainfall deficits between 25% and 45%, has been referred to as “mega drought” (Garreaud et al., 2017). Moreover, according to models of future simulation, it is estimated that wheat yield in Chile will decrease between 15% and 20% by 2050 (Meza and Silva, 2009).

Spring wheat production in Andisol soils is facing risks of water deficit. The results of our study indicate that treating seeds with the consortium of the three Chilean strains of P. protegens can help improve wheat crops as its use has a biocontrol effect on different crown and root rot pathogens and is capable of promoting significant growth and yield under conditions of lower rainfall. Further studies need to be conducted to evaluate if this consortium of P. protegens is also efficient in other types of soils, particularly because their beneficial effects were observed when there were smaller indigenous bacterial populations and under conditions of lower soil moisture.

In season 2, a lower control and growth promoting effect was observed when wheat seeds were treated with the bacterial consortium, although greater populations of P. protegens were observed in the rhizosphere of spring wheat plants. Clearly, conditions of higher rainfall and soil moisture could have influenced the disease progress caused by the inoculated pathogens, but it does not explain why the bacterial seed treatment did not show marked differences in the development and productivity of wheat plant. This could be explained by the energy and/or metabolic costs associated with triggering the processes of inducing plant resistance under the presence of beneficial microorganisms. In this context, several authors consider that plants under infective episodes can activate induced resistance phenomena (Denancé et al., 2013; Vos et al., 2013). However, in order to achieve this, defense mechanisms are preferably allocated in detriment of other physiological processes, resulting in lower growth and development. The induction of resistance in wheat plants by microorganisms such as P. fluorescens has been related to the production of 2,4-DAPG (Maketon et al., 2012; Sahu et al., 2018). The phlD gene associated with the production of 2,4-DAPG is present in the P. protegens strains evaluated in this study, which indicates that high populations of bacteria could produce this compound in the wheat rhizosphere under conditions of greater soil moisture. Therefore, if the induction of systemic resistance in the plants is promoted, this condition could have generated a metabolic cost in the wheat plant. Thus, an environmental condition that favored the soil pathogens along with higher populations of P. protegens could have resulted in this phenomenon of induced resistance and increased the metabolic cost in plants. This hypothesis can be partially confirmed if we consider the results for F. culmorum seed treated P. protegens in season 2, since an average of 8% decrease in the accumulation of grain biomass and grain yield was recorded (p < 0.05). In addition, although not significant, there was a reduction in grain production for CNIF +Pp and GGT2 +Pp in season 2, which could support the suggested hypothesis. On the other hand, the increased damage observed in the first internode expressed as a discoloration in the culm for GGT2 seed treated with the bacterial consortium (+Pp) compared to its counterpart GGT2 −Pp, could be explained by a hypersensitivity response induced by the high colonization of phlD-producing bacteria in the roots observed in season 2. A hypersensitivity response can cause localized discoloration in the plant tissue, being part of a process associated with the triggering of induced resistance phenomena (Denancé et al., 2013; Vos et al., 2013).

The results obtained in this research suggest that seed treatments with PGPR microorganisms can be effectively used to stimulate plant growth and protect wheat crops against several phytopathogens that cause crown and root rot disease in spring wheat. This is particularly valid for the conditions of Andisols, which are present along southern Chile, and a scenario of climate change, where drought periods are expected to become more frequent and intense. Therefore, the use of a consortium of beneficial bacteria such as P. protegens becomes relevant and may become a possible sustainable strategy to reduce the negative impact of biotic and abiotic factors on wheat crops in this area.
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Stripe (yellow) rust, caused by fungal pathogen Puccinia striiformis f. sp. tritici (Pst), is a serious disease of wheat in the United States and many other countries. Growing resistant cultivars has been approved to be the best approach for control of stripe rust. To determine stripe rust resistance genes in U.S. winter wheat cultivars and breeding lines, we analyzed a winter wheat panel of 857 cultivars and breeding lines in a genome-wide association study (GWAS) using genotyping by multiplexed sequencing (GMS) and by genotyping with molecular markers of 18 important stripe rust resistance genes or quantitative trait loci (QTL). The accessions were phenotyped for stripe rust response at adult-plant stage under natural infection in Pullman and Mount Vernon, Washington in 2018 and 2019, and in the seedling stage with six predominant or most virulent races of Pst. A total of 51 loci were identified to be related to stripe rust resistance, and at least 10 of them (QYrww.wgp.1D-3, QYrww.wgp.2B-2, QYrww.wgp.2B-3, QYrww.wgp.2B-4, QYrww.wgp.3A, QYrww.wgp.5A, QYrww.wgp.5B, QYrww.wgp.5D, QYrww.wgp.6A-2 and QYrww.wgp.7B-3) were previously reported. These genes or QTL were found to be present at different frequencies in breeding lines and cultivars developed by breeding programs in various winter wheat growing regions. Both Yr5 and Yr15, which are highly resistant to all races identified thus far in the U.S., as well as Yr46 providing resistance to many races, were found absent in the breeding lines and commercially grown cultivars. The identified genes or QTL and their markers are useful in breeding programs to improve the level and durability of resistance to stripe rust.
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Introduction 

Stripe rust (yellow rust), caused by Puccinia striiformis Westend. f. sp. tritici Erikss. (Pst), is one of the most serious diseases threating wheat production in the world (Wellings, 2011; Ellis et al., 2014; Chen, 2020). In the United States, severe stripe rust epidemics have been recorded since 1958, but mostly in the western states. However, since the year 2000, the disease has caused nation-wide epidemics (Chen et al., 2002; Chen, 2005; Chen et al., 2010; Chen, 2020). From 1958 to 2018, stripe rust caused yield losses of more than 31,757,032 tons in the U.S. (Chen and Kang, 2017). Although stripe rust can be reduced by applying fungicides, the cost and potential environmental effects of using fungicides become a big concern (Chen, 2014; Chen, 2020). As an effective and sustainable approach, stripe rust should be controlled by growing resistant cultivars (McIntosh et al., 1995; Chen, 2005; Chen, 2013). Two types of resistance to stripe rust have been characterized and used in breeding programs. All-stage resistance (ASR), which can be detected in the seedling stage, is highly effective in all growth stages and easy to be phenotypically selected in breeding programs, but usually not durable as it can be circumvented by new virulent race of Pst. In contrast, adult-plant resistance (APR) expresses in late plant growth stages and the resistance level is often affected by temperature, and thus often called high-temperature adult-plant (HTAP) resistance. As APR or HTAP resistance usually provides partial resistance, this type of resistance may be inadequate (Chen, 2005; Chen, 2013; Chen, 2014; Ellis et al., 2014). However, APR or HTAP resistance is durable as it is usually not influenced much by Pst race changes (Chen, 2005; Chen, 2013). The best strategy is to combine APR or HTAP resistance with effective ASR to improve both level and durability of resistance.

To date, 85 formally named and more than 300 temporarily designated genes or quantitative trait loci (QTL) have been reported for stripe rust resistance (Maccaferri et al., 2015; Bulli et al., 2016; McIntosh et al., 2017; Wang and Chen, 2017). Unfortunately, many ASR resistance genes that have been widely deployed in wheat cultivars have been overcome by recently predominant races of Pst, and many minor effective QTL for APR are difficult to be used in breeding programs. Thus, it is still essential to identify new germplasms and genes for useful resistance to stripe rust. As stripe rust resistance genes in most breeding materials and commercially grown cultivars are not clear, it is also urgent to know which genes are in the currently grown cultivars and recently developed breeding lines. Such information should be useful for wisely deploying resistant cultivars based on their genes, as well as select effective and use diverse genes to develop new resistant cultivars.

In previous studies, most genes or QTL were identified using the classical bi-parental linkage mapping approach. This approach limits the number of the genetic stocks that can be tested in a study, takes years or intensive labor plus sophisticated doubled-haploid technique to develop a mapping population, and often has a low resolution in QTL detection (Flint-Garcia et al., 2003; Parisseaux and Bernardo, 2004). Recently, the genome-wide association study (GWAS) technique has emerged as an efficient approach for gene discovery (Maccaferri et al., 2015; Bulli et al., 2016; Godoy et al., 2018; Cheng et al., 2019). Using this approach, genes in hundreds to thousands of accessions can be determined simultaneously. For wheat, the high level of linkage disequilibrium can significantly reduce the number of markers needed for identifying marker-trait associations (MTAs) (Chao et al., 2010). However, the GWAS approach has several drawbacks. Population stratification often leads to spurious associations. Low frequent genes may not be identified because of either the limited statistic power (Myles et al., 2009) or being masked by a more frequent gene in the similar region (Liu et al., 2020). In order to discover more and robust MTAs, it is better to use a big large population and a set of markers tagging nonrepetitive genome regions, plus mixed linear models (MLMs) to eliminate spurious associations caused by population structure.

A large size of germplasm panel is ideal for GWAS, but genotyping may cost a lot. Because the genotyping cost, so far only few studies of wheat for stripe rust resistance have been conducted using large sizes of germplasm panels (Maccaferri et al., 2015; Bulli et al., 2016). Recently, a genotyping by multiplexed sequencing (GMS) platform has been established (Ruff et al., 2020). Currently consisting of 2,242 SNP markers that were carefully selected to cover the nonrepetitive genome regions of wheat, this platform is based on sequencing multiplex polymerase chain reaction (PCR) amplicons for genotyping. These SNP markers cover quite uniformly throughout wheat genome, especially tagging the nonrepetitive genome regions, with an average distance of 2.33 cM between markers on each chromosome. Using the GMS technique, we have successfully identified 37 genes or QTL for stripe rust resistance from 616 spring wheat cultivars and breeding lines developed in the U.S. (Liu et al., 2020).

In this study, we used the GMS technique and the GWAS approach to study stripe rust resistance in a winter wheat panel consisting of 857 accessions of genetic stocks, commercially grown cultivars, and advanced breeding lines developed and used in various wheat growing regions of the U.S. The objectives of the study were to determine genes for resistance to stripe rust in U.S. winter wheat and especially to identify genes not previously reported.



Materials and Methods


Plant Materials

The winter wheat panel of 857 cultivars and breeding lines was assembled from different U.S. regional nurseries of 2017 and genetic stock and stripe rust monitoring nurseries in our program. The accessions were from the following nurseries: (1) 163 accessions from the winter wheat cereal disease nurseries (1711_WCDN, consisting of international genetic stocks for monitoring Pst virulence changes and using in breeding); (2) 203 accessions from the winter wheat cultivar monitoring nursery (1709_WWCMN, consisting of cultivars recently grown in various states of the U.S.); (3) 185 accessions from the western regional disease nursery (1701_WRDN, consisting of winter wheat cultivars historically and recently developed and grown in the western U.S.); (4) 92 accessions from the winter extension disease nursery (1702_WEDN, consisting of commercially grown cultivars and advanced breeding lines in the western U.S.), (5) 20 accessions from the winter western uniform region nursery (1726_WURN consisting of breeding lines developed in the western U.S.); (6) 85 accessions from the winter hard wheat nursery (1712_WHWN, consisting of hard wheat breeding lines developed in the U.S. Great Plains); (7) 36 accessions from the winter eastern wheat nursery (1715_WEWN consisting of breeding lines in the eastern regional uniform nursery), (8) 30 accessions from the winter southern wheat nursery (1716_WSWN, consisting breeding lines in the southern regional uniform nursery, and (9) 43 accessions from the winter east stripe rust nursery (1718_WESR, consisting wheat lines developed in the eastern states). In addition, an experimental line, PS279 that is highly susceptible to stripe rust, was used as a susceptible check in the greenhouse and field tests and a spreader for increasing stripe rust pressure in the fields.



Stripe Rust Phenotyping at the Seedling Stage in the Greenhouse

The 857 accessions were evaluated at the seedling stage for their infection type (IT) produced by six Pst races, PSTv-4, PSTv-14, PSTv-37, PSTv-40, PSTv-51, and PSTv-198, under controlled greenhouse conditions. These races are either the most virulent (PSTv-51) or recently predominant (the other five) in the U.S. (Wan and Chen, 2014; Wan et al., 2016; Liu et al., 2020). The virulence/avirulence formulae of these races are presented in Table S1. Our standard procedures were used for growing plants, inoculating and recording IT data (Chen and Line, 1992; Chen et al., 2002). Five seeds of each accession were planted. Seedlings were inoculated with a mixture of urediniospores and talc at a 1:20 ratio and incubated in a dew chamber at 10°C for 24 h in the darkness and grown in a growth chamber set at a diurnal cycle changing from 4°C at 2:00 am to 20°C at 2:00 pm and 8-h dark/16-h light (Chen and Line, 1992). IT data based on the 0–9 scale were recorded 18–20 days after inoculation when stripe rust was fully developed on the susceptible check (Line and Qayoum, 1992). The IT data were used for GWAS analysis.



Stripe Rust Phenotyping at the Adult-Plant Stage in Fields

The winter wheat panel was evaluated under natural infection of Pst in four environments: Mount Vernon (48°259’1299N, 122°199 3499W) in the northwest and Pullman (46°43’ 5999N, 117°109’0099W) in the southeast of Washington state in 2018 and 2019. The two sites are about 500 km apart and have different weather conditions and different Pst race compositions (Liu et al., 2020). In all field trials, the accessions were planted in October 2017 and October 2018 as nonreplicated single rows with about 5-g seed planted in each row for stripe rust phenotyping in 2018 and 2019. Rows were 0.5-m long with a space of 0.25 m between rows. The susceptible check PS279 was planted every 20 rows and also surrounding the field to allow stripe rust developing to the uniform and highest level. Infection type (IT) and disease severity (DS) were recorded between heading (Zadoks Growth Stage (GS) 50 (Zadoks et al., 1974) when flag leaves of the susceptible check plants had at least 50% DS and soft dough (GS 70) stages when most flag leaves of the susceptible check plants had at more than 95% DS. The IT data were scored using a 0–9 scale as described previously (Line and Qayoum, 1992), and the DS data were scored as percentage of infected leaf area. Both IT and DS data of the second record were used for GWAS analyses.



Phenotypic Data Analysis

Analysis of variance (ANOVA) was conducted using SAS V8.0 (SAS Institute, Cary, NC, USA) to determine effects of genotypes, environments (location and year), and the interactions between genotypes and environments. Broad-sense heritability (H2) was estimated using the variance components from the ANOVA model. The best linear unbiased estimator (BLUE) values were calculated across the different environments considering genotypes as a fixed effect in the model using software QTL IciMapping (http://www.isbreeding.net). The BLUE values were also used for the GWAS analyses.



Genotyping

For each accession, the third leaves at the seedling stage were collected for DNA extraction. Genomic DNA was extracted in the same way as described in Liu et al. (2020). The 857 accessions were genotyped using GMS as previously described (Liu et al., 2020; Ruff et al., 2020). To overcome the drawback of GWAS unable to detect rare alleles, we also used molecular markers for 18 important genes or QTL for stripe rust resistance to test the accessions. A total of 31 simple-sequence repeat (SSR), sequence-tagged site (STS), or kompetitive allele specific PCR (KASP) markers were used for determining the presence or absence of the following previously reported 18 Yr (yellow rust) genes or QTL in the accessions: Yr5 (Marchal et al., 2018), Yr9 (Mago et al., 2002), Yr10 (Bariana et al., 2002), Yr15 (Ramirez-Gonzalez et al., 2015), Yr17 (Helguera et al., 2003), Yr18 (Lagudah et al., 2009), Yr27 (Chhetri et al., 2017), Yr30 (Spielmeyer et al., 2003), Yr46 (Forrest et al., 2014), Yr76 (Xiang et al., 2016), Yr78 (Dong et al., 2017), YrSP (Feng et al., 2015), YrTr1 (X. M. Chen and associates, unpublished), QYrMa.wgp-1AS (Liu et al., 2018), QYrel.wgp-2BS (Liu et al., 2019a), QYrsk.wgp-3BS (Liu et al., 2019b), QYrsk.wgp-4BL (Liu et al., 2019b), and QYr.wpg-1B.1 (Naruoka et al., 2015). DNA samples from spring wheat lines carrying specific Yr genes, which were used in the previous GWAS study with spring wheat (Liu et al., 2020), were included as positive controls for the genotyping with molecular markers, but their data were excluded from the data analysis of the winter wheat panel. PCR amplifications of SSR markers representing Yr9, Yr10, Yr17, Yr27, Yr30, Yr76, Yr78, YrSP, and YrTr1 were based on the information of GrainGenes and MAS Wheat (http://wheat.pw.usda.gov, http://maswheat.ucdavis.edu). PCR products were detected using an ABI3730 DNA fragment analyzer (Applied Biosystems, Grand Island, NY, USA), and the alleles were scored using software GeneMarker v4.0 (SoftGenetics, LLC, State College, PA, USA), as described in the previous study (Liu et al., 2020). KASP markers representing Yr5, Yr15, Yr18, Yr46, QYrMa.wgp-1AS, QYrel.wgp-2BS, QYrsk.wgp-3BS, QYrsk.wgp-4BL, and QYr.wpg-1B.1 were obtained from the studies by Liu et al. (2018; 2019a; 2019b; 2020). KASP markers were tested as described by Liu et al. (2019b; 2020), and the end-point fluorescence data were visualized and recorded using a Roche Light-Cycler 480 real-time PCR system (Roche Applied Science, Indianapolis, IN, USA). The primer sequences of these markers are given in Table S2.



Analyses of Population Structure

The population structure of the winter wheat panel was analyzed using Bayesian model-based clustering and distance-based hierarchical clustering in software STRUCTURE v.2.3.4 (Pritchard et al., 2000). An admixture model of population structure based on correlated allele frequencies was used to run five independent iterations for each subpopulation (settings from 1 to 10). In each time of iteration, a 10,000 length burn-in period was used and after burn-in, 10,000 Markov Chain Monte Carlo (MCMC) replications were conducted. STRUCTURE outputs were collated using the web-based software STRUCTURE HARVEST (Earl and Vonholdt, 2012; http://taylor0.biology.ucla.edu/structureHarvester/). The optimum subpopulation numbers were selected using the ad hoc △k statistic method (Evanno et al., 2005). To generate the population structure matrix (Q), the output of STRUCTURE HARVEST was imported into the program Clumpp v1.1.2 (Jakobsson and Rosenberg, 2007). Software Distruct v1.1 Q was used to develop bar graphs, and Tassel 2.3 (Rosenberg, 2004) was used to determine the panel kinship.



Linkage Disequilibrium

Software HAPLOVIEW v4.2 was used to estimate the LD squared allele frequency correlation (r2) for all pairwise comparisons between SNPs on the same chromosome and to visualize the local LD patterns (Barrett et al., 2005). To visualize the overall pattern of LD decay over genetic distances, syntenic pairwise LD r2 estimates from all chromosomes were plotted against the corresponding pairwise genetic distances. The R program based on the equation relating LD, recombination rate, and population size was used to fit a nonlinear regression model (Sved, 1971; Rexroad and Vallejo, 2009). To define the confidence intervals of QTL in the present study, the map distance at which LD fell below the r2 threshold of 0.2 was used, as the LD threshold have been frequently used for detecting QTL (Ardlie et al., 2002; Shifman et al., 2003; Khatkar et al., 2008; Lawrence et al., 2009).



Genome-Wide Association Analyses

Markers with greater than 50% missing data were filtered out, and the remaining marker data were imputed using BEAGLE 3.3.2 (Browning and Browning, 2016). Software GAPIT in the R package (Lipka et al., 2012) was used to analyze associations between SNP markers and stripe rust reaction data. To reduce possible spurious associations caused by population structure, a MLM with Q and K as covariates (Yu et al., 2005) was used in the GWAS analyses of the present study. Markers with P < 0.001 were considered significantly associated to the stripe rust phenotype. Significant markers were assigned to QTL based on their chromosomal positions. Software CMplot in the R package (https://github.com/YinLiLin/R-CMplot) was used to drawn Manhattan plots.



Determining Resistance Gene/QTL Frequencies

The tagging marker or markers were used to determine the presence or absence of each stripe rust gene or QTL in the 857 winter wheat accessions. To reduce false positives, accessions that had IT or DS values similar to that of the susceptible check were considered not to have the resistance gene or QTL, even though they have the positive resistance marker allele (Liu et al., 2020). The frequencies of each stripe rust resistance gene/QTL were calculated for the different nurseries and the whole panel.



Determining the Effects of Different Numbers of Resistance Alleles

Individual markers or haplotypes of two or more markers of individual resistance locus were used to determine the effects of different numbers of resistance alleles on stripe rust phenotypes. The alleles that reduced the disease scores were considered resistance alleles. A linear model regression was applied to the phenotype and number of resistance alleles in each accession. For ASR detected in the greenhouse seedling tests, the mean IT value of all race tests was regressed against the numbers of resistance alleles. For resistance detected in the fields, both mean IT and DS values of all environments were regressed against the numbers of resistance alleles identified from the field data.



Determination of Relationships of the Identified QTL With Previously Reported Genes or QTL

To determine the relationships with previously reported genes or QTL for stripe rust resistance (Maccaferri et al., 2015; Bulli et al., 2016; Wang and Chen, 2017; Liu et al., 2020), all resistance genes or QTL identified in the present study were placed in the integrated genetic map based on their marker locations. The physical locations of the markers were determined through Basic Local Alignment Search Tool (BLAST) search of the hexaploid wheat reference genome (IWGSC RefSeq v.1.1). BLAST hits were selected using the 10−5 e-value threshold and a minimum similarity cutoff >95% between the query and database sequences.




Results


Phenotypic Distribution

The IT data of the seedlings tested with the six Pst races and IT and DS data of the adult-plant stage evaluated in the four field environments for the 857 winter wheat accessions are given in Table S3. The distributions of IT and SEV scores recorded in the greenhouse seedling tests and the field environments are shown in Figure 1. The seedling responses to stripe rust skewed toward high IT (susceptible reaction), with 12%, 10%, 8%, 11%, 10%, and 9% of the accessions showing resistant reactions (0–3); 2%, 7%, 2%, 3%, 1%, and 1% displayed intermediate resistant reactions (4–6); and 86%, 83%, 90%, 87%, 89%, and 90% were susceptible (7–9) in the tests with PSTv-4, PSTv-14, PSTv-37, PSTv-40, PSTv-51, and PSTv-198, respectively (Figure 1A). In contrast, the stripe rust responses in the field tests were close to a normal distribution. A wide range of variation was observed in the panel across all environments, ranging from very resistant to very susceptible. The susceptible check PS279 displayed consistently high susceptibility with IT 8–9 and DS >95% in all environments. The mean IT within environments ranged from 3.8 to 4.5, and the mean DS ranged from 21.0 to 31.8% (Figures 1B, C). Significant correlations (P < 0.001) were observed between IT and DS (r: 0.83 to 0.94) in the same environments and for IT (r: 0.73 to 0.88) and DS (r: 0.78 to 0.91) between different environments (Table 1), indicating the relative consistency of Pst responses. For both IT and DS, the correlation coefficients were slightly higher between different years in the same location than between different locations in the same years. The correlations between IT and DS at the same years in Mount Vernon were slightly higher than those in Pullman. Broad-sense heritability H2 was 0.85 for IT and 0.74 for DS. The more susceptible reactions in the seedling tests at low temperature and more resistant reactions at the adult-plant stage in the fields indicated that many accessions in the panel had APR or HTAP resistance.




Figure 1 | Distributions of stripe rust infection type (IT) and disease severity (DS). (A) IT distributions in the seedling tests with different races of Puccinia striiformis f. sp. tritici. (B) IT distribution across field environments including Pullman 2018 (Pu18), Mount Vernon 2018 (MV18), Pullman 2019 (Pu19), and Mount Vernon 2019 (MV19). (C) DS distribution across field environments. Solid horizontal lines display the median values. Notches display a 95% confidence interval around the median. Top and bottom box edges display the first and third quartile values, respectively. Whiskers display the largest and smallest values within 1.5 times the interquartile range. Dots represent the values out of 1.5 times the interquartile range.




Table 1 | Correlation coefficients (r) of stripe rust infection type (IT) and disease severity (DS) across four environments.





GMS Markers and Population Structure

After eliminating monomorphic markers and filtering out markers with 50% or more missing data, 1,588 polymorphic markers were obtained from the GMS genotyping. These markers were used in population structure, LD, and GWAS analyses.

Two subpopulations were found to be in the winter wheat panel of 857 accessions (Figure 2A). An evident differentiation between both groups was shown in the STRUCTURE analysis. Group 1 consisting of 460 accessions marked in yellow had a higher proportion of the population, and Group 2 had a smaller number (397) accessions marked in green (Figure 2B). Accessions in Group 1 were from nurseries 1701_WRDN (40%), 1702_WEDN (20%), 1711_WCDN (35%), and 1726_WURN (4%), which were mainly from the western U.S., while accessions in Group 2 were from nurseries 1709_WWCMN (51%), 1712_WHWN (21%), 1715_WEWN (9%), 1716_WSWN (8%), and 1718_WESR (11%), mainly from the eastern U.S. except some cultivars from the western U.S. in 1709_WWCMN. Group 1 had lower disease scores than Group 2 in both greenhouse seedling and field tests (P < 0.001), indicating relatively more resistance of Group 1. The separation of two subgroups was supported by the principal component analyses (PCA, Figure 2C). Accessions from Group 1 and Group 2 in the same region of PC2 were differentiated only by PC1.




Figure 2 | Model-based population structure of the 857 winter wheat accessions combined with markers. (A) The result obtained from Structure Harvester analysis (k = 2). (B) The STRUCTURE analysis showed two hypothetical subpopulations represented by different colors. (C) First two components (PC1 and PC2) of a principal component analysis.





Linkage Disequilibrium

The LD r2 values between the polymorphic SNP markers on each chromosome were estimated. The scatter plot of LD values against the physical distance is shown in Figure 3. The LD decayed to the critical r2 value (0.2) was estimated at about 17 Mb for the entire genome. Thus, markers within 17 Mb or the r2 value between the markers greater than 0.2 were considered to represent the same QTL with few exceptions on some D chromosomes that had relatively low numbers of markers. For the exceptions, the differences in resistance-allele frequencies of the winter wheat panel were used to determine whether the markers represent different loci.




Figure 3 | Overview of the linkage disequilibrium (LD) parameter R2 of the intra-chromosomal pairs in the winter wheat panel.





QTL for ASR to Stripe Rust Determined by GWAS Using the Greenhouse Seedling Data

The IT data of the 857 accessions tested with races PSTv-4, PSTv-14, PSTv-37, PSTv-40, PSTv-51, and PSTv-198 (Table S3) were used to identify QTL for ASR. A total of 16 markers, representing 15 QTL, were significantly associated with ASR, including 1 QTL each on 1A, 2A, 1B, 2B, 2D, 3A, 4B, 5A, 5B, 5D, and 6A; and 2 QTL each on 4A and 7B. QTL QYrww.wgp.2A-2 was represented by two markers (IWB25290 and IWB6997) at the positions of 737 and 739 Mb on 2AL, respectively (Table 2 and Figure 4). The presence and absence of the resistance alleles of the markers in the 857 accessions are given in Table S4. Eight of the 15 QTL, QYrww.wgp.1A-3 (No. 1 to 2), QYrww.wgp.2D-4 (No. 15), QYrww.wgp.3A (No. 16), QYrww.wgp.4A-1 (No. 17), QYrww.wgp.4A-2 (No. 18), QYrww.wgp.4B (No. 19), QYrww.wgp.7B-2 (No. 32), and QYrww.wgp.7B-3 (No. 33), were resistant to only one race. The remaining seven of the 15 ASR QTL, QYrww.wgp.1B-1 (indicated by Nos. 3 to 8 in Figure 4), QYrww.wgp.2A-2 (No. 10-12), QYrww.wgp.2B-4 (No. 14), QYrww.wgp.5A (Nos. 20 to 21), QYrww.wgp.5B (No. 22 to 23), QYrww.wgp.5D (No. 24 to 29), and QYrww.wgp.6A-1 (No. 30 to 31), were resistant to two or more races. Two QTL, QYrww-wgp.1B and QYrww-wgp.5D, were effective against all six tested races. The phenotypic variation (R2) values of the ASR QTL explained ranged between 0.08 and 0.26 (Table 2).


Table 2 | Resistance quantitative trait loci (QTL) identified in the winter wheat panel associated with stripe rust reactions evaluated at the seedling stage in the greenhouse with different races of Puccinia striiformis f. sp. tritici.






Figure 4 | Manhattan plots of significant p values for markers associated with all-stage resistance to stripe rust. The black dash line shows the threshold -log10(p) value of 3. Each circular represents one seedling test with race PSTv-4 (A), PSTv-14 (B), PSTv-37 (C), PSTv-40 (D), PSTv-51(E), and PSTv-198 (F). Significant markers are enlarged in red dots and numbered.





QTL for Stripe Rust Resistance Determined by GWAS Using the Field Adult-Plant Data

A total of 20 significantly associated markers (P < 0.001) representing 20 QTL were detected (Table 3, Figure 5, and Table S4). Three QTL were detected by both IT and DS data. QYrww.wgp.1A-1 (indicated by No. 1 to 9 in Figure 5) was identified on the long arm of chromosome 1A (1AL) by IWB8633 at the 224 Mb position. This QTL was significant for both IT and DS from the tests in Pullman in 2018 and 2019 (PU18, PU19) and Mount Vernon in 2018 and 2019 (MV18, MV19). The R2 value of QYrww.wgp.1A-1 for IT and DS ranged from 0.08 to 0.12 and 0.09 to 0.12, respectively. QYrww.wgp.1D-1 (No. 12 to 17) was identified by IWB2803 at the 4 Mb position on the short arm of 1D (1DS) with a R2 value ranging from 0.10 to 0.15 and 0.08 to 0.10 for IT and DS, respectively. This QTL was significant for IT in PU18, MV18, PU19, and MV19, and DS evaluated from PU18 and MV19. QYrww.wgp.1D-3 (No. 23) was linked to IWA3446 located at 203 Mb on the long arm of 1D (1DL). This QTL was significant for DS in PU18, MV19, and PU19 and IT in MV18. The R2 values of this QTL for both IT and DS ranged between 0.08 and 0.12.


Table 3 | Resistance genes or QTL identified in the winter wheat panel associated with stripe rust reactions evaluated at the adult-plant stage in field environments under natural infection of Puccinia striiformis f. sp. tritici.







Figure 5 | Manhattan plots of significant p values for markers associated with stripe rust resistance detected in the field experiments. The black dash lines show the threshold -log10(p) value of 3. Each circular represents one field data set of Pullman 2018 IT data (A), Pullman 2018 DS data (B), Mount Vernon 2018 IT data (C), Mount Vernon 2018 DS data (D), Pullman 2019 IT data (E), Pullman 2019 DS data (F), Mount Vernon 2019 IT data (G), Mount Vernon 2019 DS data (H), BLUE-ALL-IT data (I), and BLUE-ALL-DS data (J). Significant markers are enlarged in red dots and numbered.



Eight QTL located on chromosomes 1A, 1D, 2A, 2B, 2D, 7A, and 7B were detected in at least two environments, although not in all environments. QYrww.wgp.1A-2 (No. 10 to 11 in Figure 5) was also identified by IWA6710 at 518 Mb also on 1AL. This QTL was only significant for the DS data recorded in the Mount Vernon tests. The R2 of QYrww.wgp.1A-2 for DS ranged from 0.09 to 0.11. QYrww.wgp.2A-1 (No. 24 to 30) was identified by IWB40903 at 4 Mb on the long arm of 2A (2AL) with an R2 ranging from 0.12 to 0.16 and 0.10 to 0.13 for IT and DS, respectively. This QTL was significant in all environments for IT and DS except for PU18. QYrww.wgp.2B-3 (No. 33 to 36) was identified by IWA3452 at 420 Mb on the long arm of 2B (2BL). This QTL was significant only for the DS data evaluated from all tested environments with R2 ranging from 0.10 to 0.16. Three QTL, QYrww.wgp.2D-1 (No. 38 to 43), QYrww.wgp.2D-2 (No. 44 to 50), and QYrww.wgp.2D-3 (No. 51 to 56), were identified on the short arm of 2D (2DS). These QTL were significant for the IT and DS data of different environments with R2 values ranging from 0.09 to 0.23. QYrww.wgp.7A-1 (No. 63 to 66) was identified on the short arm of 7A (7AS). This QTL was significant for both IT and DS data from MV18 and PU19 with R2 ranging from 0.15 to 0.23. QYrww.wgp.7B-1 (No. 67 to 68) mapped to the long arm of 7B (7BL) was significant for IT in 2018 and DS in 2019 at only Mount Vernon with R2 values of 0.09 to 0.11, respectively.

The remaining nine QTL were detected with only one set (either IT or DS) of the field data. These QTL included QYrww.wg.1D-2 (No. 23) on the short arm of 1D (1DS), QYrww.wgp.2B-1 (No. 31) on the short arm of 2B (2BS), QYrww.wgp.2B-2 (No. 32) on 2BS, QYrww.wgp.3B (No. 57) on the long arm of 3B (3BL), QYrww.wgp.3D (No. 58) on the short arm of 3D (3DS), QYrww.wgp.4A-3 (No. 59) on the long arm of 4A (4AL), QYrww.wgp.6A-2 (No. 60) on the long arm of 6A (6AL), QYrww.wgp.6B (No. 61) on the long arm of 6B (6BL), and QYrww.wgp.7A-2 (No. 62) on 7AS. The R2 values ranged from 0.08 (QYrww.wgp.4A-3 and QYrww.wgp.6B) to 0.15 (QYrww.wgp.2B-1).



Detection of Previously Reported Yr Genes/QTL

The 31 markers for the 18 previously reported Yr genes or QTL were successfully tested in the 857 winter wheat accessions and/or their reference genotypes. The presence and absence of the markers in the winter wheat panel are provided in Table S3. Yr46 was not detected in any of the 857 accessions. The Yr15 markers were present in four accessions (Mckay, Esperia, IDN09-15702A, and WB1529), but these entries were susceptible to some or all Pst races tested in the seedling stage, indicating no Yr15 because Yr15 is effective to the six tested races and all other races identified so far in the U.S. Of the 16 genes/QTL detected in the panel, Yr5 was detected only in accession Triticum spelta Album, the original donor of the gene, and the remaining 15 genes or QTL were detected in various numbers of accessions, with the frequencies presented below.



Frequencies of Stripe Rust Genes/QTL in the Winter Wheat Panel and Various Nurseries

After correction based on the phenotypic data, accessions considered having the resistance genes/QTL are listed in Table S5. The frequencies of the 51 genes or QTL in the winter wheat panel and various nurseries are presented in Table 4.


Table 4 | Frequencies (%) of stripe rust resistance genes or quantitative trait loci (QTL) identified with reported markers or through genotyping by multiplexed sequencing genome-wide association study (GMS-GWAS) in the winter wheat panel and nurseries.




Among the previously reported genes or QTL identified by markers, Yr5, Yr9, Yr27, Yr30, YrSP, Yr76, YrTr1, Yr76, Yr78, and QYrsk.wgp-4BL had low frequencies (< 10%); while Yr10, Yr17, Yr18, QYrMa.wgp-1AS, QYr.wpg-1B.1, QYrel.wgp-2BS, and QYrsk.wgp-3BS had relatively high frequencies (10.62 to 38.86%) in the panel (Table 4). These genes were not evenly distributed in the different nurseries. For instance, Yr17 had a relatively high frequency in the Great Plains hard red nursery (1712_WHWN, 60.47%) compared to other nurseries (0%–39.39%). Yr18, QYrel.wgp-2BS, and QYrsk.wgp-3BS had relatively high frequencies in the western uniform regional nursery (1726_WURN, 56.25%–100%) compared to other nurseries.

Genes or QTL identified by GMS-GWAS also had a wide range of frequencies from 3.38% (Qyrww.wgp.3B) to 55.78% (Qyrww.wgp.1D-2) in the panel (Table 4). Qyrww.wgp.1B was highly present (53.51%) in the western regional nursery (1701_WRDN, 53.51%) that consisted of historical and recent cultivars grown in the U.S. Pacific Northwest (PNW) region, but was low in other nurseries, especially low in those from the eastern U.S. (1712_WHWN, 1715_WEWN, 1716_WSWN, and 1718_WESR). In contrast, Qyrww.wgp.2A-1 and Qyrww.wgp.2B-1 had relatively high frequencies in the eastern regional nurseries compared to the western ones.



Effects of the Number of Resistance-Favorable Alleles on Stripe Rust Response

The markers representing the 35 QTL identified through GMS-GWAS were used to determine the number of resistance QTL in each of the 857 accessions. The number of resistance-favorable alleles in a single accession ranged between 0 and 9. The additive effect of resistance alleles was significant for both ASR and field resistance. The number of resistance alleles was negatively correlated with the IT and DS scores, with correlation coefficients −0.40 for ASR, and −0.47 and −0.62 for IT and DS, respectively in the field tests (P value ≤0.0001) (Figure 6). The R2 values of the regression for ASR were 0.25, and 0.28 and 0.35 for field IT and DS of the field tests, respectively. The accessions that had relatively high numbers of the favorable alleles showed a comparatively low IT and DS.




Figure 6 | The effect of pyramiding multiple resistance alleles of stripe rust resistance genes or QTL identified in this study. Scatter plots of the number of resistance alleles versus IT data averaged across the seedling tests (A), IT data averaged across the field tests (B), and DS data averaged across the field tests (C).






Discussion

In this study, we studied stripe rust resistance in 857 winter wheat accessions through testing with markers for 18 previous reported genes or QTL and with SNP markers generated through the GMS-GWAS approach. Based on the tests with previously reported markers, 16 previously known resistance genes were detected in at least one accession of the winter wheat panel, most of which were still valuable when combing with other Yr genes or QTL. Using GMS-GWAS, we identified 35 significantly associated stripe rust resistance loci including 15 loci associated with ASR and 20 associated with APR. All of the 51 genes or QTL were detected in various frequencies among the different nurseries, suggesting different intensities of use in breeding programs in different regions. This is one of the GWAS studies that use a large number of accessions and identify a large number of genes or QTL for an important trait of wheat. This study demonstrated that the GMS technique, which costs much less than the 9K or 90K SNP array, is efficient for mapping wheat genes when used in combination with the GWAS approach. More importantly, the study identified at least 10 potentially new genes and provided useful information about which genes in individual cultivars and breeding lines developed in various winter wheat growing regions in the United States.

Using molecular markers, we tested 18 previously reported genes/loci for stripe rust resistance in the winter wheat panel and successfully identified 16 of them in some of the accessions (Table 4). Yr46, which was reported in spring wheat for slow-rusting or APR to stripe rust (Herrera-Foessel et al., 2011), was not detected in any of the accessions. Similarly, this gene was also absent in the U.S. spring wheat panel (Liu et al., 2020). Yr5 was detected only in its original donor T. spelta Album. The markers of Yr15 were positive in four accessions. However, these accessions were susceptible to some of the tested Pst races. Because no race virulent to Yr15 has been detected in the U.S. (Wan and Chen, 2014; Wan et al., 2016), we considered that these accessions do not have Yr15. Our results indicate that the Yr15 markers may not be perfect, and further studies are needed to study the genomic regions covering the Yr15 locus in these cultivars. The relatively high frequencies of Yr10, Yr17, QYrMa.wgp-1AS, QYr.wpg-1B.1, QYrel.wgp-2BS, and QYrsk.wgp-3BS indicate that these genes/QTL have been used quite extensively in breeding winter wheat cultivars in the U.S. Among these, QYrMa.wgp-1AS, QYrel.wgp-2BS, and QYrsk.wgp-3BS were identified in Madsen, Eltan, and Skiles, respectively, which have been the widely grown cultivars and used in breeding programs in the U.S. PNW (Liu et al., 2018; Liu et al., 2019a; Liu et al., 2019b). Of the 18 tested genes/QTL, 10 (Yr5, Yr9, Yr10, Yr15, Yr17, Yr27, Yr76, YrSP, YrTr1, and QYr.wpg-1B.1) confer ASR, while the other 8 (Yr18, Yr30, Yr46, Yr78, QYrMa.wgp-1AS, QYrel.wgp-2BS, QYrsk.wgp-3BS, and QYrsk.wgp-4BL) confer APR or HTAP resistance (Naruoka et al., 2015; Wang and Chen, 2017; Liu et al., 2018; Liu et al., 2019a; Liu et al., 2019b). Currently, for the ASR genes tested in the present study, only Yr5 and Yr15 are still resistant to all U.S. races of Pst identified thus far (Wan and Chen, 2014; Wan et al., 2016), and these genes have been successfully used in combination in spring wheat breeding as they provide complete protection (Liu et al., 2020). These genes together with Yr46 and other effective genes detected in the present study should be used in breeding winter wheat cultivars.

In addition to the above previously known 16 genes/QTL, we detected 16 QTL with the greenhouse seedling data (Table 2) and 20 QTL using the adult-plant data from the fields (Table 3). We compared these genes/QTL to each other if they were mapped to the same chromosomal arms and also compared them with previously reported genes on the same chromosomal arms according to the marker positions, types and sources of resistance, and explained phenotypic variation.

On chromosome 1A, QYrww.wgp.1A-1 and QYrww.wgp.1A-2 were detected using the field adult-plant data and QYrww.wgp.1A-3 with the greenhouse seedling data; and they all were mapped to 1AL but at positions 223, 518, and 571 Mb, respectively, indicating that they are different from each other. QYrww.wgp.1A-1 was mapped to the similar region of QYr.tam-1A in U.S. variety TAM 111 (Basnet et al., 2014a). However, TAM 111 did not show the QYrww.wgp.1A-1 marker in the present study. QYrww.wgp.1A-2 was located in the same region as QYr.sun-1A_Janz, however, Janz is a spring wheat cultivar in Australia. Therefore, the relationship between QYrww.wgp.1A-2 and QYr.sun-1A_Janz still needs a further study. QYrww.wgp.1A-3 located at the long arm was identified with PSTv-4, and it was in the proximal region with QYr.tam_1AL_TAM112 (Basnet et al., 2014a). However, TAM112 did not show the QYrww.wpg.1A-3 marker. To determine the relationships of QYrww.wgp.1A-1 with previously reported genes on 1AL from various wheat varieties (Wang and Chen, 2017) needs further studies. QYrww.wgp.1B was detected with all 6 races in the greenhouse seedling tests, but was not significant in the field tests, probably because many other loci contributed more significantly to the resistance in the fields. This QTL is different from Yr9, Yr10, Yr15, and YrTr1 also on 1BS as it is effective against races different from those the other genes are resistant to. However, this QTL should be the same as QYr.wpg-1B.1 reported in several winter wheat cultivars developed in the U.S. PNW (Naruoka et al., 2015), as they had the similar frequencies (15.17% and 17.85%) in the current panel.

Three QTL were detected on chromosome 1D, QYrww.wgp.1D-1 and QYrww.wgp.1D-2 on 1DS while QYrww.wgp.1D-3 on 1DL. Although the two QTL on 1DS was only 4 Mb apart (Table 3), we treated them as different loci because relatively few markers on the D sub-genome. Moreover, QYrww.wgp.1D-1 was detected with the IT and DS data in both Mount Vernon and Pullman in only 9.45% of the accessions, whereas QYrww.wgp.1D-2 was detected in 55.78% of the accessions but only in Mount Vernon with the IT data. To date, six QTL for stripe rust resistance have been reported on chromosome 1D. All of them were in the short arm. QYrww.wgp.1D-1 and QYrww.wgp.1D-2 were mapped to the same regions of QYrst.orr-1DS_Stephens (Vazquez et al., 2012) and QYr.caas-1DS_Naxos (Ren et al., 2012), respectively. Stephens was found to have the resistance allele of IWB2803 representing QYrww.wgp.1D-1. Thus, QYrww.wgp.1D-1 could be the same as QYrst.orr-1DS_Stephens. Whether the resistance allele of marker IWA1787 representing QYrww.wgp.1D-2 is present in QYr.caas-1DS_Naxos is unknown. As QYrww.wgp.1D-3 was mapped to 1DL and there are no previously reported genes/QTL for resistance to stripe rust on 1DL, this QTL should be new.

QYrww.wgp.2A-1, which conferred effective resistance detected at the adult-plant stage in all field environments, was mapped in the region of Yr17 on chromosome 2AS. Wheat accessions, such as Jagger and Madsen, with Yr17 had the resistance allele of QYrww.wgp.2A-1 marker. As previously discussed, the Yr17 marker region also contains a different gene for HTAP resistance (Liu et al., 2018; Liu et al., 2020). A study using ethyl methanesulfonate mutagenesis demonstrated that Yr17 and the HTAP resistance genes are at different loci (Y. X. Li and X. M. Chen, unpublished data). Because the major races in the Mount Vernon and Pullman fields in 2018 and 2019 are virulent to Yr17 (Liu et al., 2020), the resistance QTL effective in the fields should be the locus for HTAP resistance. QYrww.wgp.2A-2 on chromosome 2AL was mapped in the region of Yr1 (Wang and Chen, 2017) and QYr.inra_2AL.2_Campremy (Boukhatem et al., 2002). This QTL should be Yr1 as both confer ASR.

Among the three QTL for the field resistance, QYrww.wgp.2B-1 was mapped to the region of 2BS containing several genes/QTL for resistance to stripe rust (Wang and Chen, 2017). The region includes Yr27 and Yr31. Two loci for HTAP resistances from U.S. PNW cultivar Luke were mapped to this chromosomal region (Guo et al., 2008). QTL in this region were also reported in PNW cultivars IDO444, Louise, and Stephens (Carter et al., 2009; Chen et al., 2012). However, Luke, IDO444, and Stephens did not have the resistance alleles of QYrww.wgp.2B-1, and spring wheat Louise was not in this panel. Thus, whether QYrww.wgp.2B-1 is novel still needs an additional study. QYrww.wgp.2B-2 and QYrww.wgp.2B-3 were located in another region of chromosome 2BS without any previously reported Yr genes or QTL, and thus possibly new loci for stripe rust resistance. QYrww.wgp.2B-4 conferring ASR to races PSTv-4 and PSTv-51 was located in the distal region of 2BL. To date, there was no any report of genes/QTL for stripe rust resistance in this region. Therefore, QYrww.wgp.2B-4 is likely a new QTL.

Three QTL, including QYrww.wgp.2D-1, QYrww.wgp.2D-2, and QYrww.wgp.2D-3, for the resistance at the adult-plant stage in the fields were mapped to chromosome 2DS. The markers representing them have not been integrated into the consensus map. Thus, their novelty was still unknown. QYrww.wgp.2D-4 conferring ASR to race PSTv-4 was located on 2DL. This gene should be different from previously reported APR genes Yr54 and Yr55 on 2DL (Basnet et al., 2014b; Wang and Chen, 2017), as they confer different types of stripe rust resistance. Yr37 conferring ASR was originally from Aegilops kotschyi and located on 2DL (Marais et al., 2005). Although QYrww.wgp.2D-4 is likely different from Yr37 because of the different origin, their genetic distance needs to be determined.

Only one QTL each was mapped to chromosomes 3A, 3B, and 3D. The three QTL were detected only with one race or in one field environment. The position region of QYrww.wgp.3A represented by IWB44443 is different from previously reported QTL on 3AL (Wang and Chen, 2017), and therefore, it is likely a new QTL. The relationships of QYrww.wgp.3B and QYrww.wgp.3D with previously identified QTL on 3BL or 3DL (Wang and Chen, 2017) require further studies.

Three QTL were mapped on chromosome 4A and one QTL on 4B. QYrww.wgp.4A-1 on 4AL was different from previously identified QTL, whereas QYrww.wgp.4A-2, also on 4AL, was in the region of Yr51 (Randhawa et al., 2013). Thus, QYrww.wgp.4A-2 and Yr51 are possibly the same gene or tightly linked genes. QYrww.wgp.4A-3 mapped to 4AL and QYrww.wgp.4B to 4BL each were detected with only one environment data. Their relationships with previously mapped genes on these chromosome arms are not clear.

Three QTL for ASR were mapped on the group 5 chromosomes, with QYrww.wgp.5A on 5AL, QYrww.wgp.5B on 5BL, and QYrww.wgp.5D on 5DS. Based on their marker positions (Tables 2 and 3), QYrww.wgp.5A and QYrww.wgp.5B are different from other QTL previously reported on the same chromosomal arms (Wang and Chen, 2017). QYrww.wgp.5D was mapped in the distal end of 5DS. To date, two QTL for resistance to stripe rust have been reported on 5DS. Ren et al. (2015) mapped QYr.caas-5DS in Chinese cultivar “Jingshuang 16” near the centromere of 5D, and the QTL explained 5.1%–18.0% phenotypic variance at the adult-plant stage across different environments. Singh et al. (2000) reported QYr-5DS for APR to stripe rust in Mexican cultivar Opata 85 in the same region according to the consensus SSR map (Somers et al., 2004). As our 5DS QTL confers ASR, it is likely a different gene.

Two QTL were identified on chromosome 6A. QYrww.wgp.6A-1 conferring ASR was mapped on 6AL. QYrtb.orz-6AL, a major QTL for stripe rust resistance in U.S. PNW winter wheat Tubbs, was previously mapped to this region (Vazquez et al., 2015). Tubbs was found to have the resistance allele of IWB52712 representing QYrww.wgp.6A-1, and both QTL have the same resistance type and resistance source. Therefore, QYrww.wgp.6A-1 and QYrtb.orz-6AL are likely the same QTL. QYrww.wgp.6A-2 was located in a different region from previously mapped QTL on 6AL, and thus, it is likely a new QTL. QYrww.wgp.6B was mapped to 6BL. This QTL is likely the same as QYrdr.wgp-6BL.1 identified from Druchamp by Hou et al. (2015), as this European variety has been used in U.S. PNW wheat breeding programs (Chen, 2013).

QYrww.wgp.7A-1 was located at the same region as QYr.caas-7A on 7AS in Chinese cultivar Jingshuang 16 (Ren et al., 2015). However, the sources of these QTL are quite different. Thus, they may be different genes, but a clear conclusion is needed from additional studies. Three QTL were identified on chromosome 7B, all on the long arm. QYrww.wgp.7B-1 identified from the field experiments was close to QYr.sun-7B, which was identified in Australian cultivar Kukri (Bariana et al., 2010). These two QTL are likely the same as both had moderate LOD and PEV values. QYrww.wgp.7B-2 was mapped to the same location as QYr.caas-7B.1 (Ren et al., 2012), and these QTL could be the same. QYrww.wgp.7B-3 was mapped to a different region with previously mapped genes or QTL, and thus, should be a novel gene for resistance to stripe rust.



Conclusions

In summary, using the combination of testing previously known genes and GMS-GWAS, we detected a total of 51 loci for stripe rust resistance in the panel of 857 winter wheat accessions including genetic stocks, breeding lines and cultivars used and developed in the U.S. These genes or QTL confer either race-specific ASR or race nonspecific APR. At least ten of the QTL (QYrww.wgp.1D-3, QYrww.wgp.2B-2, QYrww.wgp.2B-3, QYrww.wgp.2B-4, QYrww.wgp.3A, QYrww.wgp.5A, QYrww.wgp.5B, QYrww.wgp.5D, QYrww.wgp.6A-2 and QYrww.wgp.7B-3) are likely novel, which enhance the diversity of stripe rust resistance. Both Yr5 and Yr15, which are effective against all Pst races identified thus far in the U.S., were not found in any breeding lines or commercially grown cultivars. The present study provides the information about which genes in the breeding lines and commercially grown cultivars in various regions of winter wheat production in the U.S., which is important for managing stripe rust by deploying the currently available resistant cultivars and utilizing the resources of resistant genotypes, genes and markers for breeding new cultivars with resistance to stripe rust. The genes identified in the current study should be used, together with many other genes reported in the literature (Wang and Chen, 2017; Liu et al., 2020), in wheat breeding programs to enhance the diversity, overall level and durability of stripe rust resistance. More studies should be conducted to dissect the chromosome regions containing several potentially the same or tightly linked genes for resistance to stripe rust and other diseases, and to convert the SNP markers into user-friendly KASP markers for more efficiently incorporation of genes for effective resistance into new cultivars.
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Flag smut incited by Urocystis agropyri has the potential to cause substantial reduction in yield and quality of wheat production. An early and precise diagnosis is a key component in the successful management of flag smut of wheat. Therefore, a simple molecular assay for the rapid detection of U. agropyri was developed for the first time. To detect U. agropyri, species specific primers were developed by comparing the partial sequences of internal transcribed spacer (ITS) DNA region of U. agropyri with related and unrelated phytopathogenic fungi. The clear amplicons of 503 and 548 bp were obtained with the two sets of designed primers (UA-17F/UA-519R and UA-15F/UA-562R) from the genomic DNA of 50 geographic distinct isolates of U. agropyri. However, no amplicon was obtained from the DNA of other 21 related and unrelated phytopathogenic fungi which showed the specificity of the primers for the U. agropyri. PCR reaction was also set up to confirm the presence of U. agropyri spores in six different wheat varieties along with eleven distinct regional soil samples as template DNA. The presence of U. agropyri in all the soil samples collected from an infected field and plant tissue of diseased plants collected at two different stages (20 and 40 days post sowing) and the absence in the soils and plants of healthy plots indicated 100% reliability for detection of U. agropyri. This simple and rapid test can be employed for the detection of U. agropyri from enormous wheat and soil samples in very short time with less man power. Thus, the reported molecular assay is very specific for U. agropyri and requires less time and man power over conventional diagnosis which is often confused by coinciding morphological features of closely related fungal pathogens, and therefore, it can be used for quarantine surveillance of flag smut.
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Introduction

Globally, wheat (Triticum aestivum L.) is one of the most important staple food crops, but its production is adversely affected by numeral biotrophic fungi from sowing to harvesting. Many of these are also reported as important quarantine pathogens. Rossman et al. (2006) categorized U. agropyri as a ‘Threat to Major Crop Plants’ and advocated restriction on wheat and wheat straw imports in North America (Chalkley, 2020). Historically, it was first documented from South Australia and later on from Chile, China, Egypt, India, Japan, Mexico, Pakistan, South Africa, and USA (Toor et al., 2013; Savchenko et al., 2017). U. agropyri cause systemic infection and produce sori in the form of narrow stripes between the leaf veins at the fourth- to fifth-leaf stage and is the first authentic indication of U. agropyri infection in wheat (Mordue and Waller, 1981; Kruse et al., 2018). The infected plants produce malformed inflorescences and as a consequence are unable to produce seeds (Purdy, 1965). The seed and soil-borne nature of the disease leads to gradual built up of the inoculum in the soil (Ram and Singh, 2004), and teliospores can remain viable for 7–10 years in soil. Under congenial environmental conditions, the pathogen may cause complete yield loss (Hori, 1907; Zhao et al., 2019). Several reports indicated that because of the incessant nature of the pathogen and the cultivation of susceptible varieties, flag smut may become a serious threat for sustainable wheat cultivation (Shekhawat and Majumdar, 2013; Kumar et al., 2019). Up to 20% of crop loss was reported in the USA, Iran, Italy, and Egypt (Purdy, 1965). Yu et al. (1936) reported 90–94% infection in China. A yield loss of 5% was reported in India by Padwick (1948). Beniwal (1992) documented 23–65% yield losses from flag smut infection in nine commercial wheat cultivars. Moreover, reduction in tillering, plant height, ear head length, and 1,000 grain weight were recorded to the tune of 15–45%, 37–62%, 28–46%, and 19–37%, respectively. Thus, it becomes crucial for the timely management of this disease to harvest good wheat production because there is no suitable and effective control measure after seed sowing. The most effective management strategy for flag smut of wheat is seed treatment and a number of fungicides, i.e. copper carbonate (Fischer and Holton, 1957), quintozene (Yasu and Yoshino, 1963), benomyl, carboxin, and oxycarboxin (Metcalfe and Brown, 1969; Goel et al., 2001) were found effective. In addition, fenfuram, triadimefon, triadimenol, tebuconazole, and difenoconazole have been found effective in the control of U. agropyri (Goel and Jhooty, 1985; Tariq et al., 1992; Shekhawat et al., 2011; Singh and Singh, 2011; Shekhawat and Majumdar, 2013; Kumar et al., 2019). However, injudicious and long term usage of agrochemicals contaminates the ecosystem, threatens human and animal health, and leads to the emergence of fungicide resistance (Meena et al., 2020). Therefore, timely identification and detection of U. agropyri becomes imperative.

The spores of flag smut of wheat pathogen (U. agropyri) are similar to several other species of smuts and bunt fungi attacking wheat and triticoid grasses, which makes the identification of wheat flag smut spores very difficult on the basis of conventional morphological and culturing methods either in the soil or if the host is not accurately diagnosed (Kruse et al., 2017a; Savchenko et al., 2017; Kruse et al., 2018). Moreover, traditional taxonomic classification based on spore size, color, and ornamentation, is tedious and requires a huge amount of spores (>50) of every species for comparing statistically (Inman et al., 2003). It is a very well known fact that accurate and rapid identification of phytopathogenic fungi is one of the most important prerequisites of disease monitoring and early warning, which provide solid foundation for the prevention and control of plant diseases (McCartney et al., 2003; Kumar et al., 2013; Fang and Ramasamy, 2015; Sharma et al., 2017; Kashyap et al., 2017; Kashyap et al., 2019; Chakdar et al., 2019). PCR based detection tests are more sensitive, reliable, and rapid compared to conventional morphological and phenotypic methods. Single locus DNA sequence studies were a common practice in fungi in the past; thus, numerous pieces of information have been accumulated in databases (Kruse et al., 2017a; Kruse et al., 2017b; Savchenko et al., 2017; Kruse et al., 2018). In particular, ribosomal DNA internal transcribed spacer (rDNA-ITS) sequences have been proven as a gold standard for the characterization of fungi (Schoch et al., 2012). The major merits of ITS include: short length (~500 bp), high accuracy, availability of universal primers, and strong amplification signal rates (Hillis and Dixon, 1991; Martin and Rygiewicz, 2005; Ji et al., 2017). Additionally, ITS1 has high copy numbers in the genome which gave high concentration of amplified fragments thus enabling the reliable detection from DNA of limited spores (<10) in PCR reaction (Tan and Murray, 2006). Thus, the rDNA-ITS region has been widely exploited to distinguish various smut and bunt diseases. PCR amplification using primers derived from the DNA sequence of the ITS region of ribosomal DNA is reported as an ideal marker for the detection of Ustilago esculenta in water oat tissue (Chen and Tzeng, 1999) and Ustilago hordei in leaves of susceptible and resistant barley varieties (Willits and Sherwood, 1999). Kochanová et al. (2004) simultaneously detected T. controversa and T. tritici through the primers made from the ITS1 region. Chen et al. (2016) reported rapid PCR based assay for the detection of rice kernel smut diseases by identifying specific pair of primers for the ITS1 region of T. horrida. Several studies have been reported for the identification and differentiation of smut and bunt fungi especially of Tilletia and Ustilago genus by using PCR with ITS derived species specific markers (Zhou et al., 2003; Tan and Murray, 2006; Kruse et al., 2017b). Till date, no molecular markers are available that could distinguish and diagnose U. agropyri from other related and unrelated fungal plant pathogens. Therefore, the study was undertaken to identify the molecular signature of U. agropyri for devising a simple and rapid detection protocol for U. agropyri in wheat plants and soils.

The present study is the first attempt to report molecular signature of U. agropyri and PCR based assay for the detection and identification of U. agropyri in the wheat plants and soil. Specifically, oligonucleotide primers were designed from the ITS region and were validated for the detection of fungi in plants as well as on the field soil.



Materials and Methods


Field Survey and Sampling

A detailed description of the fungal isolates used in the current study is given in Table 1. Fifty different isolates of U. agropyri were collected from 2015 to 2019 from various regions of North-Western India. Generally, an annual crop health field survey is conducted every year to assess the wheat crop situation in the country. During these surveys, one halts at random fields after a distance of about 35–40 km and monitors the crop health situation. During these surveys diseased samples with typical symptoms of wheat flag smut were collected (Table 1). Procedurally, for the collection of infected plant tissue, each diseased wheat leaf, sheath, and stem was clamped with sterile forceps, and then the black powdery teliospores were shacked off and collected in a butter paper bag. The U. agropyri teliospores of 10  mg were treated as a sample. During 2019, 11 different composite soil samples from the fields showing flag smut infection on wheat were also collected (Table S1). For soil sampling, five subsoil samples of about 50 g each were gathered from each infected field in a depth of 0–5 cm and mixed to obtain a composite sample. Each composite soil sample was sieved through a 40-mesh strainer and collected into a small sealed bag. These bags were properly labeled and stored at 4°C for further processing.


Table 1 | Fungal isolates used in the present study to evaluate primer specificity in PCR assays.






Genomic DNA Extraction

Total genomic DNA of fungal isolates and plant tissues was extracted using the Cetyltrimethyl-ammonium bromide (CTAB) method described by Kumar et al. (2013). Ungerminated teliospores of U. agropyri, Tilletia indica, Tilletia caries, Ustilago tritici, and Ustilago nuda f. sp. hordei collected from various regions were directly processed for genomic DNA isolation using the similar procedure of Kumar et al. (2013). The mycelia of fungal isolates (Fusarium graminareum, Alternaria triticina, Bipolaris soronkiniana, Pyrenophora tritici-repentis, Alternaria alternata, Sclerotium rolfsii, and Rhizoctonia solani) were raised on potato dextrose broth (Hi Media, India) for seven days at 25 ± 2°C. The mycelial mat of each isolate was separated through sterile Whatman filter paper and ground to fine powder with mortar and pestle by adding liquid nitrogen. Similarly, composite soil sample (10 g) was processed for total DNA isolation by employing PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA). DNA was quantified by loading 1 μl of DNA in BioDrop Touch PC + Spectrophotometer (BioDrop, Cambridge shire, UK) and diluted to 50 ng μl−1 for further PCR based assays.



Designing and Development of U. agropyri Specific Primers

To design the species specific primer (Table 2) for PCR based detection of U. agropyri, ITS rDNA sequence of U. agropyri voucher WSP 72765 (Accession No. KX057786) was used. The sequences were analyzed for homology with other fungal pathogens including, T. indica, T. caries, T. horrida, T. walkeri, T. controversa, Ustilago tritici, Puccinia striiformis, Bipolaris sorokiniana, Blumeria graminis f. sp. tritici, Alternaria triticina, Sporisorium scitamineum, and Phaeosphaeria avenaria f. sp. tritici (Figure 1). Primers were designed from the regions conserved for U. agropyri (Syn = Urocystis tritici) and unmatched with other closely related species using Primer 3 program (Untergasser et al., 2012). OligoAnaylzer (https://www.idtdna.com/pages/tools/oligoanalyzer) program was used for checking oligonucleotide properties such as melting temperature, mismatches and formation of hairpins and dimers etc. The specificity of the designed primer sets were also checked in silico by searching against the nonredundant (nr) sequences from other organisms via Primer- Basic Local Alignment Search (BLAST) tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast) of National Center for Biotechnology Information (NCBI) with default parameters. The primers were compared to the database by using FASTA and BLAST to confirm specificity. The PCR conditions were optimized using U. agropyri FLS1 as template DNA. PCR reaction cocktail (25 μl) was prepared by incorporating 1 μl of template DNA (50 ng μl−1), 12.5 μl of Go Taq Green master mix (Promega Biotech India Pvt. Ltd), 1 μl of each primer (10 μM) (Table 2), and total volume (25 μl) was adjusted by double distilled water. PCR reaction without DNA template was served as negative control (NC). The thermal cycler (Q cycler 96, Hain Life Science, UK) was programmed as initial denaturation at 94°C for 5 min than 35 cycles of 1 min at 94°C, 45 s at 54°C and 30 s at 72°C and final extension at 72°C for 5 min, and holding at 4°C. Without DNA template served as negative control. The amplification results were visualized through electrophoresis using 1% agarose gel in 1× TAE buffer for 45 min at 90 V with 100 bp DNA ladder (Bangalore Genei, India).


Table 2 | Primers developed in the present study.






Figure 1 | Alignment of consensus sequences of internal transcribed spacer (ITS) regions of the ribosomal DNA (rDNA) used for selecting diagnostic primers which are indicated in box. Numbers on the top refer to nucleotide positions of NCBI GenBank accession KX057786. The two arrows indicate the forward (UA-17F and UA-15F) and reverse (UA-519R and UA-562R) primers identified for the amplification of U. agropyri specific DNA. The specificity of the designed primer sets was indicated by making in silico comparison with the nonredundant (nr) sequences from other fungal pathogens (Tilletia indica, T. caries, Ustilago tritici, T. walkeri, Puccinia striiformis, Bipolaris sorokiniana, Blumeria graminis f. sp. tritici, T. controversa, Alternaria triticina, Phaeosphaeria avenaria f. sp. tritici, T. horrida, and Sporisorium scitamineum).





Specificity and Sensitivity Assay

The specificity of the primers to U. agropyri was determined by performing PCR with different concentrations of DNA and teliospores of U. agropyri using the aforementioned standardized PCR procedure.

The PCR assay to detect U. agropyri FLS1 was determined by employing two different protocols. In the first method, sensitivity of the PCR assay was evaluated by detecting serially diluted DNA concentrations of U. agropyri FLS1 from 10 ng μl−1 to 0.01 pg μl−1 as a template. PCR reactions were performed as previously described with U. agropyri specific UA-17F/UA-519R and UA-15F/UA-562R primer sets (Table 2). The experiment was performed twice.

In the second protocol, a calibration towards the sensitivity of the developed PCR protocol was executed by serial dilutions with standard known concentration of U. agropyri. FLS1 teliospores (1 mg of teliospore/1 g of soil) were added to sterile soil containing 4.2 × 104 teliospores. The desired teliospore concentration was adjusted by spore counting in a hemocytometer. Ten-fold dilutions were prepared by diluting the teliospore suspension to get the final concentration up to 0.42 teliospore spores g−1 soil, and DNA isolation was performed as per the procedure mentioned earlier. The PCR assay was conducted by using the individual spore suspensions along with a control (NC), substituting the template DNA with sterile water only. The PCR master mixture, thermal amplification profile, and electrophoresis conditions were the same as described earlier. This assay was performed twice.



Detection of U. agropyri in Wheat Plants

Polymerase chain reaction (PCR) mediated detection of U. agropyri in wheat tissues of six wheat cultivars (viz., PBW343, PBW550, HS673, WH1105, DBW107, and HI1563) grown in flag smut sick plot at two different time intervals (20 and 40 days after sowing) was performed. DNA was extracted from leaves and stems of six infected wheat varieties (Figure 3). Similarly, as a negative control (NC), wheat leaf and stem samples of these varieties were collected from wheat fields with no previous history of occurrence of flag smut disease. About 1 g of fresh tissue from infected and healthy wheat plants was processed according to the method described previously. PCR reaction was performed using the aforementioned optimized PCR conditions. DNA of U. agropyri FLS1 was used as a positive control.



Detection of U. agropyri in Soil Samples

To test the potential use of the developed primer set (UA-17F/UA-519R and UA-15F/UA-562R) (Table 2) for detecting the presence of U. agropyri in soil, two independent experiments were executed.

In the first experiment, random plots within a field with and without previous flag smut disease history at wheat pathological experimental farm, ICAR-IIWBR, Karnal, India were selected. Soil samples were taken at a depth of 0–5 cm. Three randomly selected points from each plot with flag smut history were combined into a single pooled sample. Similarly, field soil plots without previous flag smut disease history were treated as a control plot. The sampled soil was later checked and confirmed by comparing spore morphology with characteristics microscopic features of U. agropyri under microscope. Each pooled soil sample was air-dried, sieved and thoroughly mixed before the assay and strained through a sieve (40-mesh size). The resultant fine soil was collected into a small sealed bag. These bags were properly labeled and stored at 4°C for further processing. Total DNA was extracted from soil samples (10 g) with PowerSoil® DNA isolation Kit (MoBio Laboratories, Carlsbad, CA). The quality and concentration of the DNA was checked by loading 1 μl of DNA in BioDrop Touch PC + Spectrophotometer (BioDrop, Cambridge shire, UK). PCR reaction was performed using the aforementioned optimized PCR conditions. All the PCR reactions were repeated twice and always run with a positive control (PC) representing a known template DNA of U. agropyri FLS1 (PC1) and two negative control (NC) i.e. NC1 (without DNA template) and NC2 (DNA extracted from healthy soil free from U. agropyri spores).

In the second experiment, PCR amplification for the detection of U. agropyri in the soil with U. agropyri-specific primer sets (UA-17F/UA-519R and UA-15F/UA-562R) was performed by using the genomic DNA of 11 different composite soil samples representing natural field soil of different localities (Table S1). The collection of soil samples, soil DNA isolation, PCR reaction, and gel electrophoresis was performed using the aforementioned procedures. DNA of U. agropyri FLS1 was used as a positive control (PC).




Results


Development and Validation of Species Specific U. agropyri Primers

Based on the alignment of Urocystis agropyri ITS rDNA sequence of U. agropyri voucher WSP 72765 (Accession No. KX057786) with the sequences of other pathogens of wheat submitted to the NCBI database by nucleotide BLAST analysis and Clustal W (bioedit), the two sets of specific primers have been designed (Table 2). These two sets of forward and reverse primer pairs (UA-17F/UA-519R and UA-15F/UA-562R) lie within the ITS1-5.8S rDNA-ITS2-28S rDNA region of U. agropyri as shown in Figure 1.

The ability of the primer pair UA-17F/UA5-19R and UA-15F/UA-562R (Table 2) was first evaluated by using the genomic DNA of 50 geographical distinct isolates of U. agropyri and 21 isolates of related and unrelated fungal pathogens (Table 1) as template for PCR assay. PCR based amplicon generation (Figures 2A, B) revealed that each set of the designed primers produced only a single band of 503 and 548 bp from the DNA of U. agropyri but not from the other 21 tested fungal pathogens, nullifying the events of cross species amplification for the developed PCR assay for U. agropyri detection.




Figure 2 | (A) Agarose gel electrophoresis showing the PCR product (503 bp) amplified using the UA-17F/UA-519R primer sets from the fungal isolates listed in Table 1. M: 100 bp DNA ladder; Lane 72 indicates negative control (NC) without DNA template. (B) Agarose gel electrophoresis showing the PCR product (548 bp) amplified using the UA-15F/UA-562R primer sets from the fungal isolates listed according to Table 1. M: 100 bp DNA ladder; Lane 72: Negative control (NC) without DNA template.





Detection and Confirmation of U. agropyri in Wheat Plants

Genomic DNAs extracted from the six wheat cultivars (viz., PBW343, PBW550, HS673, WH1105, DBW107, and HI1563) sown under U. agropyri sick soil and sterile soil without U. agropyri were used as templates to verify whether the optimized polymerase chain reaction assay can detect U. agropyri in the plant materials. Following PCR amplification with UA-17F/UA-519R, a single 503 bp product was generated from plant DNA extracted from the all the six cultivars grown under the disease sick plot along with the positive control of U. agropyri FLS1 DNA, indicating that the primer pair can detect U. agropyri at both the sampling points i.e. 20 and 40 DAS (Figure 3A). Similarly, an amplicon of 548 bp was produced from a plant DNA extracted from all the six test cultivars collected from the disease sick plot at both the sampling times (20 and 40 DAS) along with the positive control of U. agropyri FLS1 DNA when UA-15F/UA-562R primer pairs was used (Figure 3B). However, no amplification was observed using UA-17F/UA-519R and UA-15F/UA-562R primers on the genomic DNAs extracted from six varieties sampled at two different time points from healthy soil free from U. agropyri spores (Figures 3A, B).




Figure 3 | Polymerase chain reaction (PCR) mediated detection of U. agropyri in wheat tissues of six wheat cultivars (viz., PBW343, PBW550, HS673, WH1105, DBW107, and HI1563) using UA-17F/UA-519R (A) and UA-15F/UA-562R (B) primer sets. Lanes 1–12: Wheat tissue (viz., PBW343, PBW550, HS673, WH1105, DBW107, and HI1563) sampled from U. agropyri disease sick plot at 20 DAS (Lanes 1–6) and 40 DAS (7–12); Lanes 14–24: Negative control and include wheat tissue (viz., PBW343, PBW550, HS673, WH1105, DBW107, and HI1563) sampled from sterilized healthy soil free U. agropyri spores at 20 DAS (Lanes 13–18) and 40 DAS (Lanes 19–24); M, 100 bp DNA ladder; PC, Positive control of U. agropyri FLS1 DNA only.





PCR Sensitivity Assay

In the first experiment, sensitivity level of the developed PCR assay was monitored by using purified DNA of U. agropyri FLS1 (100 ng, 10 ng, 1 ng, 0.1 g, 0.01 ng, 1 pg, and 0.1 pg, respectively) as a genomic DNA template. The research findings of the study revealed that the developed PCR assay could detect at least 1 ng genomic DNA of U. agropyri when UA-17F/UA-519R (Figure 4A) and UA-15F/UA-562R (Figure 4B) primer sets were used in the PCR assay. Following amplifications, two amplicons of 503 bp (using primer UA-17F/UA-519R) and 548bp (using primer UA-15F/UA-562R) sizes were observed in gels in the PCR reactions containing up to 1 ng DNA of U. agropyri (Figure 4).




Figure 4 | Polymerase chain reaction (PCR) based sensitivity test of the UA-17F/UA-519R (A) and UA-15F/UA-562R (B) marker with different amounts of DNA template of U. agropyri FLS1. M: Marker; Lanes 1–5 indicate 10 ng, 1 ng, 100 pg, 10 pg, and 0.1 pg U. agropyri FLS1 DNA, respectively; NC: Negative control without DNA template.



In the second experiment, for the identification of the detection limit of the PCR assay, different amounts of DNA extracted from soil mixed with U. agropyri teliospore suspension (4.2 × 104 to 4.2 × 10−1 spores g−1soil) with sterile soil used as PCR start material. Electrophoresis of the amplified fragments revealed that both the primers UA-17F/UA-519R (Figure 5A) and UA-15F/UA-562R (Figure 5B) produced single band of 503 and 548 bp, respectively, in the PCR aliquots containing up to 42 spores g−1 soil (Figure 5). No amplification with any of the primer pair was observed when DNA of ≤42 spores g−1 soil was used in the reaction mixture. Moreover, the experiments replicated twice and revealed no significant variation in the results.




Figure 5 | Polymerase chain reaction (PCR) based sensitivity test of the UA-17F/UA-519R (A) and UA-15F/UA-562R (B) marker with different amounts of DNA template of U. agropyri FLS1 teliospore suspension (4.2 × 104 to 4.2 × 10−1 spores g−1 soil) mixed with sterile soil. M: Marker; Lanes 1–6 indicate serial dilutions (1:10) of the fungal spores’ suspension (i.e. Lane 1: 42,000 spores g−1 soil, Lane 2: 4,200 spores g−1soil, Lane 3: 420 spores g−1 soil, Lane 4: 42 spores g−1 soil, Lane 5: 4.2 spores g−1 soil, Lane 6: 0.42 spores g−1 soil, respectively). NC1, Negative control employing DNA of sterilized healthy soil without U. agropyri spores; NC2, Negative control without DNA template.





Detection of U. agropyri in Soil

The optimized PCR assay was performed to check U. agropyri presence by executing two different experiments (Figures 6 and 7). The results of agarose gel electrophoresis of the first experiment (Figure 6) displayed the PCR products amplified by UA-17F/UA-519R and UA-15F/UA-562R primers sets with specific single band of 503 bp and 548 bp, respectively, in all the soil samples derived from the U. agropyri infested disease sick plot (Figure 6). No amplification was visualized in the soil sample taken from the healthy plot with no prior history of wheat flag smut disease (Figure 6).




Figure 6 | Agarose gel electrophoresis displaying the PCR products amplified by UA-15F/UA-562R (A) and UA-17F/UA-519R (B) primer sets using field soil DNA derived from U. agropyri infested disease sick plot and sterilized healthy soil without U. agropyri. M, 100 bp DNA marker; PC, PC: Positive control of U. agropyri FLS1 DNA only; NC1, Negative Control where addition of sterile water without DNA template of soil of disease sick plot; NC2, Negative control employing DNA of healthy soil without U. agropyri spores.






Figure 7 | PCR-mediated detection of U. agropyri in field soil samples collected from different locations using UA-17F/UA-519R (Lanes 1–11) and UA-15F/UA-562R (Lanes S1–S11) primer sets. M, 100 bp DNA ladder; PC1, Positive control of U. agropyri FLS1 DNA for UA-17F/UA-519R primer set; PC2, Positive control of U. agropyri FLS1 DNA for UA-15F/UA-562R primer set.



Similarly, agarose gel electrophoresis results of another independent testing of field soil samples demonstrated that both the primer pairs (UA-17F/UA-519R and UA-15F/UA-562R) resulted in the amplification of single and clear band of 503 bp and 548 bp, respectively, in the genomic DNA extracted from all the eleven soil samples collected from the flag smut infested fields from different geographical regions (Figure 7).




Discussion

The current research describes a sensitive and rapid molecular procedure to identify and detect U. agropyri in wheat plants and soil. Numerous genetic markers have been developed to identify and detect smut and bunt fungi attacking various cereal crops (Josefsen and Christiansen, 2002; Tan et al., 2009; Gao et al., 2010; Kashyap et al., 2011; Wunderle et al., 2012; Chen et al., 2016); however, to the best of our knowledge, the current study presents the first report on the development of novel species-specific markers and their application to detect the presence of U. agropyri infection in wheat plant and inoculum in the soil.

Accurate and speedy detection process for U. agropyri identification in wheat crop is decisive for the effective implementation of regulatory procedures linked with surveillance and quarantine in the wheat trade at the global level. Detection assays employing PCR procedures have been developed and optimized for different types of plant pathogens, including viruses, bacteria, and fungi (Kumar et al., 2013; Singh et al., 2014; Kashyap et al., 2016; Sharma et al., 2017; Chakdar et al., 2019; Kaur et al., 2020). These PCR based assays found special attentions in various diagnostic laboratories due to manifold merits. For instance, these assays are extremely sensitive and highly specific; require minute quantity of plant tissue; and commercial kits exist for quality DNA isolation from any kind of fungal pathogen, plant, and soil samples. Most strikingly, PCR based techniques are reasonably easy to set up and execute, and reports can be generated swiftly, generally possible within 24 h. In the present research, specific primer sets were designed for the rapid detection and identification of U. agropyri in wheat seedlings by computational analysis of the ITS region of rDNA of various fungi such as U. agropyri, T. indica, T. foetida, U. tritici, U. hordei, F. graminarium, Bipolaris sorokiniana, A. alternata, and S. rolfsii, etc. The ITS region is characterized by a long tandem DNA repeat available between ITS1 and ITS2 rRNA genes in the rDNA unit in the eukaryotes (Rai et al., 2016) owing to the fact this region epitomizes a high degree of variation between the closely related species and therefore, widely exploited for the studies related to molecular phylogeny and fungal taxonomy (Schoch et al., 2012). Several studies clearly pointed that the ITS region has the highest probability of successful identification for the wide range of fungi (Schoch et al., 2012; Kashyap et al., 2017). Therefore, to distinguish U. agropyri from other smut and bunt fungi (T. indica, T. caries, U. tritici, and U. hordei), the PCR method was devised by designing specific pairs of primers to generate single and specific bands of 503 bp and 548 bp of U. agropyri ITS1 + 5.8S +  ITS2 rDNA region. The primers designed in the current study did not reflect specific and desired amplicon generation from the genomic DNA of all the tested fungi, except U. agropyri, highlighting their precise and specific nature. A number of researchers have also described the usefulness of ITS barcodes or signature sequences to identify various seeds and soil borne plant pathogenic fungi as T. tritici (Josefsen and Christiansen, 2002), T. horrida (Chen et al., 2016), T. indica (Tan et al., 2009), U. esculenta (Chen and Tzeng, 1999), and U. hordei (Willits and Sherwood, 1999).

The PCR based technique developed for the detection and differentiation of U. agropyri from other smuts and bunts in present study has several advantages over earlier reported morphological and microscopic methodologies. The developed method relies on simple and basic techniques of biological sciences and utilizes basic chemicals for running PCR and small apparatus like electrophoresis unit and PCR machine which are relatively low price, economical to maintain, and simple to use. In the current developed method, direct use of teliospores for the diagnosis of U. agropyri has been reported, which in turn eliminates the requirement of unwieldy and time-taking culturing procedures (Savchenko et al., 2017). Moreover, the results of sensitivity experiments revealed that the present method requires very minute quantity of fungal mass (either only ~42 spores g−1 soil or 1 ng of genomic DNA of U. agropyri). The results of the sensitivity test are in conformity with Chen et al. (2016), who reported detection limit of conventional PCR up to the level of 25 spores of T. horrida/100 g rice seeds mixture or ≥100 pg genomic DNA of T. horrida. The conventional morphology based identification protocols usually require extensive knowledge and sufficient amount of spore count (~50 spores) for a particular species prediction (Inman et al., 2003; Tan et al., 2009; Chen et al., 2016). The major merit of the developed PCR assay can be very valuable in the quarantine studies, where time and accuracy of identification is of utmost significance. For instance, in the present study, in a 25 μl PCR reaction cocktail, the sensitivity limit was found as low as 1 ng of pure genomic DNA of U. agroyri by both the primer sets. Most noteworthy is the fact that the U. agroyri specific primer sets have the potential to amplify only U. agroyri from fungal structures, either in the soil or in different plant tissues at the initial stages of infection (20 DAS) when pathogen colonization and symptom expression initiate, providing clues regarding the robust sensitivity and accuracy of the developed assay. All these facts assist in the rapid disease diagnosis since there is no need to isolate and culture the fungus in order to identify it. Moreover, the detection is possible within a day; therefore, the developed approach can be utilized for screening several wheat cultivars and plant tissues in a short time span.

Various studies demonstrating the specificity of primers within bulk soil have been documented by several workers (Lievens et al., 2006; Qu et al., 2006; Canfora et al., 2016). However, it is worth to notice here that we are also reporting the application of designed primers (UA-17F/UA-519R and UA-15F/UA-562R) not in artificial soil conditions but also in farmers’ field under natural disease infection conditions, where multifarious microbial diversity exists, provides a complex milieu to trace particular fungal species. To the best of our knowledge, this study presents the first report of a PCR based technique for the detection and traceability of U. agropyri inocula in natural field soil.

In conclusion, the PCR assay developed in the current study is sensitive, brisk, versatile, and consistent. Therefore, this assay will be very useful for the study of pathogen biology, ecology, host–pathogen interactions and get immense perspective for addressing fundamental problems regarding flag smut of wheat. More importantly, this assay will be extremely practical for the detection of contamination of wheat with smut teliospores.
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Rust diseases continuously threaten global wheat production: stem rust, leaf rust, and yellow rust caused by Puccinia graminis f. sp. tritici, Puccinia triticina, and Puccinia striiformis f. sp. tritici, respectively. Recent studies indicated that the average losses from all these three rusts reached up to 15.04 million tons per year, which is equivalent to an annual average loss of around US $2.9 billion per year. The major focus of Mexican and worldwide breeding programs is the release of rust resistant cultivars, as this is considered the best option for controlling rust diseases. In Mexico, the emphasis has been placed on genes that confer partial resistance in the adult plant stage and against a broad spectrum of rust races since the 1970s. In this study, a set of the first-generation tall varieties developed and released in the 1940s and 1950s, the first semi-dwarfs, and other releases in Mexico, all of which showed different levels of rust resistance have been phenotyped for the three rust diseases and genotyped. Results of the molecular marker detection indicated that Lr34, Lr46, Lr67, and Lr68 alone or in different gene combinations were present among the wheat cultivars. Flag leaf tip necrosis was present in all cultivars and most were positive for brown necrosis or Pseudo Black Chaff associated with the Sr2 stem rust resistance complex. The phenotypic responses to the different rust infections indicate the presence of additional slow rusting and race-specific resistance genes. The study reveals the association of the slow rusting genes with durable resistance to the three rusts including Ug99 in cultivars bred before the green revolution such as Frontera, Supremo 211, Chapingo 48, Yaqui 50, Kentana 52, Bajio 52, Bajio 53, Yaqui 53, Chapingo 53, Yaktana Tardio 54, and Mayo 54 and their descendants after intercrossing and recombination. These slow rusting genes are the backbone of the resistance in the current Mexican germplasm.
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Introduction

The three rust diseases continuously threaten global wheat production: stem rust, leaf rust, and yellow rust caused by Puccinia graminis f. sp. tritici (Pgt), Puccinia triticina (Pt), and Puccinia striiformis f.sp. tritici (Pst), respectively. It is estimated that global annual losses to wheat rust pathogens range between US$ 4.3 to 5.0 billion (Philp Pardey University of Minnesota, unpublished; Figueroa et al., 2018). The deployment of rust resistant cultivars is considered the best option to control rust diseases and their development is the major focus of the breeding program at CIMMYT and worldwide.

Resistance to wheat rusts is generally categorized into two non-exclusive types, race-specific and race non-specific. Race-specific resistance is generally qualitative and usually short-lived due to the evolution of potentially virulent pathogens (Huerta-Espino et al., 2011; Wellings, 2011). In contrast, adequate levels of race non-specific resistance involve genes which might contribute from minor to intermediate effects. Plants carrying this type of resistance are susceptible at the seedling stage but express resistance at the post-seedling stages of plant growth. This characteristic is called slow rusting and often associated with some forms of adult plant resistance (APR) (Lagudah, 2011).

In Mexico, emphasis has been placed on genes that confer partial resistance in the adult plant stage since the 1950s. The most important genes belonging to the category of “slow rusting” or APR include Lr34/Yr18//Sr57/Ltn1 (Singh et al., 2012), Lr46/Yr29//Sr58/Ltn2 (Singh et al., 2013) and Lr67/Yr46//Sr55/Ltn3 (Herrera-Foessel et al., 2014), which confer partial resistance to leaf rust, yellow rust, and stem rust. These genes are associated with flag leaf tip necrosis (LTN) a post-flowering morphological trait (William et al., 2003; Singh et al., 2011; Herrera-Foessel et al., 2014). Another important gene in this category is Lr68/Ltn4, which confers resistance to leaf rust (Herrera-Foessel et al., 2012), and apparently confers a certain degree of stem rust resistance not yet quantified and confirmed. Another example is the Sr2 gene for resistance to stem rust which provides useful protection, although at a lower level, than most of the race specific stem rust genes. It confers an “adult plant” type of resistance and became the backbone of the Mexican germplasm being effective since their introduction until now (Singh et al., 2011; Singh et al., 2015). The Sr2 gene expresses as a “slow rusting” type of resistance in which the rate of epidemic development is considerable reduced. Sr2/Yr30 confers resistance to stem rust and yellow rust (Singh et al., 2005; Singh et al., 2008; Mago et al., 2011b). This gene is derived from the cultivar Hope and had provided durable resistance to stem rust in the CIMMYT-Mexican spring wheat germplasm and can be identified by its linkage with the pseudo-black chaff or brown necrosis phenotype observed on the glumes and below the nodes (Borlaug et al., 1949).

The effects of these APR genes when alone, are moderate, however, they play an important role in gene combinations and interactions with other major genes and a range of minor QTLs that cause additive effects, resulting in high levels of durable resistance. In general, accumulating APR genes into a single cultivar can result in “near-immunity'' or a high level of resistance: three to four in the case of leaf rust, four to five in the case of yellow rust (Singh et al., 2000), but more than five for stem rust (Knott, 1988; Singh et al., 2015).

The objective of the present study was to investigate the presence and effectiveness of the known/unknown slow rusting resistance genes against the three rust diseases in selected tall and dwarf wheat cultivars released in Mexico



Materials and Methods


Plant Material

Fifty-one bread wheat cultivars (Table 1) released in Mexico before and after the green revolution era were characterized in seedling tests in the greenhouse (GH) and in the field against stem rust, leaf rust, and yellow rust.


Table 1 | Mexican bread wheat cultivars, their parents, and year of release used in the study to determine the response to stem rust (SR), leaf rust (LR), and yellow rust (YR).





Seedling Testing


Stem Rust

Seedling evaluations against the stem rust RTR race were conducted at CIMMYT's GH facilities in El Batan, Mexico. Eight to 10 seeds per cultivar were sown per entry in plastic trays, as well as a set of both 20 differential from the Minnesota Cereal Disease Laboratory (CDL) (Jin et al., 2007) and the CIMMYT standard Pgt set (Singh, 1991). The seedling plants were inoculated 10 days after planting, when the seedlings had developed the second leaf, using urediniospore sprays of the RTR Pgt race (Table 2) suspended in Soltrol 170® (Phillips Petroleum Company, Borger, TX) mineral oil (Singh, 1991) at a concentration of 5 mg/ml (Herrera-Foessel et al., 2007). Plants were placed inside a dew chamber overnight and then moved back to the GH.


Table 2 | Avirulence and virulence status of stem rust, stripe rust, and leaf rust and pathotypes used to inoculate at seedling in the greenhouse and adult plant in the field the 51 cultivars of bread wheat included in the study.



A second set of the 51 cultivars and susceptible checks were tested against Pgt race TTKSK at the seedling stage at the United States Department of Agriculture - Agricultural Research Service (USDA-ARS) CDL, St. Paul, MN, following the procedure described by Rouse et al. (2011) and Jin et al. (2007). Ten seeds of each cultivar were planted in trays. Eight-day-old seedlings were inoculated with fresh urediniospores of Pgt race TTKSK.

In both SR evaluations, infection types (ITs) on seedlings were recorded 14 days post-inoculation using a 0 to 4 scale as described by Stakman et al. (1962). ITs “0”, “1”, and “2” were considered resistant, whereas ITs “3” to “4” were considered susceptible.



Leaf Rust

Seedling tests were carried out at CIMMYT headquarters GH. Single spore races were used in the evaluations. Wheat seedlings were grown for 10 days under GH conditions (20°C/23°C night/day temperatures) and inoculated with the rust in a Soltrol 170 spore suspension at a concentration of 5 mg/ml. The LR race used at seedling test was MBJ/SP described by Herrera-Foessel et al. (2012) (Table 2). After the inoculation, plants were kept in a humid chamber at 22°C for 16 h. Plants were then placed back in the GH for 2 more weeks and scored for IT on a 0–4 scale as described in Roelfs et al. (1992).



Yellow Rust

Nine to 12-day-old seedlings (two-leaf stage) were inoculated by using an atomizer to spray urediniospores suspended in lightweight mineral oil, Soltrol 170 at a concentration of 5 mg/ml. The yellow rust race used in the study was MEX14.191 (Randhawa et al., 2018). The trays carrying inoculated seedlings were then placed in a mist chamber and incubated at 7–9°C for 24 h. Seedlings were then moved to a GH room maintained at 15/18°C night/day temperatures. The ITs were recorded 14 days post-inoculation using a 0–9 scale (McNeal et al., 1971).




Field Testing

The 51 bread wheat cultivars and the susceptible checks as follows: Sr RTR-Apav 1; TTKSK (UG99) Cacuke; Lr Avocet and Apav 1; Yr Avocet and Apav 1 were evaluated in field experiments conducted at the CIMMYT-CENEB (Campo Experimental Normal E. Borlaug) in Cd. Obregon, Sonora and at El Batan (BV) research stations in Mexico. Cultivars were evaluated at CIMMYT-CENEB for stem rust during 2014–15, 2015–16, and 2016–17 and against LR during the 2014–15, 2015–16, and during summer 2016 at El Batan. The cultivars were evaluated against yellow rust at the CIMMYT-Toluca (MV) experimental station during 2014, 2015, 2016, and at BV during 2016. All the cultivars were also evaluated during 2016 at the off and main growing seasons for SR (Ug99) at Kenya Agricultural Research Institute (KARI).

In all locations and years, about 5-g seed of each cultivar was sown in 0.7-m long paired-row raised-bed plots with a spacing of 0.3 m between them in Mexico and on flat beds in Njoro, Kenya, where one row was left unplanted between plots.

Spreader rows were planted on each side of the experimental area, as well as hill plots in the middle of the 30-cm pathway to the side of each experimental plot. The spreaders consisted of a mixture of susceptible cultivars (differing) for each rust disease at Cd. Obregon (Mexico). For the stem rust TTKSK race a mixture of the stem rust susceptible wheat cultivar Cacuke and six Sr24-carrying cultivars were used. For leaf rust, a mixture of Avocet resistant to yellow rust was used, whereas in the case of YR, a mixture of wheat cultivars carrying Yr9+Yr27, Morocco, and Avocet near-isogeneic cultivars for gene Yr17 and Yr31 was used as spreader.



Spreader Inoculation

The stem rust and leaf rust spreaders at Cd. Obregon were inoculated with spores of the Mexican Pgt race RTR and Pt race MBJ/SP (Singh, 1991), respectively, suspended in Soltrol 170 at a concentration of 5 mg/ml 8 weeks after sowing. In Njoro, the spreaders were inoculated with a field collection of stem rust races including TTKSK by spraying with a mixture of urediniospores suspended in water at a concentration of 5 mg/ml plus Tween 20 and performing needle inoculations using the same suspension (Jin et al., 2008).

For the yellow rust evaluations, the Mexican Pst race Mex14.191 suspended in Soltrol 170 at a concentration of 5 mg/ml was inoculated into YR spreaders (Ponce-Molina et al., 2018). The inoculation method was as described by Lan et al. (2014).



Rust Evaluation

Disease severity (DS) on the cultivars was scored at two to three times in each experiment using the modified Cobb's scale (Peterson et al., 1948) and host response to infection was determined according to Roelfs et al. (1992).

Cultivars were further categorized based on the final DS (Singh et al., 2008; Huerta-Espino et al., 2013) as following: near-immune (NI, 1% severity), resistant (R, 5–10% severity), resistant to moderately resistant (RMR, 15–20% severity), moderately resistant (MR, 30% severity), moderately resistant to moderately susceptible (MRMS, 40% severity), moderately susceptible (MS, 50–60% severity), moderately susceptible to susceptible (MSS, 70–80% severity), and susceptible (S, 90–100% severity) compared to the necrotic status, due to 100% DS, for the susceptible checks as follows: stem rust RTR-Apav 1; TTKSK (UG99) Cacuke; leaf rust Avocet and Apav 1; for yellow rust Avocet and Apav 1.



Leaf Tip Necrosis (LTN) and Pseudo Black Chaff (PBC) or Brown Necrosis

LTN and PBC morphological traits were scored as “+” when visible at all locations and years; if not clear or the presence of PBC was in doubt, we did not give the “+” score.



Genotyping Slow Rusting Genes via Molecular Markers

Gene-based and closely linked molecular markers were used to determine the presence of the resistance alleles of genes Lr34, Lr46, Lr67, Lr68, and Sr2 (Supplemental Table 2). For Lr34, a SNP marker designed around the 3bp indel in exon 11 was used (Lagudah et al., 2009). The Lr46 gene is not cloned yet, therefore functional markers were not available. Two SNP markers in the proximity of Lr46 were therefore deployed (Viccars, L., Chandramohan, S., and Lagudah, E. unpublished data). For Lr67, three diagnostic markers were applied, one sequence tag site (STS marker) and two SNP markers. Markers included the functional SNP observed in exon 2 of the gene (SNP_TM4) (Moore et al., 2015). A SNP marker derived from the linked CAPS marker, cs7BLNLRR, was used to determine the resistance allele for the gene Lr68. As with Lr46, Lr68, and Sr2 have not yet been cloned and hence no functional marker at present exist. To infer the resistance allele for Sr2, a SNP marker based on linked CAPS marker csSr2 was applied (Mago et al., 2011a). In addition to gene-based markers for slow rusting resistance, markers for the two most important height reducing genes (Rht-B1 and Rht-D1) were evaluated.

The SNP polymorphisms were scored using Kompetitive Allele Specific PCR (KASP) reagents (www.lgcgenomics.com) in reactions containing 2.5-ml water, 2.5-ml 2×KASPar Reaction mix, 0.07-ml assay mix and 50 ng of dried DNA with a polymerase chain reaction (PCR) profile of 94°C for 15 min activation time followed by 20 cycles of 94°C for 10 s, 57°C for 5 s, and 72°C for 10 s which were then followed by 18 cycles of 94°C for 10 s, 57°C for 20 s, and 72°C for 40 s. Fluorescence was read as an end point reading at 25°C.

The PCR assay reaction mixture in single 10-µl reactions used to amplify the STS marker for Lr67 contained final concentrations of 1× Buffer with Green Dye (Promega Corp., US), 200 µM deoxynucleotide triphosphates (dNTPs), 1.2 mM magnesium chloride (MgCl2), 0.25 µM of each primer, 1U of DNA polymerase (GoTaq®Flexi, Promega Corp., Cat. # M8295) and 50ng of DNA template. The PCR profile was 94°C for 2 min followed by 30 cycles of 94°C for 1 min, 56°C and 72°C for 2 min. The amplified products were separated on 1.2% agarose gels in tris-acetate/ethylene-diamine-tetra acetic acid (TAE) buffer.




Results

Cultivars under evaluation were separated into two groups, tall and dwarf in order to see the possible negative or positive effect of the dwarfing genes on the disease resistance. The grouping allowed us to estimate the frequency, i.e., presence/absence of the slow rusting resistance genes before and after the dwarfing genes were introduced and other relatively recent released materials.


Seedling Testing

At seedling stage, all tall cultivars tested (except Marroqui 588 and Lerma 50) were resistant to the RTR stem rust race; all dwarfs were also resistant to Pgt race RTR. Yaqui 50, Yaqui 53, Bajio 53, Chapingo 53, and Crespo 63 were resistant to the TTKSK (Ug99) stem rust race and the rest were susceptible. In the case of leaf rust, most cultivars tested were susceptible except Bajio 52, Toluca 53, and Bajio 53 among the tall (Table 3) and Curinda M86 and Mochis T88 among the dwarfs (Table 4). In the case of yellow rust, a behavior like that of leaf rust was observed, where most of the cultivars were susceptible as seedlings to race MEX14.191, except for Marroqui 588, Chapingo 48 and Kentana 48 among the tall, and Tobari F66, Orizaba 77, Huasteco M81, Huites F95, and Maya S2007 among the dwarfs.


Table 3 | Year of release and response to stem rust, leaf rust, and yellow rust at seedling and maximum disease severity at the field evaluation of Mexican tall cultivars.




Table 4 | Year of release and response to stem rust, leaf rust, and yellow rust at seedling and maximum disease severity at the field evaluation of Mexican dwarf cultivars.





Field Testing

Despite seedling resistance against Pgt race RTR of stem rust, different degrees of final disease severities were observed among the tall cultivars. These responses varied from near immune (NI) response in Candeal 48, Candeal 52, Verano Pelon, and Egipto101, to MSS in Lerma 50; and from NI in Saric F70, Guarina 85, Palmerin F2005 and Chapingo VF74, to MRMS in Curinda M87 among the dwarfs (Tables 3 and 4; Figures 1 and 2). The response of the cultivars to the TTKSK race was similar, but the number of resistant were less, and no NI were observed. Among the seedling susceptible (SS), Toluca 53 was resistant; the seedling resistant Crespo 63, Chapingo 53, Yaqui 50, and Yaqui 53 were classified as resistant in the field among the tall cultivars. Saric F70, Guarina 85, and Maya 74 were susceptible at seedling stage, but resistant in the field. In contrast, Kentana 54 among the tall cultivars, Mochis T88 and Yecorato F77 among the dwarfs showed the highest DS against stem rust race TTKSK.

In the case of leaf rust, most of the cultivars varied from near immunity to resistant in both Tall and Dwarf cultivars. Crespo 63, Kentana 52, Yactana Tardio, Frontera, Candeal 48, Yaqui 50, Egypt 101, Kentana 51, Candeal 52, Narinio 59. Bajio53, and Toluca 53 were NI. Among the dwarfs, Mochis T88 and Palmerin F2005 were NI, whereas Tobari 66, Jaral F66, Saric F70, Orizaba 77 Guarina 85, and Tepoca M89 were resistant to leaf rust race MBJ/SP, except for Chapingo VF74 (MRMS).

Yellow rust resistance levels were less than those shown by tall and dwarf cultivars in the response to leaf rust. However, Kentana 52 and Crespo 63 among the tall cultivars were SS but highly resistant, respectively at the adult stage, other seedling resistant cultivars were Narino 59, Chapingo 48, and Kentana 48. Whereas Orizaba 77, Chapingo VF74, Palmerin F2005, Maya S2007, and Huites F95 were classified into the resistant group.




Figure 1 | Percent of tall cultivars grouped on the basis of final disease severity: Stem rust races (A) RTR; (B) TTKSK; (C) Leaf rust race MBJ/SP; (D) Yellow rust race MEX14.191.






Figure 2 | Percent of dwarf cultivars grouped on the basis of final disease severity: Stem rust races (A) RTR; (B) TTKSK; (C) Leaf rust race MBJ/SP; (D) Yellow rust race MEX14.191.





LTN and PBC

LTN (Figures 3 and 4) was observed in almost all cultivars tested, except for Candeal 48 Candeal 52 and Yaktana Tardio. In contrast, PBC or brown necrosis (Figure 5) was not clear or conspicuous in Lerma, Huamatla, Kentana 52, Huamantla Rojo, Yaktana Tardio, and Toluca 53 among the tall cultivars (Table 5) or in Orizaba 77, Huites F95, Bajio M67, Yecorato F77, Victoria M81, and Tepoca M89 among the dwarf cultivars (Table 6).




Figure 3 | Leaf tip necrosis (LTN) on wheat flag leaves.






Figure 4 | Leaf tip necrosis (LTN) displayed on the flag leaf associated with the leaf rust (LR) resistance genes Lr34, Lr46, Lr67 and Lr68 in Avocet background.






Figure 5 | Brown necrosis or Pseudo Black Chaff (PBC) observed on the glumes of wheat heads associated with stem rust (SR) resistance gene Sr2.




Table 5 | Molecular markers associated with the slow rusting resistance genes Lr34/Yr18/Sr57/Ltn1, Lr46/Yr29/Sr58/Ltn2, Lr67/Yr46/Sr55/Ltn3, Lr68, Sr2/Yr30, and the morphological traits leaf tip necrosis (LTN) and pseudo black chaff (PBC) displayed by tall Mexican wheat cultivars.




Table 6 | Molecular markers associated with the slow rusting resistance genes Lr34/Yr18/Sr57/Ltn1, Lr46/Yr29/Sr58/Ltn2, Lr67/Yr46/Sr55/Ltn3, Lr68, Sr2/Yr30, dwarfing genes Rht-B1 and Rht-D1, and the morphological traits leaf tip necrosis (LTN) and pseudo black chaff (PBC) displayed by dwarf Mexican wheat cultivars.





Molecular Marker Detection

All genotypes tested were positive for one or more of the molecular markers associated with the presence of Lr34/Yr18/Sr57/Ltn1, Lr46/Yr29/Sr58/Ltn2, Lr67/Yr46/Sr55/Ltn3, and Lr68/Ltn4 (Tables 5 and 6)

Among the tall genotypes, markers indicative of the presence of Lr34 and Lr46 were the most common, followed by the markers associated with Lr67 and Lr68 (Table 5). Few cultivars showed positive association with a single marker, i.e., Lr34 alone in Yaktana Tardio; Lr46 alone in Candeal 48, Yaqui 48, Candeal 52, and Bajio 53; Lr67 alone in Yaqui 50, Chapingo 53 Yaqui 53, and Constitucion. However, no cultivar with the Lr68 linked marker alone was identified. The gene combinations, Lr34+Lr46 was the most frequent, followed by Lr46+Lr67. The combination Lr46+Lr68 was only present in Egypt 101 and Lr34+Lr46+Lr68 was identified in Frontera. The combinations Lr34+Lr67, Lr34+Lr68, and Lr67+Lr68 were not observed among the cultivars tested.

All cultivars positive for Lr67 were tested several times including RL6077 in order to validate the marker(s) and the methodologies for a new discovered-cloned leaf rust resistance gene.

Among the dwarf cultivars (Table 6), the frequency of markers associated with Lr34 and Lr46 were the most common, followed by that of Lr68. Lr46 alone was identified in Guarina 85, Huites F95, Maya S2007, Batan F92, and Curinda M87. No cultivars positive for Lr67 alone or in combination were identified. No Lr34 or Lr68 alone were identified. The most common combinations were Lr34+Lr46, followed by the Lr34+Lr68 in Chapingo VF74, Tobari F66, and Bajio M67. Victoria M81, Orizaba 77, and Mochis T88 were positive for the combination Lr34+Lr46+Lr68.

Sr2 associated molecular markers were positive in Frontera, Marroqui 588, Kentana 48, Candeal 48, Candeal 52, Yaqui 53, Bajio 53, Kentana 54, and Egiptot 101 among the tall cultivars (Table 5). Among the dwarfs, the Sr2 molecular marker was positively associated in Tobari F66, Jaral F66, Bajio M67, Orizaba 77, Victoria M81 Curinda M87, Mochis T88, Tepoca M89, and Batan F92 (Table 6).

Molecular markers associated with the dwarfing genes Rht-B1 and Rht-D1 were identified in 18 of the 19 dwarfs. Rht-D1 was the most common when compared to that of Rht-B1. Saric F70 and Victoria M81 carried the Rht-B1+Rht-D1 combination. However, Curinda M87 carries neither Rht-B1 nor Rht-D1 (Table 6).




Discussion

The concept of multiple disease resistance in cultivars containing the slow rusting genes and triple rust resistance were conceived by Dr. Borlaug and emphasized in his breeding schemes. Such concepts remain incorporated in the current breeding schemes at CIMMYT in the form of durable resistance genes which are effective against the actual rust races present worldwide. Bread wheat cultivars released in Mexico carried high levels of resistance to stem rust, leaf rust, and yellow rust. The molecular marker analysis revealed that most cultivars carry at least one or more of the following slow rusting resistance genes: Lr34/Yr18/Sr57, Lr46/Yr29/Sr58, Lr67/Yr46/Sr55, Sr2/Yr30, and Lr68. Among the tall and dwarf cultivars evaluated, there is a considerable variation in their response to rust in the different locations and years. When the presence of a single gene—based on the molecular markers of a determined bread wheat cultivar—showed a higher level of resistance compared to a cultivar with the presence of more than one resistance factor based on the markers, the difference could be attributed to the presence of additional, not yet cataloged slow rusting resistance genes. There exists great variation in cultivar resistance (APR) to the three rusts. In some cases, levels of APR are similar between cultivars independently of whether the cultivars were seedling resistant or susceptible. In fact, as expected, Chapingo 53, Yaqui 53, and Crespo 63, showed similar levels of APR as Supremo 211, Verano Pelon, Toluca 53, and Bajio 53 cultivars which were SS. However, the level of yellow rust resistance might not be adequate as with Verano Pelon, Yaqui 50, and Yaqui 53. The opposite was observed in the response to stem rust RTR and TTKSK races in the cultivars Frontera, Kentana 48, and Lerma 50 in which the levels of resistance to stem rust were not adequate, but high levels of resistance to yellow and leaf rust were displayed.

High levels of resistance to leaf rust exist in all the cultivars tested except for Yaqui 48 among the tall cultivars and Chapingo VF74 among the dwarfs, but response to other rust diseases varied from highly resistant to susceptible. In the case of the yellow rust, cultivars such as Kentana 48 and Kentana 52 were highly resistant but their resistance to stem rust was intermediate.

Resistance in Supremo 211, Yaqui 53, Toluca 53, Bajio 53, Narinio 59, and Crespo 63 could be attributed to the gene combination Sr57+Sr58 and the presence of Sr2 indicated by brown necrosis. In Yaqui 53, however, the resistance could be attributed to the presence of Sr55 and Sr2. Supremo 211 clearly showed the necrosis in the glumes and internodes as noted by Dr. Borlaug since their release in Mexico in 1945 (Borlaug et al., 1949); however, the Sr2 marker used was negative in this variety. The same combination among the dwarfs Saric F70 and Sr58+Sr2 in Guarina 85 and Maya S2007 confers high levels of resistance.

In the case of Ug99, Chapingo 48 was positive for Sr55 and Sr58 and showed moderately resistance; but Candeal 52 was positive for Sr2 and Sr58. Among the Dwarfs, Tobari 66, Orizaba 77, and Palmerin F2005 were MR to leaf rust, but moderate susceptible to Ug99 stem rust.

Gene combinations in Verano Pelon, Egypt 101, and Yaqui 50, while being effective against stem and leaf rust races, may not be enough against present yellow rust races with more virulence factors. The opposite can be found where gene combinations Sr57+Sr58 in Kentana 51 and Kentana 52, or Sr57+Sr58+Sr2 in Kentana 48 are highly effective against leaf and yellow rust, but moderately susceptible to RTR and Ug99 stem rust.

Mayo 54 and Marroqui 588, although resistant to leaf and yellow rust, showed marginal resistance to stem rust RTR and Ug99 races. Constitucion (Sr55/Lr67/Yr46), on the other hand, was resistant to stem and leaf rust, but moderately susceptible to Ug99 and yellow rust. Chapingo VF74 and Huites F95 were resistant to yellow and stem rust but moderately resistant to leaf rust and Ug99 stem rust. Other dwarfs, such as Jaral 66, Curinda M87, and Mochis T88 although showing an adequate level of resistance to leaf rust, demonstrated low resistance to stem rust RTR, Ug99 and yellow rust.

It is expected that, as the number of slow rusting resistance alleles increases in the cultivars, the levels of slow rusting resistance should increase (Singh et al., 2000), Near immunity is expected against leaf rust when two to three slow rusting genes are together (Singh et al., 2000). The same is expected when three to four genes are present against yellow rust and more than five in the case of stem rust (Knott, 1988). Although that has proven to be true in most cases, cultivars in our study showed near immunity response to stem rust race while associated with one or two markers as was observed in Candeal 48 and Candeal 52 with Sr58 or in Yaqui 53 with Sr2+Sr55 and Constitucion with Sr55, indicating that other nonidentified slow rusting genes are present in those cultivars. Another example is the combination Sr2+Sr57+Sr58 which confers a NI response in Verano Pelon and Supremo 211 which was also found in the cultivars Kentana 54 and Lerma 50; but the different response of these cultivars to stem rust indicates the presence of other resistance genes in Verano Pelon and Supremo 211. One slow rusting gene alone conferring near immunity is unusual or never yet seen; therefore, more nonidentified or not yet cataloged genes must be present.

In the case of TTKSK (Ug99) stem rust, no NI groups were observed. Combination Sr57+Sr58+Sr2 in Crespo 63, Toluca 53, and Narinio 59 were grouped in the resistant category, but the same combination in Kentana 48, Lerma 50, and Kentana 54 and others resulted in their being grouped in the moderately susceptible category (up to 60% DS), again indicating the presence of other resistance genes besides those inferred by the molecular markers tested in the study.

In the case of leaf rust, apparently, a single slow rusting gene is enough to reduce the DS to a minimum in the tall cultivars, as in Yaktana Tardio (Lr34), Candeal 48 (Lr46), and Yaqui 53 (Lr67). In other instances, a combination of two resistance genes, as in Kentana 52 (Lr34+Lr46), Yaqui 50 (Lr46+Lr67), or Egypt 101(= Kenya Governor) (Lr46+Lr68) are required, but three are required in the case of Frontera (Lr34+Lr46+Lr68). Among the dwarfs, Palmerin F2005 was highly resistant, but DS in most cases varied from resistant in Jaral F66 (Lr46) and Guarina 85 (Lr46), to MR in Batan F92 (Lr46), Huites F95 (Lr46), and Maya S2007 (Lr46). The same grouping was observed when a two gene combination existed: in Tobari F66 (Lr34+Lr68), Saric F70 (Lr34+Lr46) in the resistant group; and Bajio M67 (Lr34+Lr68) and Huasteco M81 (Lr34+Lr46) in the MR group. The gene combination of Lr34+Lr46+Lr68, present in Orizaba 77 and Victoria M81, gave a different rust response.

New races with new virulences and adaptation to warmer temperatures are common in the yellow rust populations. Therefore, a single resistance gene is not going to be enough, as in the case of leaf rust, i.e., Yaktana Tardio (positive for Yr18) showed a maximum DS of 40%. Among the cultivars positive for the Yr29+Yr30, Candeal 48, Candeal 52, Bajio 53, and Yaqui 48 showed different degrees of resistance. Yaqui 53 (Yr30+Yr46) evidently carries additional alleles in order to be able to reduce the DS. The Yr18+Yr29 combination was very effective in Bajio 53, but less in Nayar, Lerma or Huamantla Rojo. Ten cultivars carried the Yr18+Yr29+Yr30 combination, which showed differing degrees of resistance, indicating that Narinio 59, Crespo 63, and Kentana 48 evidently carry additional resistance alleles.

Yr46 was detected alone, as in Mayo 54, being MR, but the Yr30+Yr46 combination displayed a range of rust responses varying from resistant in Chapingo 48 to MR in Yaqui 50 and Chapingo 53. Marroqui 588 carries the same gene combination but may also be carrying Yr67 (Li et al., 2009; Xu et al., 2014) which is effective in Mexico at the seedling stage and under field conditions as well.

Among the dwarf cultivars, Yr29+Yr30 keeps the yellow rust severity low in Maya S2007, but the same combination does not provide enough levels of resistance in Curinda M86 and Batan F92. In the cultivar Huites F95, where the presence of Yr30 was difficult to determine by the presence of brown necrosis or the molecular markers, the low DS could not be explained by the presence of Yr29 alone.

The Yr18+Yr29+Yr30 combination among the dwarfs grouped the cultivars positive for these markers into a range of resistant in Palmerin F2005, to moderately susceptible in Lerma Rojo 64. The level of disease provided by the Yr18+Yr29 combination in Yecorato F77, Tepoca M89, Victoria M81, and Mochis T88, were not the same as in Palmerin F2005, apparently due to the lack of the additional resistance provided by Yr30. The presence of Lr68 in Victoria M81 and Mochis T88 indicates that, under the conditions tested, this gene has no effect on yellow rust. The same could be true when the combination Yr18+Yr30+Lr68, as in Chapingo VF74 and Tobari F66, was compared to Bajio 67 (Yr18+Lr68). Orizaba 77 was nearly immune to yellow rust with the Yr18+Yr29+Lr68 combination, but their resistance is more likely due to the presence of a race-specific resistance gene effective at all growth stages. Recently, a study was carried out (Muleta et al., 2017) to determine if Lr68 influenced yellow rust; the authors indicated that the presence of the marker could have a disease reducing effect.

The slow rusting APR genes Lr34/Yr18/Sr57, Lr46/Yr29/Sr58, Sr2/Yr30, and Lr68 were introduced into the Mexican germplasm in the first two cultivars released by Dr. Borlaug obtained by selection from crosses made by McFadden (Borlaug et al., 1949): Supremo 211 (Supresa//Hope/Mediterranean) and Frontera (Fronteira//Hope/Mediterranean), both sharing the same parents (Supresa = Polissu/Alfredo Chaves 6.21 and Fronteira = Polissu/Alfredo Chaves 6.21). The combination Lr46+Lr68+Sr2 was introduced through Egypt 101 (= Kenya governor). He also introduced Lr67/Sr55/Yr46 to the Mexican breeding program through Marroqui 588 (Florence/Aurore) in 1945 from Australia (Borlaug et al., 1949). Marroqui 588 is a cross made in 1922 in Australia and first released in Tunisia in 1925 (Wenholz et al., 1939). An additional source of Lr34 came to Mexico through Mentana, introduced directly from Italy (Borlaug et al., 1949); it is found in the pedigree of Kentana crosses (Kenya/Mentana). The first crosses made by Dr. Borlaug in Mexico were Marroqui 588/Newthatch (Florence/Aurore//Hope / *3 Thatcher), and Kenya/Mentana in 1945 (Stakman et al., 1967). Using a shortcut of producing two generations per year and shuttle breeding between Chapingo and the Yaqui Valley, by 1949, Yaqui 48, Chapingo 48, Nazas 48, and Kentana 48 were multiplied and released. Lr67/Yr46/Sr55/Ltn3, through Marroqui 588, added new sources of resistance to the already in use Sr2/Yr30 from Hope in Supremo 211 (Supresa//Hope/Med), Lr34+Lr46 in Frontera (Fronteira//Hope/Med) and Lr34+Lr46+Lr68 released in Mexico in 1945. Marroqui 588 was crossed with Thatcher and the cross was designated as C5 (Gutierres-Cruz, 1956). C5 was released in Mexico as Chapala. In our study, seed of this variety did not germinate, but DNA extracted from the seed indicated that Chapala was positive for the Lr67 marker. C5 also appears in the pedigree of Anahuac Barbon, Anahuac Pelon, Constitucion, and Leon 15, cultivars all positive for the Lr67 marker (data not shown) and was used intensively as a recurrent resistant parent (Gutierres-Cruz, 1956). The presence or absence of a resistance gene in a cultivar is the result of the presence of the gene in the parents; for example in the case of Lr67, the absence of the gene among the dwarfs can be explained by its absence in the parents rather than the effect of the dwarfing gene Rht-D1 located in the same chromosome (4DL), as has been suggested (Moore et al., 2015).

Lr34/Yr18/Sr57 and Lr67/Yr46/Sr55 molecular markers are undoubtedly linked to the resistance genes and we are confident that the cultivars mentioned indeed carry the gene(s) as is reflected by their levels of resistance. In contrast, despite molecular markers associated with Sr2/Yr30 and Lr46/Yr29/Sr58 not being diagnostic, the presence of brown necrosis and LTN lends support for the inferred presence of Sr2 and Lr46, respectively, particularly when LTN is present, and cultivars are negative for the other diagnostic markers.

Lr34 was first described in Canada by Dyck (1977) in the cultivar Frontana, Lr46 in Mexico by Singh et al. (1998) in the variety Pavon F76, and Lr67 by Dyck and Samborski (1979) in the Pakistani accession PI250413. Because NILs RL6077 and RL6058 showed similar responses to leaf rust, we used them at CIMMYT as sources of Lr34 until diagnostic markers were developed for Lr34 that showed otherwise (Kolmer et al., 2008; Krattinger et al., 2009; Lagudah et al., 2009; Spielmeyer et al., 2013). Subsequently, the Lr67/Yr46 locus, which conferred resistance to leaf rust and yellow rust, was mapped to chromosome 4DL in two independent mapping studies (Hiebert et al., 2010; Herrera-Foessel et al., 2011). Herrera-Foessel et al. (2012) described Lr68 being present in a cultivar derived from the wheat cultivar Parula. All these adult plant slow rusting resistance genes have been used in the Mexican breeding program led by Dr. Borlaug since the release of Supremo 211 (Lr34+Lr46), Frontera (Lr34+Lr46+Lr68) in 1945, and Chapingo 48 (Lr46+Lr67) in 1948 (Borlaug et al., 1949).

Lr34, Lr46, Lr67, and Lr68 are all associated with a trait expressed in the flag leaf after heading known as LTN (Singh, 1992; Navabi et al., 2005; Rosewarne et al., 2006; Herrera-Foessel et al., 2012; Herrera-Foessel et al., 2014). Wheat cultivars carrying LTN display a longer latency period for infection and fewer, smaller rust pustules when compared to a susceptible cultivar in the field or GH. In our study, all cultivars tested were positive for leaf tip necrosis, indicating that at least one slow rusting resistance gene was present. We did not observe an increased level of LTN as the number of slow rusting resistance genes increased. LTN could be an undesirable trait for some breeders due to the reduction of the photosynthetic area; however, the impact on yield is minimum compared to the protection offered by the slow rusting genes and the impact on rust epidemiology (Singh and Huerta, 1997)

Another important durable APR gene that has provided effective resistance for many years is the Sr2 gene, which, in combination with other unknown minor genes, is referred to as the Sr2 complex (Rajaram et al., 1988; Singh et al., 2006). This gene, besides conferring resistance to stem rust, confers resistance to yellow rust (Singh et al., 2000; Singh et al., 2005; Mago et al., 2011b). Sr2 can be associated or identified by the presence of a morphological trait observed as a result of a black pigmentation called brown necrosis or Pseudo-black chaff which occurs around the glumes and the internodes of the stem after anthesis (McFadden, 1939; Borlaug et al., 1949). It has varying degrees of expression depending on the cultivar and environment (Singh et al., 2008).

McFadden (1937) indicates that brown necrosis was the result of infection by stem rust; but Mishra et al. (2005) suggested that resistance was not always associated with brown necrosis; and Kota et al. (2006) reported that the two traits were inseparable by recombination which was subsequently confirmed by Juliana et al. (2015). The presence of necrosis can be noticed in the absence of the disease. The Sr2 gene was first introduced into the Mexican germplasm by Dr. Borlaug in the Cultivar Supremo 211 (a Hope-derived cross made by McFadden) (McFadden, 1930) and remains as the backbone of stem rust resistance and is associated with the brown necrosis trait (Borlaug et al., 1949).

The slow rusting genes Lr34, Lr46, Lr67, and Sr2 can be considered as backbone genes, which when present in combination with other major genes and/or with known or unknown small effect or minor genes (QTLs), have provided effective resistance over the years in wheat improvement (Ellis et al., 2014). Lr68 can be added to the backbone genes as a component of useful slow rusting genes that are important contributors to durable leaf rust resistance. The findings from the Mexican wheats lend further support to the significance of these backbone slow rusting APR genes, albeit in combination with unknown genes, in developing more durable rust resistance in wheat.
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Fusarium head blight (FHB) is a devastating disease in cereals around the world. Because it is quantitatively inherited and technically difficult to reproduce, breeding to increase resistance in wheat germplasm is difficult and slow. Genomic selection (GS) is a form of marker-assisted selection (MAS) that simultaneously estimates all locus, haplotype, or marker effects across the entire genome to calculate genomic estimated breeding values (GEBVs). Since its inception, there have been many studies that demonstrate the utility of GS approaches to breeding for disease resistance in crops. In this study, the Uniform Northern (NUS) and Uniform Southern (SUS) soft red winter wheat scab nurseries (a total 452 lines) were evaluated as possible training populations (TP) to predict FHB traits in breeding lines of the UK (University of Kentucky) wheat breeding program. DON was best predicted by the SUS; Fusarium damaged kernels (FDK), FHB rating, and two indices, DSK index and DK index were best predicted by NUS. The highest prediction accuracies were obtained when the NUS and SUS were combined, reaching up to 0.5 for almost all traits except FHB rating. Highest prediction accuracies were obtained with bigger TP sizes (300–400) and there were not significant effects of TP optimization method for all traits, although at small TP size, the PEVmean algorithm worked better than other methods. To select for lines with tolerance to DON accumulation, a primary breeding target for many breeders, we compared selection based on DON BLUES with selection based on DON GEBVs, DSK GEBVs, and DK GEBVs. At selection intensities (SI) of 30–40%, DSK index showed the best performance with a 4–6% increase over direct selection for DON. Our results confirm the usefulness of regional nurseries as a source of lines to predict GEBVs for local breeding programs, and shows that an index that includes DON, together with FDK and FHB rating could be an excellent choice to identify lines with low DON content and an overall improved FHB resistance.




Keywords: genomic selection, Fusarium head blight, training population, DON content, disease resistance, prediction accuracy 




Introduction

Fusarium head blight (FHB) is one of the most devastating diseases of bread wheat (Triticum aestivum L.) worldwide, which leads to significant losses in grain yield and quality. FHB is particularly aggressive in regions with cropping systems in rotation with maize and high humidity and moisture through heading and maturity. It is primarily caused by Fusarium graminearum Schwabe, which infects spikes of wheat leading to the discoloration and deterioration of grain, and the contamination with mycotoxins, mainly deoxynivalenol (DON; Parry et al., 1995; Dexter, 1996; Argyris et al., 2003).

Control of FHB is difficult because of the complexity of the disease and the need for use of different management strategies has been proven (Bai and Shaner, 2004). Breeding for resistant cultivars should be a major part of an integrated approach to reduce the damage from FHB. In this sense, FHB adds complexity to the objective, because resistance is quantitatively inherited with many Quantitative Trait Loci (QTLs) involved (Liu et al., 2005). Breeding for resistance to a quantitative disease is a difficult task that requires multiple cycles of breeding, leading to a gradual improvement of resistance over time (Poland and Rutkoski, 2016). The use of molecular markers to track QTLs of interest in conjunction with phenotypic selection opened a new area, marker-assisted selection (MAS), that has been widely used since the early 2000s (Waldron et al., 1999; Van Sanford et al., 2001; Buerstmayr et al., 2003; Buerstmayr et al., 2009). The value of MAS for improving FHB resistance has been confirmed by many research studies (Miedaner et al., 2006; Anderson et al., 2007; Buerstmayr et al., 2009; Agostinelli et al., 2012; Miedaner and Korzun, 2012; Balut et al., 2013; Liu et al., 2013). However, attempts to improve complex quantitative traits by using QTL-associated markers is not completely successful because of the difficulty of finding the same QTL across multiple environments (due to QTL x environment interactions) or in different genetic backgrounds (Heffner et al., 2009; Bernardo, 2016; Crossa et al., 2017).

Genomic selection (GS) is a form of MAS that simultaneously estimates all locus, haplotype or marker effects across the entire genome to calculate genomic estimated breeding values (GEBVs) (Meuwissen et al., 2001). Since its inception, there have been many studies that demonstrate the utility of GS approaches in breeding for disease resistance in crops (Heffner et al., 2009; Lorenz et al., 2012; Rutkoski et al., 2012; Rutkoski et al., 2014; Poland and Rutkoski, 2016). In wheat, FHB resistance is a challenging breeding target due to the combination of quantitatively inherited resistance and a challenging phenotype that is not easy to reproduce artificially. Thus, GS provides a great opportunity to breed FHB-resistant wheat cultivars. Research evaluating the performance of GS on the prediction of FHB traits in wheat and barley (Hordeum vulgare L.) has produced some interesting results. Some studies have predicted GEBVs under a cross validation scheme (Rutkoski et al., 2012; Arruda et al., 2015; Jiang et al., 2015; Mirdita et al., 2015; Hoffstetter et al., 2016; Dong et al., 2018), while others have investigated the application of GS models under a forward selection scheme (Sallam and Smith, 2016; Jiang et al., 2017; Schulthess et al., 2018; Tiede and Smith, 2018; Herter et al., 2019).

While these studies have contributed information on the implementation of GS in a wheat breeding program, little information is found about building the training population with lines coming from regional scab nurseries. These nurseries provide multiyear data sets comprising breeding lines nominated yearly to be included in the Uniform Northern and Uniform Southern soft wheat scab nurseries (https://scabusa.org/publications#pubs_uniform-reports). These nurseries are evaluated in multiple locations every year, and several FHB traits are recorded at every location. Training the GS model with lines belonging to these data sets would enable breeders to rely on multilocation and multiyear data and allow them to predict GEBVs for lines of local programs based on a wider range of germplasm evaluated in many locations. Sarinelli et al. (2019) evaluated the use of a historical USA winter wheat panel to predict yield and agronomic traits under a cross validation scheme, and Dawson et al. (2013) evaluated the overall accuracy of genomic predictions for untested genotypes using an unbalanced dataset to train a genomic prediction model, but none of them included FHB traits as an objective of the research.

Several FHB traits have been under study and estimated with a GS model. The visual evaluation of the disease through FHB rating or FHB index, the product of incidence and severity, is the trait most often evaluated in different studies (Rutkoski et al., 2012; Arruda et al., 2015; Jiang et al., 2015; Mirdita et al., 2015; Hoffstetter et al., 2016; Schulthess et al., 2018; Herter et al., 2019) finding moderate to strong prediction accuracies. Another very important trait, that significantly affects grain quality and commercialization is DON content, a trait that has also received some attention in wheat (Rutkoski et al., 2012; Arruda et al., 2015) and barley (Lorenz et al., 2012; Sallam and Smith, 2016; Tiede and Smith, 2018). DON accumulation is a critical target for wheat breeders, and even though there is a general acceptance that breeding for low DON accumulation is improved by selecting lines based on visually scored traits (Buerstmayr and Lemmens, 2015), the contamination with Fusarium and DON on healthy looking grain has been observed and reported (Argyris et al., 2003). Some research has been also done on indirect selection for low DON contamination lines (Rutkoski et al., 2012; Sallam and Smith, 2016) but more research should be done to extend the estimation of GEBVs for indices including DON as part of the index.

The primary objective of this study was to evaluate the use of two unbalanced data sets, the Uniform Northern and Uniform Southern Scab Nurseries, in a forward GS scheme to predict GEBVs for FHB traits in lines from the UK wheat breeding program. As a second objective, we investigated the design of the training population with the regional scab nurseries separated or combined, using different TP sizes and different optimization methods to predict several FHB traits and indices. As a third objective, we evaluated the use of predicted GEBVs for indices to select for low DON content lines in comparison with selecting lines based on GEBVs for DON content.



Materials and Methods

The plant material in this study comprised lines from the University of Kentucky soft red winter wheat breeding program, and the 2014–2018 Uniform Northern and Uniform Southern soft red winter wheat scab nurseries (NUS and SUS respectively; Supplementary Table 1).

We evaluated a population of 306 breeding lines from the University of Kentucky soft red winter wheat breeding program. Lines were derived from multiple F4:5 and F4:6 families and were evaluated in yield trials as part of the testing program. Two hundred twenty nine lines belonging to the NUS that represented elite germplasm from public and private breeding programs were evaluated in field environments from 2014 to 2018 (Supplementary Table 1). The data set was balanced for individual years where the same set of genotypes was evaluated across different locations and unbalanced between years. Another set of 223 lines was evaluated in field environments from 2014 to 2018; these experiments were part of the Uniform Southern scab nursery (SUS) and represented elite germplasm from public and private breeding programs. The data was balanced for individual years where the same set of genotypes was evaluated across different locations and unbalanced between years. A list of locations/year combinations for each regional nursery are shown in Supplementary Table 1).

The 306 breeding lines from the University of Kentucky were grown in Lexington, KY during the 2016–2017 growing season. Genotypes were planted in 1.2 m rows long, spaced 30 cm apart. The soil type at the site is a Maury silt loam (fine, mixed, semiactive, mesic typic Paleudalfs). The experiment was planted in a randomized complete block design with two blocks. Two checks, a resistant line (KY02C-3005-25) and a susceptible cultivar (Pioneer Brand 2555) were planted across the experiment. Sixty-six (66) of the total 306 lines that advanced in the breeding program based on grain yield, agronomic and disease profile, were also grown in Lexington, KY during the 2017–2018 growing season in the FHB nursery, under the same protocol explained before.

In both seasons, the FHB Nursery had an overhead mist irrigation system on an automatic timer that started three weeks before heading. The irrigation schedule was as follows: 5 min periods every 15 min from 2,000 to 2,045 h, 2,100 to 2,145 h, 0200 to 0245 h, 0500 to 0530 h, and 0830 h (Balut et al., 2013). The experiment was inoculated with Fusarium graminearum –infected corn (Zea mays L.) Inoculum comprised 27 isolates taken from scabby wheat seeds collected over the years 2007–2010 from multiple locations across Kentucky (Bec et al., 2015). The inoculum was prepared by allowing corn to imbibe water for approximately 16 h before autoclaving. After autoclaving, a solution of 0.2 g streptomycin in 150 ml sterile water was mixed in the corn to avoid the growth of other microorganisms. The corn was inoculated with potato dextrose agar (PDA) plugs containing Fusarium graminearum, covered and incubated for 2 weeks until fully colonized by the fungus. After that, the corn was spread on the floor until dry, and put in storage bags in a freezer until use. Approximately 3 weeks prior to heading, the scabby corn was spread in the rows at a rate of 11.86 g m-2 (Balut et al., 2013).

Each nursery cooperator submits his or her breeding materials for evaluation and conducts an inoculated FHB trial at this or her location following the protocols developed by the U.S. Wheat and Barley Scab Initiative (https://scabusa.org/) whose aim is to develop control measures against FHB.


Phenotypic Evaluation

At 24 days after heading, FHB rating was recorded using a 0–9 scale. FHB rating is a visual estimate of the incidence and severity of the disease ranging from 0 (absence of FHB symptoms) to 9 (≥ 90% of FHB blighted spikelets). Heading date (HD) was recorded when 50% of the spikes in a row had emerged from the flag leaf sheath (in Julian dates; data not shown). Plant height (cm) was measured from the soil surface to the top of the spike, excluding awns (data not shown). Lines were manually harvested using a sickle, mechanically threshed and cleaned. After cleaning, a grain sample of approximately 15 g from each row was further cleaned by hand and evaluated for Fusarium damaged kernels (FDK). The percentage of FDK was estimated by visually comparing samples with known levels of FDK ranging from 10 to 90%. The same sample (15 g) was subsequently sent to the University of Minnesota DON testing laboratory for DON analysis. DON concentration was determined by gas chromatography with mass spectrometry (Mirocha et al., 1998; Dong et al., 2006) Two indices were created:

	DSK index was created combining FHB rating, FDK percentage and DON content with the formula: FHB*0.2 + FDK* 0.3 + DON*0.5;


	DK index was obtained combining FDK percentage and DON content with the formula: FDK*0.4+DON*0.6.




Both indices were created to emphasize the importance of kernels traits (FDK, DON) for breeding against FHB. The NUS and SUS data were obtained for every genotype, location, year combination. Lines were planted in a 1.2 m row spaced 30 cm with two blocks. A common check cultivar (Ernie) was planted in the NUS and SUS across years and locations. Historical data consisted of entry mean data for FHB rating, FDK and DON concentration for each combination of genotype/location/year.



Data Analysis

The following linear mixed model was utilized for the analysis of the FHB traits for which individual row-level was available:

	

where μ was the mean, Ylk was phenotypic observation of the lth genotype at the kth block, Bk was effect of the block, Gl was the effect of the genotype, and ϵkl represented the residual term. The overall mean and the genotypic effects were considered fixed and block term random. Best Linear Unbiased Estimators (BLUEs) were derived from the model above. For the historical data of the NUS and SUS nurseries, a single value of each line-environment combination was available for the different traits (FHB, FDK, DON). Therefore, the following linear mixed model was used for this data:

	

where μ was the mean, Yijl was phenotypic observation of the lth genotype at the ith year in the jth location, Yi was the effect of the year, Lj was the effect of the location, Gl was the effect of the genotype and YGil and LGjl were the interaction terms year by genotype and location by genotype respectively. Eijl represented the residual term. The overall mean and the genotypic effects were considered fixed and all the remaining terms random. The model above is the one from which BLUEs were derived.



Genotyping

For the 306 breeding lines from the University of Kentucky wheat breeding program, DNA was extracted using the Sbeadex plant kit from BioSearch Technologies; using leaf samples from the F4:5 or F4:6 lines that were collected by sampling a minimum of eight 7–10 day old seedlings. Genotyping by sequencing (GBS) (Elshire et al., 2011) using the protocol described by (Poland et al., 2012) was conducted for the 758 lines that were phenotyped. Single nucleotide polymorphism (SNP) calling on raw sequence data was done with Tassel-5GBSv2 pipeline version 5.2.35. SNPs with ≤50% missing data, ≥5% minor allele frequency and ≤10% of heterozygous calls per marker locus were retained and imputation performed using Beagle v4.0. The final number of SNPs utilized for analysis was 20,929. With the genome wide marker information, a kinship matrix including the 758 lines was built in Tassel-5GBSv2. Principal components analysis was generated with Tassel-5 and the eigenvalues for PC1 and PC2 were plotted (Figure 1).




Figure 1 | Scatter plot of the first two principal components from analysis of the 758 lines based on the full set of 20,929 SNPs. Different colors represent different sets of germplasm. PC1 = 6.1%; PC2 = 3.2%.





Genomic Prediction

GEBVs for FHB rating, FDK, DON, DSK, and DK were estimated using ridge regression best linear unbiased prediction (RR-BLUP) (Meuwissen et al., 2001) with the model

	

where y is a vector of BLUEs for one trait for each wheat genotype, β is a vector of fixed effects which includes the overall mean and fixed covariates (major QTL and association mapping markers), u is a vector of random marker effects, X and Z are the design matrices for fixed and random effects, respectively, and e is a vector representing residual terms. The variance–covariance structure associated with the random term was u~N (0, Iσu2) and for the residual term was e~N (0, Iσe2). The estimates of u were obtained from the mixed.solve function using the package RR-BLUP in R (Endelman and Jannink, 2012). Prediction accuracy was defined as the Pearson correlation between the phenotypic values (BLUEs) and the GEBVs (predicted) values.



Design of the Training Populations and Validating Populations

To evaluate the NUS and SUS as possible TPs to estimate GEBVs for the UK breeding lines, we established two TP sizes of 100 and 200 lines, and three optimization methods to select the lines: Random, Two tails and Prediction Error Variance (PEVmean) (described below). Under these combinations, the NUS and SUS were used separately as the source of lines for the TP. A second strategy was to combine the lines of the NUS and SUS as training population. Data from the two nurseries comes from the same years in which they have environments in common (15) but no common lines were used from the two nurseries (with the exception of the moderately resistant check cultivar Ernie). For this approach, we evaluated four TP sizes (100, 200, 300, 400), and three different optimization methods: Random, Two tails and PEV. The validating populations (VP) were created by selecting 50 genotypes randomly from the total 306 breeding lines for each validating population, creating a total of 20 validation sets.



Training Population Optimization Methods

As was described above, the effect of the TP size on the predictive ability of the genomic selection model was assessed using two (100, 200) and four (100, 200, 300, 400) different population sizes. For each population size, we implemented three approaches for comparison of training population selection:


Random

For this method, a random sample of genotypes was selected as training population for each TP size, varying the source of lines from which the random sample came. The same random sample was used for all validating populations.



Two Tails

To implement this method, fully described by Michel et al. (2017), we selected for each trait individually, the two tails of the phenotypic distribution for the NUS, SUS, or the combination of the two. For all of the TP sizes, we selected lines where 50% had the highest values for the trait, and 50% had the lowest values for the trait.



PEVmean

This approach utilized a training population optimization algorithm for each VP that minimized the mean prediction error variance (Rincent et al., 2012; Akdemir et al., 2015). The PEVmean algorithm used genomic information from all genotypes to measure the reliability of the GEBVs for individuals in the validation set. An optimal training population from all genotypes available was selected to minimize the mean prediction error variance in the validation set. We used the approach suggested by (Akdemir et al., 2015) for an efficient approximation to the prediction error variance using the first 100 principal components of the genotypes to estimate the genomic relationship matrix. The PEVmean strategy was implemented using the function “GenAlgForSubsetSelection” from the R package STPGA. Principal components were estimated from genotypic data, and the first 100 principal components were chosen for error variance estimation. The best training population for each of the 20 validation sets for each of the different population sizes and sources of lines to become the training population was selected after 300 iterations of the genetic algorithm parameter, while other parameters in the function were set with default values.




Cross Validation

We first investigated the predictive ability of the genomic selection model for each of the three traits and two indices calculating the Pearson correlation between the phenotypic values (BLUES) and the GEBVs (predicted) across 100 iterations of cross validation. A random sampling cross validation was conducted, training the model with the NUS, SUS, the combination of both nurseries (NUS+SUS) and the set of KY lines. The cross validation randomly assigned 80% of the total lines to the TP and the other 20% lines to the VP.



Selection of Lowest DON Content Lines Based on Ranking and Different Selection Intensity

The assessment of the DON content provided by the U Minnesota DON testing laboratory (phenotypic data) and the correlation with GEBVs obtained with GS was performed in this way: for each one of the twenty validating populations a ranking of the lines from lowest to highest DON was made based on BLUEs, and another ranking was made based on the GEBVs for DON content, DSK index and DK index obtained with GS. Different selection intensities were chosen: 20, 30, and 40%. Afterwards we calculated at the different selection intensities the percentage of lines with lowest DON levels that would have been also selected using only the GEBVs for DON, DSK, and DK. This approach was done for the 306 lines evaluated in 2017 and the 66 lines evaluated in both years (2017–2018).




Results


Principal Components Analysis (PCA)

The scatter plot of the first two principal components (Figure 1) shows that principal component 1 explained only 6.1% and PC2 only 3.2% of the genetic variance. PCA analysis revealed four groups of lines clustered together. Two clusters contain KY breeding lines and also NUS and SUS lines. The other two clusters were more scattered and contained only KY breeding lines. It is interesting that based on the 20,929 SNPs used, the lines belonging to the northern regional nursery grouped together with lines of the southern regional nursery.



Phenotypic Summary

The sets evaluated in this study consisted of two sets of lines belonging to the NUS and to the SUS and a third set of lines that were breeding lines from the University of Kentucky wheat breeding program. The nurseries historical data comprised five years that were evaluated and curated to be analyzed. The phenotypic information (Table 1) for both nurseries, the total set of lines evaluated in Lexington, KY in 2017, and the subset of lines evaluated also in 2018 making two years of phenotype information, showed that good levels of infection were achieved, so that we were able to score genotypes and differentiate resistant and susceptible reactions for the different traits. The means for FHB rating, ranged from 3 in the SUS nursery to 4.5 in the breeding lines (17–18), with a minimum rating of 1–1.5 and a maximum rating scores of 7–8.5 in the four sets. The FDK percentage had an average of 28.3% for the NUS, 31.6% for the SUS, 37.2% for subset breeding lines, and 48.6% on the total KY set, showing an average higher value in 2017 in Kentucky compared with the mean of five years for the regional sets and two years also in KY. The FDK ranged from 8.7 to 62.8% in the NUS, 10.7 to 60.2% in the SUS, from 12 to 90% in the total KY set, and from 8.5 to 72.5% in the subset KY lines. The KY set in 2017 reached a higher maximum value for FDK agreeing with the higher FHB ratings reached. Regarding DON levels, the mean DON content was 8.6 ppm for the NUS, 9.5 ppm for the SUS, 16.6 ppm for the KY subset evaluated in two years, and 24 ppm for the KY set evaluated only in 2017. The DON values ranged from 1.1 to 25 ppm for NUS, 3.5 to 23.9 ppm in the SUS, 6.6 to 33.8 ppm for the KY subset, and a range of 11.1 to 51 ppm in the KY set. The DON levels in Lexington, KY in 2017 got our attention because they were higher than generally occurs. Despite these high values, we still could observe phenotypic variance among the evaluated lines. There was a range of 40 ppm between the lowest and highest values for the KY lines and the NUS and SUS showed a range of 20–24 ppm between the lowest and highest level of DON. DSK index and DK index were calculated based on these traits.


Table 1 | Summary of the phenotypic information for FHB rating, FDK, and DON for the two regional nurseries (NUS and SUS) and the Kentucky breeding lines. In 2017 breeding lines are a total of 306, the average of 2017 and 2018 field season is for a subset of 66 lines.





Cross Validation

To evaluate the ability of the model to estimate the GEBVs for the different traits, 100 cycles of cross validation were run and prediction accuracy calculated (Table 2). Prediction accuracies were moderate for the different traits, except a low prediction accuracy for FHB rating in the SUS. Prediction accuracy for FHB ranged from 0.27 in SUS to 0.49 in the KY set. For FDK percentage, prediction accuracy ranged from 0.46 in the SUS to 0.60 in the NUS. Prediction accuracy for DON ranged from 0.49 in the SUS to 0.63 in the KY lines. Prediction accuracy for DSK index ranged from 0.49 in SUS to 0.64 in NUS and finally DK index ranged from 0.51 in the SUS to 0.64 in the NUS. For all traits, the SUS set obtained with cross validation produced lower prediction accuracies compared to NUS or the KY lines set.


Table 2 | Mean prediction accuracy and standard deviation for the different traits and indexes with Cross Validation.





The Regional Nurseries as Training Populations to Predict the Kentucky Breeding Lines

The first question we wanted to investigate with this research was the value of the regional nurseries as source of lines and information to train a model for genomic prediction for local breeding programs (Tables 3 and 4). The use of the NUS or the SUS as a TP to calculate GEBVs for the Kentucky breeding lines showed different responses depending on the trait. As a general conclusion from Table 3, we obtained positive and moderate prediction accuracies for all traits. The SUS was the best source of lines to estimate GEBVs for DON content, obtaining prediction accuracies of 0.4 with TP size 200 for the three optimization methods. FDK, FHB rating, DSK index, and DK index were better predicted by the NUS; the highest prediction accuracies were reached with a TP size=200 regardless of the optimization method. For FDK, average prediction accuracy was 0.4 and prediction accuracies of 0.33 and 0.46 for FHB rating and DSK index were found respectively.


Table 3 | Mean prediction accuracy and standard deviation for the different traits and index with two different Training Populations = NUS and SUS; two TP sizes = 100, 200 and three different TP optimization methods = Random, Two Tails and Prediction Error Variance. FHB rating (0–9), FDK (%), DON (ppm), DSK index, DK index.




Table 4 | Mean prediction accuracy and standard deviation for the different traits and index with a combined Training Population = NUS + SUS; four TP sizes = 100, 200, 300, 400 and three different TP optimization methods = Random, Two Tails and Prediction Error Variance. FHB rating (0–9), FDK (%), DON (ppm), DSK index, DK index.



When lines of the NUS were the TP source, TP size showed an effect when increased from 100 to 200 for all traits and optimization methods. Only for DON when the optimization method was PEVmean did we find a decrease in the prediction accuracy as TP size was increased from 100 to 200 TP. All other traits under different optimization methods showed increases in prediction accuracy ranging from 1% (DSK, PEV) to 32% (DON, Random). As an average among traits, the two tails optimization method showed the highest increase: 18% when the TP size increased from 100 to 200 individuals. The random method showed a 10% increase and the PEV optimization method showed a 1% increase. But it is important to mention that at TP=100, PEVmean showed the highest prediction accuracy for all traits. When the SUS lines were the TP source, the TP size had a positive effect only for DON when increased from 100 to 200 for the three optimization methods. We found a positive effect with Random and PEV optimization methods when predicting FDK and a positive effect with Two Tails and PEV optimization methods when predicting FHB rating. On average, by optimization method, PEVmean showed an increase of 26% in prediction accuracy when TP size increased from 100 to 200. Two tails showed an 8% increase and Random did not change when TP size went from 100 to 200.

Table 4 shows the prediction accuracies for the same traits and index when we combined NUS and SUS as a source of lines for the TP. As an overall conclusion there was a significant effect of the TP size, showing a good response when the TP was increased up to 400 lines. Overall, DSK index had the highest prediction accuracies with 0.49 for two optimization methods, Random and Two Tails, and 0.48 for PEVmean. On the other hand, FHB rating showed the lowest prediction accuracy with TP size =100, for the three optimization methods, with an average of 0.24. For all traits, the increase in TP size showed positive effects in prediction accuracies. FDK, FHB rating, DSK, and DK showed increases in prediction accuracy under the three optimization methods. For FDK the increase was between a 9–11%, for FHB rating ranged from 32 to 53%, for DSK ranged from 6 to 35% and for DK ranged from a 3 to 31%. To predict DON, with the random method there was a big jump from TP 100 to TP 400 (82% increase) but with two tails and PEVmean there is a slight decrease of prediction accuracy: 2% with PEV and 7% with the two tails optimization method.

No significant differences in prediction accuracy were found among TP optimization methods by trait. Despite this result, choosing lines at random showed the highest increase from 100 to 400 TP size; this was especially due to the high increment for DON and FHB rating with prediction accuracies of 0.23–0.24 with a TP size 100 vs. 0.35–0.43 with a size of 400 individuals in the TP. When we looked at averages by TP size, both indices, DSK and DK showed the highest prediction accuracies at the four TP sizes, ranging from 0.41 to 0.49 for DSK and ranging from 0.41 to 0.47 for DK. FHB rating showed the lowest prediction accuracies at the four TP sizes ranging from 0.24 to 0.34. Finally, at the smallest TP size, TP=100, PEVmean showed the highest prediction accuracies for the two traits (FHB rating and DON) and two indices.



Impact of Different Selection Intensities and Different Predicted Traits on the Identification of Lines With Low DON Accumulation

We analyzed the impact of selection based on predicted breeding values for a critical trait, DON content on the 306 breeding lines evaluated in 2017 (Figure 2). It has been mentioned before that reducing DON content in wheat is a central objective of the breeding program; genomic estimate breeding values (GEBVs) for tested and untested lines would only add information the breeder could use to make selections and advance lines in the breeding program. We evaluated GEBVs obtained for DON, DSK, and DK with a TP=400 and with the three optimization methods, which yielded the highest prediction accuracies for the three traits (0.40–0.49). The results showed that a selection intensity (SI) of 20% resulted in an average of 44% lines that were correctly selected based on the GEBVs for DON compared with the ones selected based on BLUES; 41% were correctly selected based on the DSK index and a 39% were correctly selected based on DK. With an SI of 30%, being conservative to keep lines for further evaluation, 56% were correctly selected based on GEBVs for DON and DK and a 60% of the lines were correctly selected based on DSK. Finally, with an SI of 40%, 68% of lines were correctly selected based on DSK index, 66% based on DK and 62% based on DON GEBVs.




Figure 2 | Proportion of correctly selected lines for low DON based on GEBVs for DON, DSK, and DK at different selection intensities (A = 20%; B = 30%; C = 40%) DON BLUES based on 2017 phenotypic data GEBVs calculated with TP = 400 and three different TP optimization methods.



Our results show that to select for low DON in wheat lines, the breeder should focus on not only GEBVs for DON, but DSK index. In the current study, DSK index was an excellent source of additional information: at selection intensities of 0.3 and 0.4 this index picked up lines with low BLUES for DON at a 60 and 68% average respectively, 4–6% more than selection based on DON GEBVs. In contrast, at 20% SI, 44% of the selected lines based on DON GEBVs were correctly selected, 3% more than selection based on DSK.

We also analyzed all predicted traits and correlated them with DON BLUES for the lines evaluated in two years, 17–18 (Figure 3). With a SI of 20%, an average of 41% lines were correctly selected based on GEBVs for DON and DSK compared with the ones selected based on BLUES while 36% were correctly selected based on DK. With a SI of 30%, an average of 43% of lines were correctly selected based on GEBVs for DON, 60% of lines were correctly selected based on DSK and 57% of lines based on DK index. With a SI of 40%, an average of 52% lines were correctly selected based on GEBVs for DON, 67% based on DK index and 68% based on DSK index. Shown in Figure 3, the three optimization methods performed similarly in terms of accuracy to identify the best performing lines, except for GEBVs obtained for DON, where at SI of 40%, PEV method performed significantly better predicting correctly 73% of lines, compared to 42% with two tails or random. When selecting with highest SI, 10%, the percentage of correctly selected lines is low—only 14% of low DON lines were correctly identified. As an overall conclusion, at higher SI, 10-20%, the three traits DON, DSK, DK performed similarly in identifying the lowest content DON lines based on GEBVs with the proportion of selected lines not exceeding the value expected by the prediction accuracy. At lower SI, 30–40%, DSK and DK indices were promising with up to a 70% of the lines correctly selected.




Figure 3 | Correlations of line ranks based on DON BLUEs and GEBVs for DON, DK and DSK at different selection intensities (SI= 0.1, 0.2, 0.3, 0.4). DON BLUES based on two years (17–18) phenotypic data for a subset of KY lines. GEBVs obtained with a TP size= 400 and three optimization methods: Random, Two-tails and PEVmean. The three black dots correspond to each optimization method that trained the model.






Discussion

Genomic selection has become a primary technology for plant breeders looking to accelerate the breeding process. Some of the benefits of GS pursued by breeders include increasing genetic gain per unit time, reduced phenotyping costs, reducing field testing and more accurate selection of parents for crosses. Another big impact of this strategy based on genome wide markers (GWM) is the possibility of breeding for quantitative traits with better outcomes than with marker assisted selection (MAS), because in contrast to MAS, the use of whole-genome prediction models generally has greater power to capture small-effect loci that would be missed by MAS because of limited power for declaring significant marker effects (Heffner et al., 2009).

The ability to improve FHB resistance through genomic selection has been studied and reviewed in recent years (Poland and Rutkoski, 2016; Steiner et al., 2017). A big question that needs more attention is the success of GS when the training population is a sample independent of the validating population. In our study, we tried to shed light on this question, investigating the use of the regional scab nurseries in which breeding lines are submitted every year by breeders from public or private programs. These nurseries are evaluated in multiple environments in the eastern soft red winter wheat region of the United States.

Overall, results from our study show that it is possible to use historical scab nurseries as TP to predict FHB traits. The study also showed encouraging results regarding the use of GEBVs for indices as indirect selection criteria for low DON genotypes. FHB traits are complex, highly polygenic and their expression is under a great environmental influence, which makes the phenotyping more difficult and costly.

The model’s predictive ability, with cross validation, showed moderate prediction accuracies for the different traits, varying from 0.27 to 0.49 for FHB rating, 0.46 to 0.6 for FDK, 0.49 to 0.63 for DON. These results are in agreement with studies that used cross validation in wheat; for FHB rating, (Arruda et al., 2015; Mirdita et al., 2015; Dong et al., 2018) found a 0.5 prediction accuracy, similar to our best estimation of this trait (KY lines). A lower value of 0.37 was found by Hoffstetter et al. (2016) for the same trait. For FDK, our moderate prediction accuracies differed from Arruda et al. (2015) who found a 0.8 prediction accuracy and Rutkoski et al. (2012) who found prediction accuracies ranging from 0.35 to 0.46 for the same trait. Investigators have found low and moderate values for DON, ranging from 0.24 to 0.64 (Rutkoski et al., 2012; Arruda et al., 2015; Dong et al., 2018). Our results fall within this range with prediction accuracies ranging from 0.49 to 0.63.

The two indices created to predict levels of scab resistance yielded moderate prediction accuracies: 0.49 to 0.64 for DSK and 0.51 to 0.64 for DK. Arruda et al. (2015) evaluated two different indexes (FHB index and ISK) finding prediction accuracies of around 0.5 for FHB index and 0.7 for ISK. In another study, Rutkoski et al. (2012) found for ISK prediction accuracies from 0.44 to 0.54. Our indices included DON as part of the index, a critical trait that is important to breeders, farmers, and the entire industry. Many studies have tried to select lines for low DON based on indices with incidence, severity and FDK (Rutkoski et al., 2012), traits that correlate very well with DON accumulation (Buerstmayr and Lemmens, 2015). In our study we calculated GEBVs for DON and two indices that included DON and found very good prediction accuracies for both indices as well as good agreement with DON BLUES (Figures 2 and 3).

Training population size can have a critical effect on prediction accuracies and it is a major issue for breeders as it relates to the genotyping and phenotyping efforts and the costs associated with them. In this study, we obtained the numerically highest prediction accuracies with a TP size of 400 although there was not a statistically significant difference between the TP of size 400 and the TP size of 300 for any trait (Table 4). The prediction accuracies with this TP size ranged from an average of 0.35 for FHB rating, to 0.49 prediction accuracy for DSK (Table 4). Our results agree with other studies regarding TP size, even those studies running cross validation schemes, as opposed to our forward prediction scheme. Our study presents a novel approach, investigating the effect of the TP size with a population of lines (NUS + SUS) independent of the VP, in our case the set of KY breeding lines. Applying forward GS, Lorenz et al. (2012) found the highest prediction accuracies up to 0.7 for DON and FHB rating in barley with a TP size of 300 individuals and Arruda et al. (2015) in a cross validation study found also an increasing prediction accuracy reaching a TP size 224. Herter et al. (2019) obtained for FHB a prediction accuracy of 0.8 with a TP size of 160 running a fivefold cross-validation and for Septoria tritici blotch the same study found a prediction accuracy of 0.5 at the same TP size. Sarinelli et al. (2019) found for powdery mildew infection a prediction accuracy of around 0.55 with a cross validation scheme when the TP size was increased from 50 to 350. Other studies also showed achieving highest prediction accuracies with TP sizes of 300–350 (Asoro et al., 2011; Lorenz et al., 2012; Lehermeier et al., 2014; Isidro et al., 2015; Rutkoski et al., 2015; Michel et al., 2017; Sarinelli et al., 2019).

Optimization methods to select the training population have also received attention from breeders and scientists because the lines selected to train the model are critical in obtaining GEBVs accurate enough to be used in the breeding program. We did not find significant differences among any of the three optimization methods; rather we found the highest prediction accuracies at TP size 400 for the three optimization methods. We did observe that at TP100, higher prediction accuracies were obtained with PEV compared to Random and Two-Tails for all traits, showing that at the lowest TP size, combining lines from the two nurseries and using the PEV method allows one to achieve prediction accuracies similar to the ones at TP400. Sarinelli et al. (2019) found similar results at low TP sizes. Selecting at random, prediction accuracies with TP 100 were lower compared with PEV but the most significant increase in prediction accuracies was achieved for all traits and all methods by increasing the TP size to 400 lines. The phenotypic selection of the two tails of the distribution for each trait of interest to define the TP was evaluated by Michel et al. (2017) for grain yield and protein content. They found a slight (5%) increase in prediction accuracy compared to random optimization method for both traits (r=0.39 for grain yield, and r= 0.55 for protein content). This was observed especially at small TP sizes. In our study, two-tails optimization TP method did not show a significant effect on prediction accuracy. On the other hand, a method to design the training population based on reduction of PEV mean of the validation set was more accurate compared with methods that selected individuals at random or by two tails. This is especially true with small training population sizes, because they better accounted for the relationship between the individuals in the training population and the validation set (Habier et al., 2010).

The importance of relatedness between TP and VP has been extensively discussed in the literature, and higher prediction accuracies are always associated with closer relationships between individuals in the TP and VP. In studies where cross validation is performed within populations of sibs or half sib, positive and moderate to high prediction accuracies have been found (Zhao et al., 2012; Hickey et al., 2014; Lehermeier et al., 2014; Herter et al., 2019). When the distance between individuals in the TP and VP is larger, e.g. using panels of lines with some kind of relatedness but not parent-offspring or sibs, using cross validation, only moderate or moderate to low prediction accuracies have been found in different crops especially for complex traits like yield. There are studies applying a forward GS scheme, where TP and VP are independent samples but with related material. In barley, for example, prediction accuracies for DON ranged from 0.14 to 0.67 and for FHB rating ranged from 0.58 to 0.77 (Lorenz et al., 2012; Tiede and Smith, 2018). In wheat, using an independent sample for TP and VP, (Jiang et al., 2017) found prediction accuracy of 0.58 for FHB rating, using a TP and VP evaluated in different years, for a sets of European wheat populations. They found a small difference, only 8% compared with prediction accuracies obtained with cross validation. In another study in wheat, (Hoffstetter et al., 2016) evaluated both cross validation and forward GS for FHB rating, and found that when the TP was predicting the parent lines of that TP, prediction accuracy ranged from 0.14 (unweighted) to 0.47 (weighted). When the VP consisted lines that shared some pedigree relationship to the TP, the prediction accuracy was 0.22 for the same trait. Similarly, (Schulthess et al., 2018) found prediction accuracies ranging from 0.4 (lower relatedness between TP and VP) to 0.8 (higher relatedness between TP and VP) when predicting FHB severity in hybrid wheat. Another study investigating the application of GS in a forward scheme, was performed by Herter et al. (2019) where they evaluated FHB rating and other traits both in a cross validation and across populations for all populations included in the study. When they predicted across populations, where many populations where half sibs, they found prediction accuracies ranging from -0.2 to 0.5 for FHB rating, showing substantial variation among 30 possible combinations. Our results agree with those of Herter et al. (2019) who suggested that for breeding for disease resistant traits the relatedness between TP and VP is critical to achieve good prediction accuracy. Because of the complexity of the traits evaluated in the present study, we surmise that the relatedness among the regional nurseries and the KY material, though being related germplasm due to the exchange between breeders, is not enough to overcome the threshold of 0.5 prediction accuracy we observed. The PCA (Figure 1) showed the association between lines that are clustered in four groups, and while we could see good association between lines in the two regional nurseries, all clustered in two groups, we observe for the KY lines more variability and association of lines in four clusters. This point is critical in our study and it is a real situation breeders face. Even though cross validation shows exciting prediction accuracies (Lorenz et al., 2012; Rutkoski et al., 2012; Arruda et al., 2015; Mirdita et al., 2015; Sallam and Smith, 2016; Schulthess et al., 2018); the use of historical data from regional nurseries, as our results confirm, offers breeders an excellent tool to estimate GEBVs for lines that have not been evaluated in the field for a specific trait. This reduces phenotyping costs tremendously because the TP phenotypic data set is generated by a collaborative effort among different breeding programs (Rutkoski et al., 2015; Sarinelli et al., 2019) or international breeding efforts (Dawson et al., 2013). Therefore, material in early generations may be selected or discarded based on GEBVs for DON without a DON content analysis, which allows breeders to reallocate the budget for DON analysis of more advanced material in the breeding program.

When breeding for FHB resistance, all traits are of critical importance and increasing FHB resistance in the germplasm implies improving all of them. Some authors have shown that measuring incidence, severity and FDK in the field, because of the high correlation with DON content, allows selection for these traits with easier evaluation and data recording compared with DON (Rutkoski et al., 2012; Buerstmayr and Lemmens, 2015; Sallam and Smith, 2016). Our study tried to move one step beyond this in understanding the weight DON has in an index, and the results we get after the DON content analysis could be used together with other field recorded traits to obtain the most accurate GEBVs. Both indices were created with the idea that DON is a trait of critical importance with food safety concerns and big economic losses to farmers (Bai and Shaner, 2004) and that evidence showed that DON contamination has been found even in healthy looking grain and that the DON accumulation has been found occurring during grain filling specially during wet grain filling periods (Argyris et al., 2003; Del Ponte et al., 2007; Bianchini et al., 2015). Our results showed that the highest prediction accuracies were obtained for DSK (0.49) and DK (0.47) and for DON (0.42) in third place. In Figure 2, we analyzed the impact of these prediction accuracies when selecting lines based on DON BLUEs, and we observed an increase in proportion of lines correctly selected (up to 70%) when reducing the selection intensity, and with an advantage of 4–8% when selecting lines based on DSK index compare to DON index. These results confirm the usefulness of multiple trait indices as a source of information to distinguish the best genotypes for a trait, and also shows again that a prediction accuracy of 0.49 for example should be considered in terms of the percentage of lines “correctly” selected by the GS model, as discussed by Bassi et al. (2015) and Verges and Van Sanford (2020). In our study again with a prediction accuracy of 0.49, a 50 to 70% of the lines are correctly selected at 30–40% SI. In early stages of field testing, when the breeder has many hundreds or even thousands of lines for yield evaluation, the ability to select based on GEBVs for a trait like DON would become an exceptional tool when scab resistance is a critical objective in the breeding program. This early cycle of selection based on GEBVs will allow one to include in the scab nursery in the following year only lines with an acceptable level of resistance to DON accumulation and overall FHB resistance.

Our study validates the use of DON related indices in applying GS for low DON (Figure 3). We observed that up to a 70% of lines were correctly selected based on DSK when a 40% selection intensity was used, in comparison to a 52% success rate for lines based on DON GEBVs, using two years of phenotypic data. Further, our results strongly support the use of the regional scab nurseries as a source of lines for training the GS model to predict FHB traits. This strategy can be implemented by breeding programs that belong to the regions where these scab nurseries are planted over years and multi locations data of hundreds of lines together with the possibility to predict GEBVs for expensive traits like DON content.

This study involved a complex scheme for GS, that included forward GS, historical data sets building the TP, three optimization methods, multiple TP sizes and the evaluation of three traits and two indices to improve and hasten breeding for FHB resistance. While these results are encouraging, we conclude that the relatedness between TP and VP becomes a critical issue if one wants to exceed a prediction accuracy of 0.5. In spite of this concern we are optimistic that the use of regional nurseries to predict scab traits will be useful from a breeder’s standpoint and allow one to predict scab resistance prior to actual phenotypic evaluation. For a resource intensive breeding target like scab resistance, this is a huge consideration.
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Among the biotic constraints to wheat (Triticum aestivum L.) production, fusarium head blight (FHB), caused by Fusarium graminearum, leaf rust (LR), caused by Puccinia triticina, and stripe rust (SR) caused by Puccinia striiformis are problematic fungal diseases worldwide. Each can significantly reduce grain yield while FHB causes additional food and feed safety concerns due to mycotoxin contamination of grain. Genetic resistance is the most effective and sustainable approach for managing wheat diseases. In the past 20 years, over 500 quantitative trait loci (QTLs) conferring small to moderate effects for the different FHB resistance types have been reported in wheat. Similarly, 79 Lr-genes and more than 200 QTLs and 82 Yr-genes and 140 QTLs have been reported for seedling and adult plant LR and SR resistance, respectively. Most QTLs conferring rust resistance are race-specific generally conforming to a classical gene-for-gene interaction while resistance to FHB exhibits complex polygenic inheritance with several genetic loci contributing to one resistance type. Identification and deployment of additional genes/QTLs associated with FHB and rust resistance can expedite wheat breeding through marker-assisted and/or genomic selection to combine small-effect QTL in the gene pool. LR disease has been present in the southeast United States for decades while SR and FHB have become increasingly problematic in the past 20 years, with FHB arguably due to increased corn acreage in the region. Currently, QTLs on chromosome 1B from Jamestown, 1A, 1B, 2A, 2B, 2D, 4A, 5A, and 6A from W14, Ning7840, Ernie, Bess, Massey, NC-Neuse, and Truman, and 3B (Fhb1) from Sumai 3 for FHB resistance, Lr9, Lr10, Lr18, Lr24, Lr37, LrA2K, and Lr2K38 genes for LR resistance, and Yr17 and YrR61 for SR resistance have been extensively deployed in southeast wheat breeding programs. This review aims to disclose the current status of FHB, LR, and SR diseases, summarize the genetics of resistance and breeding efforts for the deployment of FHB and rust resistance QTL on soft red winter wheat cultivars, and present breeding strategies to achieve sustainable management of these diseases in the southeast US.
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Introduction

Wheat (Triticum aestivum L.) is a staple food crop grown in 17% of the total world cropping area and contributes towards 18.3% of the global human calorie intake just next to rice (Peng et al., 2011; FAOSTAT, 2018). The United States (US) shares 7% of total global wheat production, and the crop ranks third among US field crops in terms of planted area, production, and gross farm income after corn and soybeans (USDA, 2020). Among the five major wheat classes in the US, soft red winter wheat (SRWW) common to the southeast US shares 15–20% of total area and 17% of total production (Vocke and Ali, 2013). However, this major cereal crop is under continuous threat due to several biotic and abiotic constraints resulting in a significant reduction in grain yield and quality (Limbalkar et al., 2018; Ghimire et al., 2020). Savary et al. (2019) reported 31 pests responsible for an estimated 21.5% economic yield loss in wheat. Among these, fusarium head blight (FHB), leaf rust (LR), and stripe rust (SR) are reported as the most problematic fungal diseases both in the southeast US and throughout the world (Chen et al., 2002; Cowger and Sutton, 2005; Milus et al., 2006; Kolmer et al., 2007; Walter et al., 2016; Kolmer et al., 2019). SRWW production in the southeast has decreased by nearly 61% over the past decade (2008 to 2019) due to several factors of which FHB, LR, and SR are the most prominent (https://usda.library.cornell.edu/concern/publications/5t34sj573). While FHB alone was ranked the second most challenging disease in the US midwest, Canada, South Brazil, Paraguay, Uruguay, and Argentina next to tan spot, both FHB and LR were ranked the topmost diseases in China and across the globe (Savary et al., 2019).

FHB, also widely known as wheat scab, head scab or scab, is a floral disease of wheat caused by Fusarium graminearum Schwabe [teleomorph Gibberella zeae (Schwein.) Petch]. FHB is of great concern to wheat producers because of its yield-reducing ability as well as food and feed safety threat associated with harmful mycotoxin contamination mostly by deoxynivalenol (DON) in the infected grain (McMullen et al., 1997; Dweba et al., 2017; ElDoliefy et al., 2020). Smith (1884) first described the disease symptoms and morphological characters of Fusisporium culmorum (present day Fusarium culmorum) causing FHB, and epidemics were also reported from the UK in 1884 (Hao et al., 2020). FHB was reported in the US states of Indiana, Delaware, and Ohio in the 1890s (Chester, 1890; Arthur, 1891). One hundred years later, a major FHB epidemic affected over 10 million acres of wheat in Minnesota, North Dakota, South Dakota, and the Canadian province of Manitoba causing over $1 billion in yield losses in 1993 alone and $7.7 billion gross loss over 1993–2001 (McMullen et al., 1997; Nganje et al., 2004).

FHB has become increasingly problematic in the past 20 years in the southeast US possibly due to corn acreage expansion. Increased corn acreage in the US (6 million hectares more in 2018) including all southeastern states since 1990 along with diminishing wheat acreage (about 12 million hectares less in 2018) also correlates with increased FHB epidemics in the region (USDA, 1990; USDA, 2018; https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=76955). Cowger and Sutton (2005) reported a total of $13.6 million yield loss from five southeastern states due to FHB in 2003. Nearly 50% disease incidence was observed in experimental plots in 2013–2014, while incidence as high as 80% was observed in some commercial wheat fields across Georgia in 2014–2015 and 2018–2019 (Lilleboe, 2014; Buck and Youmans, 2015). As a result, wheat millers have incurred higher costs for mycotoxin testing, additional cleaning and blending, as well as additional shipping costs to access better quality grain.

The ability of the FHB pathogens to produce mycotoxins poses a persistent global threat to human and livestock health. The US Food and Drug Administration (FDA) has restricted DON levels below 1 ppm for finished wheat products such as flour and bran consumed by human and 5–10 ppm for all livestock feed (FDA, 2010). Type-B trichothecenes, such as DON, are acutely phytotoxic and can act as virulence factors on a sensitive host maintaining positive relationship with FHB severity as observed across several studies (O’Donnell et al., 2000; Lemmens et al., 2005; Buerstmayr et al., 2019). Nevertheless, Cowger and Arellano (2010) observed that asymptomatic wheat field with low infected grain might also constitute higher DON due to late infection and rainfall immediately after anthesis. Recently, there have been increased concerns about higher mycotoxin levels in wheat straw for livestock feed due to reduced DON levels observed in grain during grain fill compared to non-grain tissues such as rachises and glumes (Cowger and Arellano, 2013; Bissonnette et al., 2018).

LR and SR, also known as brown rust and yellow rust, caused by Puccinia triticina Eriks. (Pt) and Puccinia striiformis Westend. (Ps) respectively, are the most common rust diseases of wheat; the other being stem rust caused by Puccinia graminis subsp. graminis Pers.:Pers (Kolmer, 2005; Bolton et al., 2008). These widespread and destructive foliar diseases have been closely scrutinized due to the continuous evolution of the novel and more virulent pathogen races which are difficult to manage (Kolmer, 2005; Kolmer et al., 2007). Reports on physiologic races of LR from the former Soviet Union and the US originated as early as 1960 with 5–100% disease severity observed in the field (Herr, 1961). Huerta-Espino et al. (2011) reported an estimated 3 million tons of wheat yield loss worth of $350 million in the US due to LR between 2000 and 2004. LR normally reduces grain yield by 5–15%; however, losses up to 40% have been reported depending on the climatic conditions, time and duration of infection, and resistance levels of wheat cultivars (Samborski, 1985; Marasas et al., 2004; Kolmer et al., 2007). Earlier reports on describing phenotypes of Pt as well as yield loss assessment in SRWW from the south Atlantic States also reflect the importance of LR in this region (Kolmer, 2002; Green et al., 2014). SR is the most frequent disease of wheat in the western US causing up to 70% of yield loss (Chen et al., 2002). Since 2000, it has been widespread in the southeast US and become destructive on SRWW with the emergence of new races (Chen et al., 2002; Milus et al., 2006). Interestingly, Khan et al. (1997) revealed that for every 1% increase in rust severity, there is a 1% reduction in the wheat grain yield. A photosynthetically active wheat flag leaf significantly impacts grain formation, therefore higher yield reduction together with decreased number of kernels per spike, lower kernel weight, plant biomass, and harvest index often occur with an increased infection on flag leaves (Chester, 1946; Bolton et al., 2008; Huerta-Espino et al., 2011; Green et al., 2014).

Reviews at the turn of the twenty-first century included epidemiology (Parry et al., 1995) and conventional breeding of FHB (Mesterhazy, 1995; Miedaner, 1997; Mesterházy et al., 1999). More recently, reviews of the literature have been published on diverse fields of FHB resistance including QTL mapping and marker-assisted selection (MAS) (Buerstmayr et al., 2009; Gupta et al., 2010; Shah et al., 2017), genomic selection (GS) (Larkin et al., 2019), and resistance breeding (Kosová et al., 2009; Buerstmayr et al., 2014; Steiner et al., 2017; Buerstmayr et al., 2019; Zhu et al., 2019). Similarly, review papers on broad aspects of breeding and genomic selection (Todorovska et al., 2009), epidemiology (Eversmeyer and Kramer, 2000; Brown and Hovmøller, 2002; Chen, 2005; Bolton et al., 2008; Jin et al., 2010; Zhao et al., 2016), and host resistance (Kolmer, 1996; Chen, 2007; Kolmer et al., 2007; Singh et al., 2011; Kolmer, 2013; Ellis et al., 2014; Aktar-Uz-Zaman et al., 2017; McIntosh et al., 2017) on LR and SR have been presented. In addition, several QTL meta-analyses on FHB (Liu et al., 2009; Löffler et al., 2009; Venske et al., 2019), LR (Soriano and Royo, 2015), and SR (Cheng et al., 2018) have added additional evidence to the breeding efforts undertaken globally. However, to our knowledge, there is no single review focusing on SRWW breeding for resistance to FHB, LR, and SR in the southeast US.



Epidemiology and Management of FHB

F. graminearum is a homothallic, facultative parasite of wheat that normally overwinters as a saprophyte in the plant debris of small grains and corn which serves as a reservoir for primary inoculum the next season (McMullen et al., 2012; Dweba et al., 2017). The pathogen has a brief biotrophic phase until it colonizes the living tissue to maintain the necrotrophic relation with its host (Goswami and Kistler, 2004). However, it is still unclear whether F. graminearum is a true hemibiotroph or not (Dweba et al., 2017). The fungus has a wide host range and can infect several hosts including wheat, barley, rice, oats and causes Gibberella stalk and ear rot disease on corn (Goswami and Kistler, 2004; McMullen et al., 2012). The FHB pathogens can also cause seedling blight, root and stem rot if infected wheat seeds are planted the following year.

A warm and moist environment with high relative humidity (above 90%) can stimulate ascospore and conidial dispersal by wind, rain or insects to healthy wheat spikes to trigger infections during anthesis (McMullen et al., 1997; Schmale III et al., 2006). Cowger et al. (2009) revealed that post-anthesis moisture is crucial for disease development and contributes to increased FHB severity and DON contamination levels. The fungus colonizes wheat anthers and eventually the middle rachis blocking the vascular cambium; thus the portion of the wheat head above the affected area stops growing and exhibits a typical premature bleaching symptom (Figures 1A, B) (Pritsch et al., 2000; Buerstmayr and Buerstmayr, 2016). The most discernable symptoms later in the season are the formation of pinkish-orange colored asexual fruiting structures (sporodochia) in the spikelet hosting both microconidia and macroconidia (Figure 1B) (Schmale III et al., 2006; McMullen et al., 2012). Infected wheat spikes often harbor shriveled tombstone grains that are discolored with low kernel weight and inferior quality due to high mycotoxin contamination (Figure 1C). It is also common to observe black-colored overwintering perithecia and sporodochia on matured wheat spikes as well as corn debris (Figure 1E) which serve as primary inoculum for next season continuing the disease cycle (McMullen et al., 2012). The pathogens can be easily isolated and cultured on the growth media from infected wheat spikes or corn debris allowing morphological and genetic analyses (Figure 1F).




Figure 1 | Fusarium head blight (FHB) symptom; FHB disease in the field used to assess FHB incidence (type I resistance) (A), infected spike with orange-colored sporodochia used to assess FHB severity (type II resistance) (B), infected seed used to assess Fusarium-damaged kernel (FDK) (type IV resistance) (C) compared to healthy seed lot (D), F. graminearum overwintering in corn stalk (E), and FHB isolate cultured in potato dextrose agar (PDA) plate showing characteristic pinkish-red colony (F). (Source: Figures 1A–F, B. Ghimire).



The filamentous, ascomycetous fungus F. graminearum was perceived as a single panmictic species responsible for FHB until the end of the 20th century (O’Donnell et al., 2000). At present, F. graminearum producing the 15ADON chemotype is considered one of the 16 phylogenetically distinct species within the F. graminearum species complex (FGSC) primarily responsible for FHB in the US including the southeast region (Sarver et al., 2011; Bec et al., 2015; Ghimire et al., 2019a; Ghimire et al., 2019b). There has been a gradual shift from 15ADON to more toxigenic 3ADON population in the US and Canada presumably due to climate change and fitness advantages towards a more aggressive chemotype with exact reason not known yet (Ward et al., 2008; Puri and Zhong, 2010; Schmale et al., 2011). Additionally, the high proportion of recently evolved NX-2 chemotype in the northern US and Canada foretells the possible threat of this novel strain in the southeast US (Kelly and Ward, 2018; Lofgren et al., 2018).

Management of FHB requires an integrated approach incorporating the use of cultural practices, fungicides, and host resistance. Since planting of wheat crop directly on corn stubble is a common practice, interrupting the corn–wheat cropping pattern and adopting tillage practices in no-till cropping systems are the best viable cultural practices (McMullen et al., 1997; McMullen et al., 2012). The adoption of proper crop rotation along with the removal of infected residue could reduce FHB infection and DON by 30% (McMullen et al., 2012). The use of demethylation inhibitor (DMI) fungicides in combination with a moderately resistant cultivar at anthesis was partially successful in managing FHB and DON level (McMullen et al., 2012; Madden et al., 2014; Martinez-Espinoza et al., 2014; Bowen et al., 2016; Paul et al., 2019); however, the effective use of fungicides within the short window of anthesis is challenging per se (Cowger et al., 2016).

The development of FHB resistant wheat cultivars is the single most cost-effective and sustainable approach to manage this disease. Although complete FHB resistance has not been obtained yet (Steiner et al., 2017), identification and validation of major and minor effect QTLs and their introgression through diverse breeding methodologies including recently implemented methods such as marker-assisted and genomic selections are of paramount important. These methods have allowed gene pyramiding for durable resistance across wheat breeding programs (Buerstmayr et al., 2009; Li et al., 2016b; Shah et al., 2017; Zhao et al., 2018; Zhu et al., 2019). Meanwhile, the catastrophic epidemics in the 1990s resulted in the initiation of the US wheat and barley scab initiative (USWBSI; https://scabusa.org/) in 1997 (McMullen et al., 2012). The initiative has used a multi-state, integrated approach to minimize FHB risk through breeding for FHB resistance sharing germplasm through uniform scab nurseries, weather-based forecasting systems (FHB Alerts and ScabSmart), and uniform fungicide trials (McMullen et al., 1997). In the southeast US, SunGrains (http://www.sungrains.lsu.edu/about.shtml) was established in 2005 with currently seven universities collaborating to develop superior wheat germplasm with insect and disease resistance by sharing and screening germplasm.



Epidemiology and Management of LR and SR

Unlike the FHB pathogen, Pt and Ps which cause LR and SR in wheat, respectively, are obligate parasites and cannot be cultured outside the host tissue (Zhao et al., 2016). These biotrophic fungal pathogens interact with host resistance genes in a gene-for-gene manner (Chen, 2007; Kolmer, 2013; Zhao et al., 2016). Pt and Ps are heteroecious and require two genetically unrelated hosts to complete their life cycle (Roelfs et al., 1992; Bolton et al., 2008; Jin et al., 2010; Zhao et al., 2013): the primary host wheat in which it completes its asexual life cycle and alternate hosts, Thalictrum speciosissimum (meadow rue) for LR and Berberis spp. for SR, in which they complete the sexual life cycle. Rust pathogens are macrocyclic and have five different spore stages i.e., teliospores, basidiospores, urediniospores, pycniospores, and aeciospore (Bolton et al., 2008; Jin et al., 2010; Kolmer, 2013). LR and SR are polycyclic diseases; urediniospores can re-infect wheat under conducive climatic conditions leading to disease epidemics (Bolton et al., 2008; Kolmer, 2013; Chen et al., 2014). At later growing stages as temperatures rise, thick-walled black telia are formed which enable the pathogens to survive non-host periods (Chen et al., 2014). With favorable environmental conditions, the haploid basidiospores formed from the telia are wind-dispersed to nearby alternate hosts to form pycnium which later forms aeciospores to infect the primary host thus completing the life cycle (Bolton et al., 2008; Kolmer, 2013; Chen et al., 2014).

The typical symptoms of LR on wheat leaves appear as round lesions with orange-brown urediniospores on the upper leaf surface (Figures 2A, B) (Roelfs et al., 1992; Zhao et al., 2016). SR symptoms appear as yellow to orange uredinial pustules arranged in stripes usually between veins on leaves, glumes, and awns (Figure 2D) (Chen et al., 2014). Usually, LR and SR appear successively in the field during warm and dry, and cool and humid periods, respectively. Pt and Ps can infect wheat leaves if exposed to 4–8 hours of dew period with a temperature of 10–25°C and 5–12°C, respectively (Roelfs et al., 1992; de Vallavieille-Pope et al., 1995). However, new races of SR adapted to high temperature became prevalent worldwide, leading to epidemics in warmer areas where the disease was not problematic (Milus et al., 2008; Mboup et al., 2009; Hovmøller et al., 2010). The occurrence of several identical multilocus genotypes has justified that wheat rust spores can undergo long-distance dispersal of thousands of miles across continents and ocean by wind and intercontinental exchanges (Brown and Hovmøller, 2002; Kolmer, 2005; Bahri et al., 2009; Hovmøller et al., 2010; Walter et al., 2016; Kolmer et al., 2019).




Figure 2 | Wheat rusts; leaf rust (LR) uredinia on wheat seedlings in greenhouse (A), and adult plants in the field (B) used to assess seedling and adult plant resistance, respectively, stripe rust (SR) disease in the field plot compared to healthy wheat (C), and SR uredinia showing the elongated stripes typical of the disease on the flag leaf of adult plants in the field (B). Field photos are taken from southwest Georgia research and education center, Plains, GA (Source: Figures 2A, B, S. Sapkota; 2C, D, A. D. Martinez-Espinoza).



The populations of rust pathogens in the US have been dynamic with the discovery of new rust resistance genes, migration of virulence phenotypes, clonal reproduction, and mutation of rust urediniospores as documented by annual surveys conducted since the 1930s for LR (Mains and Jackson, 1926; Ordoñez and Kolmer, 2009; Kolmer, 2019) and the 1960s for SR (Chen et al., 2002; Line, 2002). Since Johnston (1961) reported a total of 16 physiologic races of LR from 22 US states, new races have appeared while others have disappeared. A collection of rust isolates from Georgia, North Carolina, South Carolina, and Virginia in 1999 revealed that virulence phenotype MBRK (virulence to LR genes Lr1, Lr3, Lr3ka, Lr11, Lr30, Lr10, Lr14a, and Lr18) at 38.7% and TLGF (virulence to Lr1, Lr2a, Lr2c, Lr3, Lr9, Lr11, Lr14a, and Lr18) at 33.8% of isolates were the most common phenotypes suggesting the south Atlantic states were a single epidemiological area for LR (Kolmer, 2002). However, a recent study updated the presence of 40 multilocus genotype groups widely distributed across wheat growing regions worldwide of which six exist in North America (Kolmer et al., 2019). MBTNB and MCTNB phenotypes with virulence to Lr11 and Lr18 are typical to the southeastern states and Ohio valley region. Similarly, Wan and Chen (2014) identified 146 races of stripe rust in 2010 compared to 21 races in 2000 in the US (Chen et al., 2002). Prior to 2009, SR races with virulence against Yr1, Yr3, Yr8, Yr9, Yr10, Yr11, Yr12, Yr16, Yr17, Yr18, Yr19, and Yr20 were frequently reported in the southeast US; whereas, Yr6, Yr7, Yr8, Yr9, Yr27, Yr43, Yr44, and YrExp2 virulence combinations have been identified in the last few years (https://striperust.wsu.edu/races/data/).

Similar to the management of FHB, an integrated management approach is the most effective means of controlling LR and SR (Roelfs et al., 1992). Cultural practices such as eradication of volunteer plants, crop debris, and alternate hosts (if present) can reduce primary inoculum (Roelfs et al., 1992) but do not guarantee complete freedom from rust spores in the field since urediniospores are carried long-distance by wind. Aerial dispersal of rust spores makes quarantine methods ineffective to control this disease. Although an effective management of rust diseases is possible by the use of fungicides, the approach is not always economically feasible (Bowen et al., 1991; Roelfs et al., 1992; Buck et al., 2009; Buck et al., 2011). Genetic resistance is therefore the preferred method to manage rust diseases. To date, 79 Lr genes and more than 200 QTLs, as well as 82 Yr genes and 140 QTLs have been identified for both seedling and adult plant LR and SR resistance, respectively (Rosewarne et al., 2013; McIntosh et al., 2017; Sapkota et al., 2019b).



Genetics of FHB Resistance and Breeding Strategies


Types of FHB Resistance

Host plant resistance to FHB is “horizontal” and neither species nor race-specific in nature (Mesterházy et al., 1999); rather resistance has low heritability, is quantitatively inherited and polygenic trait. There are no reports of genetic immunity to FHB; however multiple resistance genes can overlap to confer one or the other types of resistance (Parry et al., 1995; Ma et al., 2020). Type I and type II resistance was presented initially by Schroeder and Christensen (1963). This was later broadened to the five different types of host resistance mechanisms to FHB widely accepted to date (Mesterhazy, 1995; Mesterházy et al., 1999). Type I (FHB incidence) involves resistance to penetration and/or initial infection; type II (disease severity) is the condition when host plants resist spread of infection from one spikelet to another within an infected spike; type III reduces accumulation of mycotoxin(s) in the infected kernel; type IV provides resistance to kernel infection also known as Fusarium-damaged kernel (FDK); and type V provides resistance to yield loss (Figure 3). FHB resistant cultivars typically exhibit more than one resistance type since each QTL/gene can produce several resistance reactions (Dweba et al., 2017). Although type II resistance has been widely studied as the primary resistance type and type V is almost a neglected class, studies on the sources of type III and type IV resistance are becoming of primary interest for most of the wheat breeding programs due to increased health concerns associated with harmful vomitoxins (Venske et al., 2019; Zhu et al., 2019).




Figure 3 | Schematic flow diagram showing overall breeding effort for assessing FHB resistance types, QTL detection and validation, and development of FHB resistant wheat cultivars. (Source: Figure 3, B. Ghimire).





Sources of FHB Resistance

There are two major approaches for introducing FHB resistance in SRWW; deployment of resistant QTL from alien and exotic gene pools such as Fhb1 from Sumai 3 and exploitation of native sources of resistance from local cultivars (Brown-Guedira et al., 2008; Steiner et al., 2017). Despite the complexity of FHB resistance, the larger genetic variation from both exotic and native sources has been harnessed for deploying several resistance traits in modern wheat cultivars.


Exotic and Alien Sources of FHB Resistance

Sumai 3 is a highly resistant spring wheat cultivar developed from a cross between resistant parents Funo and Taiwan Xiaomai and was released by the Suzhou Institute of Agricultural Sciences in 1970 (Cuthbert et al., 2006; Buerstmayr et al., 2009). Sumai 3 is the most widely used donor parent to deploy the major effect QTL Fhb1 in several wheat breeding programs throughout the world (Zhu et al., 2019). While Sumai 3 has been extensively used in North America, other regions are either relying on different sources of Fhb1 such as Shinchunaga in Japan and Norin 129 and Nigmai 9 in China or even dropping Fhb1 due to preferential selection for the stem rust gene Sr2 in International Maize and Wheat Improvement Center (CIMMYT) as both of these genes are linked in repulsion (Buerstmayr et al., 2019). Besides Sumai 3, novel sources of FHB resistance from several other Asian cultivars or landraces such as Chokwang conferring type II resistance from Korea and Wangshuibai, Nyu-Bai and Nobeokabozu and their descendants CM-82036 and Ning7840 from China are widely used in US wheat breeding programs (Yang et al., 2005; Buerstmayr et al., 2009; Buerstmayr et al., 2014; Li et al., 2016b; Buerstmayr et al., 2019). Before the introduction of Sumai 3, US wheat breeding programs primarily used type I resistance sourced from Brazilian donor cultivar Frontana with stable QTL reported on chromosomes 3AL and 5A (Steiner et al., 2004; Buerstmayr et al., 2009). In addition, wheat relatives including wild emmer (T. dicoccoides) were also successfully used in hard red spring wheat (HRSW) to release several adapted cultivars including Steele-ND (Mergoum et al., 2005). Nevertheless, the occurrence of Fhb2 and Fhb5 QTLs in Sumai 3 in addition to Fhb1 has made this spring wheat cultivar a universal donor in FHB resistance breeding (Buerstmayr et al., 2019).

McVey is considered the first Sumai 3-derived US cultivar and was developed in Minnesota in 1999 (Hao et al., 2020). Since then, several top derivatives of Sumai 3 have been developed in the US by University programs: Alsen (2002–2006) (Frohberg et al., 2006), Glenn (2007–2011) (Mergoum et al., 2006), Barlow (2012–2015) (Mergoum et al., 2011), SY Soren (2016), and SY Ingmar (2017–2018) in North Dakota, Faller (2009–2012) (Mergoum et al., 2008) and Prosper (2013–2015) (Mergoum et al., 2013) in Minnesota, Prevail (2016–2017) in South Dakota, and AAC Brandon (2016–2018) in Manitoba, Canada (Zhu et al., 2019; Hao et al., 2020). Private seed companies are also actively involved in developing FHB resistant SRWW. For example, Pioneer Breeding Company developed 25R18 (1999), 25R42 (2001), 25R35 (2003), 25R54 (2003), INW0412 (2004), and 25R51 (2005) exploiting both Asian (3BS and 5AS) and/or European (1B and 3A) sources in the native background (Griffey, 2005; Zhu et al., 2019). Though more than 20 HRSW cultivars with Sumai 3 in their pedigrees are widely grown in the northern US and Canada, a negligible number of SRWW cultivars have been released for the southeast US (Steiner et al., 2017; Zhu et al., 2019).

The Fhb1 locus previously reported as Qfhs.ndsu-3BS was mapped as a single Mendelian gene in a high-resolution mapping population (Cuthbert et al., 2006). Bakhsh et al. (2013) suggested Fhb1 does not have any deleterious effects on agronomic and end-use quality traits in hard red winter wheat (HRWW) and near-isogenic lines (NILs) with Fhb1 locus reduced FHB disease severity and infected kernels by 23 and 27%, respectively (Pumphrey et al., 2007). Further, the unique ability of Fhb1 to detoxify DON to DON-3-O-glucoside can be further explored to reveal the mechanism of detoxification for wider applications (Lemmens et al., 2005).

Oliver et al. (2005) conducted an extensive evaluation of several wheat-alien species derivatives (Roegneria kamoji, R. ciliaris, Leymus racemosus, Thinopyrum ponticum, Th. elongatum, Th. junceum, Th. intermedium, Dasypyrum villosa, Secale cereal, and Avena sativa) and concluded these were an invaluable gene pool and could serve as novel sources for FHB resistance. FHB resistance is also present in more closely related species including Triticum tauschii (Oliver et al., 2005), T. macha (Steed et al., 2005), T. timopheevii (Malihipour et al., 2017), and T. spelta (Góral et al., 2008), and distantly related species Agropyron (Elymus spp.) (Ban, 1997) and Lophopyrum elongatum (Shen and Ohm, 2006). T. dicoccoides and tall wheatgrass have been widely exploited in the southeast US donating the major FHB QTL Qfhs.ndsu-3AS and Qfhs.pur-7EL, respectively (Brown-Guedira et al., 2008).



Native Sources of FHB Resistance

Native sources of resistance are more convenient to use compared to exotic sources due to higher adaptability as well as the presence of good agronomic and post-harvest quality traits. After the identification of the first native source of FHB resistance in SRWW Freedom in 1991 with a QTL mapped to chromosome 2AS, several other resistance sources were explored (Griffey, 2005). The most popular native cultivars documented with FHB resistance include: Massey (3BL) (1981), COKER 9474 (3BS), Ernie (1A/2B/3BL/4A/4BL/5A/6A) (1994), Foster (1995), Patton (Fhb2/3B/6B), Roane, Hondo, Heyne (3AS/4DL/4AL) (1998), Goldfield (2B/7B), Wesley (Fhb1) (1999), McCormick (3BS/2D/5A), Tribute (2002), NC-Neuse (1A/4A/6A), Truman (2ASc/2DS/3DS), INW0304 (2B), IL94-1653 (2B/4B) (2003), Cecil, INW0411 (Fhb1/1B/3A) (2004), Bess (1A/2B/3B), NY88046-8138, COKER 9511, WestBred X00-1079 (2005), and USG3555 (2007) (Van Sanford et al., 1997; Gilsinger et al., 2005; Griffey, 2005; Liu et al., 2007; Brown-Guedira et al., 2008; Griffey et al., 2008; Bonin and Kolb, 2009; Kang et al., 2011; Eckard et al., 2015; Islam et al., 2016; Bai et al., 2018; Murphy et al., 2019; Zhu et al., 2019). The SRWW cultivar Jamestown developed from the cross between Roane and Pioneer Brand 2691 by the Virginia Agricultural Experiment Station in 2007 is considered as a strong native source of FHB resistance (1BL) and is widely used a donor parent and FHB resistance check in the annual Southern Uniform Winter Wheat Scab Nursery (SUWWSN) (Griffey et al., 2010a; Zhu et al., 2019).




QTL Mapping for FHB Resistance and Validation

With the rapid advancements in genotyping along with reduced costs, it has become a routine approach to detect QTL associated with disease resistance mostly using conventional biparental QTL mapping (Buerstmayr et al., 2019; ElDoliefy et al., 2020; Ma et al., 2020). Since the first QTL mapping studies conducted independently by Waldron et al. (1999) and Bai et al. (1999), almost every wheat breeding program has integrated QTL mapping for FHB resistance with other important agronomic and quality traits (Figure 3). In 2003, several research groups initiated MAS (Yang et al., 2003; Zhou et al., 2003) leading to the first MAS-developed wheat cultivar Sabin from the University of Minnesota Agricultural Experimental Station in 2009 (Anderson et al., 2012). To date, more than 500 QTLs conferring resistance to different FHB traits except for grain yield (type V resistance) have been reported (Buerstmayr et al., 2019; Venske et al., 2019). However, only 20% are major effect QTLs (Buerstmayr et al., 2019).

Although hundreds of QTLs have been identified from all 42 wheat chromosomes, few have only been validated and successfully deployed in breeding programs to date (Buerstmayr et al., 2009; Steiner et al., 2017; Buerstmayr et al., 2019; Venske et al., 2019). Several QTL meta-analyses performed for FHB resistance in wheat at different time periods have also cross-validated to ensure the applicability of promising QTL (Liu et al., 2009; Löffler et al., 2009; Mao et al., 2010; Venske et al., 2019). For example, a comprehensive QTL meta-analysis conducted by Venske et al. (2019) utilized 556 QTLs from multiple projects and concluded that only two out of ten FHB-responsive genes recovered from meta-QTL 1/chr. 3B encoding for glycosiltransferase and cytochrome P450 were validated while the rest of the promising loci required further study. The analysis also revealed that the wheat B sub-genome had the largest number of QTL (238 QTLs) mapped further down on the chromosome 3B region (81 QTLs). The highest number of QTLs (41.5%) was reported for type II resistance while the fewest QTLs were for type I resistance (11.5%). The meta-analysis emphasized that future breeding activities should be directed towards fine mapping for QTL validation and the development of diagnostic markers for routine use in MAS and GS.

However, it is often questionable whether markers can be validated in a diverse background to enhance the visibility of the QTL mapping results. Nonetheless, Li et al. (2016a) observed very few markers (~3%) holding reproducible marker-trait association while testing 364 genome-wide informative SSR and sequence-tagged site (STS) markers associated with type II FHB resistance. Additionally, Petersen et al. (2017) found that only one QTL (Qfhb.nc-2B.1) and its associated marker contributed resistance to disease severity and FDK and was identified as the best candidate for use in MAS among twelve genomic loci identified from diverse wheat nurseries. The same research group previously revealed that Kompetitive Allele-Specific PCR (KASP) markers, Qfhb.nc-1A, Qfhb.nc-1B, and Qfhb.nc-6A developed from SRWW NC-Neuse are good candidates for use in MAS (Petersen et al., 2016). With the identification of the Fhb1 locus from Sumai 3 in 1999, several diagnostic markers have been developed allowing the successful introgression of this durable resistance locus in SRWW through MAS (Cuthbert et al., 2006; Bernardo et al., 2012; Steiner et al., 2017; Su et al., 2018).

FHB resistance is partially additive, so gene pyramiding is feasible using marker-assisted backcrossing or using either a single or combination of different selection strategies including phenotypic selection, MAS, and GS (Figure 3) (Shah et al., 2017). Agostinelli et al. (2012) suggested that an initial round of phenotypic selection for FHB traits at a moderate intensity will increase the homozygous resistant alleles at the major locus thus intensifying the MAS in the next round. Zhou et al. (2003) suggested MAS for major QTL during the seedling stage followed by phenotypic selection after anthesis benefited from effective FHB screening. Gupta et al. (2010) reviewed the progress and prospects of several aspects of MAS strategies such as AB-QTL, mapping-as-you-go, marker-assisted recurrent selection, and genome-wide selection. To date, Fhb1, Fhb2, and Qfhs.ifa-5A derived from Sumai 3 are reported the most used/validated and therefore, pyramided type II resistance QTL (Cuthbert et al., 2006; Cuthbert et al., 2007; Xue et al., 2011; Balut et al., 2013; Steiner et al., 2017; Su et al., 2018). Several authors have confirmed an enhanced type III resistance when Fhb1 locus was pyramided with QFhs.nau-2DL (Jiang et al., 2007; Agostinelli et al., 2012; Clark et al., 2016). Some other popular QTL widely used across wheat breeding programs include Fhb3 for type II resistance translocated from chromosome 7Lr#1 of wild grass L. racemosus (Qi et al., 2008), Fhb4 for type I resistance descended from the Chinese landrace Wangshiubai and mapped to 4BL (Xue et al., 2010), Fhb7 from Th. ponticum (Guo et al., 2015), and Fhb7AC on 7A (Jayatilake et al., 2011) most of which are pyramided to Fhb1. A recent study on the Fhb7 gene encoding a glutathione S-transferase reveals that broad resistance conferred to Fusarium species by Fhb7 is due to xenobiotic detoxification of the trichothecene compounds as was observed in Fhb1 (Wang et al., 2020). Further, the occurrence of the Fhb7 gene in the wild wheat relative Th. elongatum genome might be through a “natural” fungus-to-plant horizontal gene transfer event (Wang et al., 2020; Wulff and Jones, 2020). Wheat breeding programs will benefit from successful introgression of Fhb7 in diverse wheat backgrounds through distance hybridization conferring broad resistance to both FHB and crown rot.



Phenological and Morphological Traits Associated With FHB Resistance

Buerstmayr et al. (2019) grouped FHB resistance mechanisms into two classes: one conferred by host plant resistance gene(s) and is widely considered in breeding programs (active resistance factors with five resistance types) and the other due to developmental and morphological traits (passive resistance factors) that mainly constitute plant stature, anther extrusion, and flowering date (Figure 3). Thus, QTL mapping should consider both customary FHB resistance as well as morphological traits associated with FHB resistance to enrich the genetic diversity for durable resistance. The potential of phenological and morphological traits to enhance FHB resistance has been currently deemed as a key to successful strategic breeding (Buerstmayr et al., 2019) although the importance of these traits on resistance expression was previously reported (Mesterhazy, 1995; Miedaner, 1997; Liu et al., 2013). A summary of QTL mapping studies conducted between 2009 and 2019 revealed that nearly 40% of the QTLs for plant height, 60% for anther extrusion, and 25% for flowering date overlapped with FHB resistance QTL (Buerstmayr et al., 2019). This could be due to linkage drag (tightly linked locus) or pleiotropy between morphological and disease traits.

Several studies have claimed that the semi-dwarf plants harboring Rht-D1b and Rht-B1b alleles are more prone to FHB epidemics (Buerstmayr et al., 2009; Mao et al., 2010; Steiner et al., 2017). Mesterhazy (1995) demonstrated that awnless, taller wheat plants are usually less infected compared to shorter plants with awns. A possible explanation could be that rain hitting soil/debris only splashes 40–60 cm high and thus taller plants would be escaped from infection. Wheat awns forming larger head surface could trap and funnel airborne conidia down to open florets and enhance infection. Flower morphology also affects FHB resistance where a narrow flower opening is more prone to FHB infection (Gilsinger et al., 2005). Buerstmayr and Buerstmayr (2016) observed increased FHB severity as an effect of the high proportion of retained anthers and reduced plant height associated with Rht-D1b and Rht-B1b where the former allele had a significantly higher impact compared to the latter. These ‘green revolution’ genes introduced to enhance grain yield were also found to have a significant association with FHB infection counting up to 41% of type I susceptibility and 13–23% of reduced anther extrusion (Miedaner and Voss, 2008; Perovic et al., 2008; He et al., 2016). Interestingly, Yi et al. (2018) underlined the unique genetic relationship of FHB QTL to morphological traits where spike compactness strongly affected FHB in point inoculation while plant height and spike compactness contributed more to FHB severity compared to days to flowering with spray inoculation.



Modern Genomic Approaches for Breeding FHB Resistance

Modern breeding programs utilize novel technologies including transgenesis, gene cloning, and gene editing to complement conventional breeding for incorporation of durable resistance against FHB (Ma et al., 2020). The successful cloning of Fhb1, 2DL, and recently Fhb7 and the development of diagnostic markers have contributed towards deployment of these QTL (Kage et al., 2017; Li et al., 2019; Su et al., 2019; Wang et al., 2020). Lagudah and Krattinger (2019) compared three recent contradictory papers on Fhb1 gene cloning and suggested that both the Pore-forming toxin-like gene (Rawat et al., 2016) and Histidine-rich calcium-binding-protein gene (Li et al., 2019; Su et al., 2019) could possibly be contributing independently towards FHB resistance. The possibility of either dominant-negative model proposed by Lagudah and Krattinger (2019) or some unknown mechanism(s) of spatiotemporal gene function due to differential inoculation time (pre-anthesis, early anthesis, and anthesis) applied in all three studies is a debatable subject. Indeed, it could be a topic of beneficial scientific debate to gain further knowledge on the Fhb1 gene complex and its use in breeding for FHB resistance (Hao et al., 2020).

Genes contributing to FHB resistance have been introduced from alien species using transgenic approaches for over 20 years (Ma et al., 2020). These include the pathogenesis-related (PR) gene, ScNPR1 (Secale cereale-NPR1) from rye (Yu et al., 2017), overexpression of barley HvUGT13248 and Brachypodium distachyon UGT Bradi5gUGT03300 for improved detoxification of DON to D3G and NIV to NIV3G respectively (Li et al., 2015; Gatti et al., 2019), and introduction of barley class II chitinase gene for enhancing Type II and III resistance in wheat (Shin et al., 2008). Despite the daunting efforts, only limited success has been achieved to engineer transgenes in greenhouse environments, which also need further verification under field conditions to validate its functionality and genetic stability. Additionally, novel approaches such as expressed QTL (eQTL) combining transcriptomes data with conventional QTL mapping to identify genomic regions harboring candidate genes for FHB resistance have been initiated (Kazan and Gardiner, 2018). Similarly, host susceptibility genes could be explored to disable these deleterious genes through mutagenesis or editing through CRISPR/Cas9 (Wang et al., 2014). Host-induced gene silencing (HIGS) through the production of small interfering RNA molecules (RNAi) as demonstrated recently in wheat and model organism B. distachyon for FHB resistance could be further utilized (Cheng et al., 2015; He et al., 2019). However, regulatory hurdles have limited success for obtaining improved FHB resistant cultivars via a transgenic approach.

The success in sequencing whole genome of wheat has opened new avenues for screening multiple loci for FHB resistance at a much faster speed (IWGSC, 2014; Appels et al., 2018; Ma et al., 2020). Along with the readily available genomic data in public data repositories, there has been increased use of single nucleotide polymorphism (SNP) and microsatellite markers using modern next-generation sequencing (NGS) platforms such as genotyping-by-sequencing (GBS) and high-density Illumina 90K SNP assay in several QTL and association mapping projects (Deschamps et al., 2012; Liu et al., 2012; Islam et al., 2016; Petersen et al., 2016; Zhao et al., 2018). The sequence availability of both the F. graminearum and the wheat genome will allow greater understanding of the inherent mechanisms and genes underlying host–pathogen interactions contributing to effective management.



Molecular Mechanisms of FHB Resistance

Recent advancement in molecular/genetic analysis along with the advent of genomic tools and modern technologies contributed substantially in partially understanding the mechanism of disease resistance. However, a comprehensive understanding of the complex network of cellular and molecular events and pathway involved in FHB resistance remains to be elucidated. Pritsch et al. (2000) initiated a study on the role of PR genes (PR-1, PR-2, PR-3, PR-4, and PR-5) on the resistance mechanism in response to F. graminearum infection and disease spread in Sumai 3. The study revealed that this basal defense response triggered as early as 6–12 hours after inoculation (hai) and peaked at 36–48 hai, much faster in resistant compared to susceptible cultivars. Later, Golkari et al. (2007) demonstrated that glume and rachis were the most responsive organs with the earliest transcriptome pattern observed at 24 hai. Since then, transcriptomic data has been widely explored to portray the potential mechanisms behind QTL-mediated defense responses against Fusarium species and elucidate the system-level understanding on the biology of the pathogen (Kazan and Gardiner, 2018; Ma et al., 2020). The successful combination of transcriptomics with metabolomics and proteomics approaches identified the defense-response functionality of the FHB resistance QTL 2D, Fhb1 and Qfhs.ifa-5A in wheat NILs (Warth et al., 2015; Kage et al., 2017).

Salicylic acid (SA) inducing systemic acquired resistance (SAR) has been perceived as a key element in early signaling events during FHB infection (Ma et al., 2020). Ding et al. (2011) observed the up-regulation of SA pathways with higher hormone accumulation in the resistant Chinese cultivar Wangshuibai inducing PAL, EDS1, NPR1, and Glu2 genes within 3 hai. The early signaling pathways for SAR, mediated by coordinated and ordered expression of SA, jasmonic acid, ethylene, calcium ions, phosphatidic acid, and phenylpropanoid in addition to reactive oxygen species (ROS) production and scavenging, programmed cell death, cell wall fortification, and lignin biosynthesis have been widely discussed (Ding et al., 2011; Ma et al., 2020). The ability of the host plant to curb F. graminearum infection through the production of detoxification enzymes as observed in recent studies is another important approach to understand FHB resistance mechanisms (Lemmens et al., 2005; Gatti et al., 2019; Wang et al., 2020).




Genetic Sources of FHB Resistance in the Southeast

Although initial efforts were mostly focused on mapping FHB resistance QTL in spring wheat due to the severe epidemics in the Northern Grain Plains in the 1990s (McMullen et al., 1997), increased FHB in the southeast has shifted breeding efforts on SRWW to include this disease. Seven QTL mapping studies consisting of eight mapping populations, recombinant inbred lines (RILs), doubled-haploids (DHs), or mapping panel with 98–256 lines were considered for FHB resistance (Table 1) (Liu et al., 2012; Liu et al., 2013; Islam et al., 2016; Petersen et al., 2016; Petersen et al., 2017; Tessmann and Van Sanford, 2018; Tessmann et al., 2019). The major sources of FHB resistant alleles in those studies were: VA00W-38, Massey, Becker, Ernie, MO 94-317, NC-Neuse, and Truman. All the mapping studies considered type I–IV resistance in both greenhouse and field-based studies. Except for one study (Islam et al., 2016), all other mapping studies assessed morphological and phenological traits to explore their association with FHB traits. A total of 76 QTLs were detected across seven mapping studies of which 28 were considered as major effect QTLs (11, 10, and seven on chromosomes A, B, and D respectively). Since a single QTL was contributing to more than one FHB trait implying that the FHB QTL has a pleiotropic effect, the studies found a total of 10 major QTLs associated with type I, 10 with type II, 6 with FHB Index, 13 with type III, and 17 with type IV resistance. The identification of some major effect QTL for type III and IV resistance observed in recent years in the SRWW region encouraged the wheat breeders in the southeast US to screen wheat varieties with major available QTLs associated with low DON and FDK. Further, the higher number of type III and type IV resistance QTL reported in these studies is in contrast to the highest number of type II QTL reported in a review by Venske et al. (2019) showcasing the interest shift on FHB traits in this region. Furthermore, it was evident that the lower number of QTLs was detected on a small mapping population, while the number of QTLs increased for the large-sized population as mentioned by Buerstmayr et al. (2009). A higher number of FHB traits were associated with QTL when studies were carried out both in the greenhouse and field as compared to field studies alone. This could be possible as low heritable FHB QTLs are only fully expressed when populations are tested across multiple environments for multiple years (Mesterházy et al., 1999). Interestingly, the association of FHB QTL with plant height and heading date observed in most of the studies corroborates the necessity to consider these phenotypes in QTL mapping projects (Miedaner and Voss, 2008; He et al., 2016; Buerstmayr et al., 2019). For instance, out of the four common QTLs associated with FHB variables in both Becker/Massey and Ernie/MO 94–317 mapping populations, three of them overlapped with genes governing plant height (Rht-B1 and Rht-D1) and photoperiod sensitivity (Ppd-D1) (Table 1) (Liu et al., 2013). The pleiotropic effects of these morphological genes suggest that deploying and pyramiding FHB resistance QTL with these important morphological traits could be an effective strategy to improve FHB resistance in SRWW cultivars. Further, the low phenotypic variation (−2.1 to 26.7%) explained by QTL identified in the SRWW panels and mapping population is not unusual for polygenic nature of FHB resistance where multiple small effects QTL contribute to resistance (Petersen et al., 2017; Tessmann et al., 2019).


Table 1 | Summary of QTL mapping studies for FHB resistance in SRWW in the southeast US.



QTL validation is another important step towards the development of resistant cultivars. Four studies on QTL validation were conducted in the southeast US using eleven mapping populations developed as back-crossed lines, NILs or RILs (Table 2) (Chen et al., 2006; Kang et al., 2011; Balut et al., 2013; Clark et al., 2016). These studies had either W14 or Sumai 3 as a donor parent and validated Fhb1 (3BS), QFhs.nau-2DL, and 5AS (Fhb5) QTLs in diverse backgrounds. Most of the lines in these studies developed by marker-assisted backcrossing and selection highlight the wider application of MAS in the southeast for screening and developing wheat cultivars. As an instance, three FHB QTL 3BS (Fhb1), 2D, and 5A from non-adapted Chinese cultivar Ning7840 was pyramided into SRWW cultivar McCormick by marker-assisted backcrossing (Kang et al., 2011). Further, the exotic and native QTLs were deployed from Ning7840 and McCormick, respectively, to develop SRWW germplasm KY06C-11-3-10 using the same approach (Clark et al., 2014). This germplasm has been further used as a donor parent for developing breeding populations. Chen et al. (2006) confirmed the presence of major FHB resistance QTLs on chromosomes 3BS and 5AS in Chinese line W14 contributed to reduced initial infection, disease spread, kernel infection, and DON accumulation. The use of double-haploid populations in this study has shortened the breeding cycle thereby expediting the validation and further QTL deployment processes. Overall, greater emphasis is ongoing to introgress FHB resistance QTL both from exotic and native sources in current SRWW cultivars through efficient breeding approaches such as genomic selection and hastily using DH method.


Table 2 | Summary of main QTL validation studies for FHB resistance in SRWW in the southeast US.



In the southeast US, each participating program routinely screens for FHB resistance as an important criterion before releasing new wheat cultivar in the region. The elite lines are screened for FHB resistance in the SUWWSN (https://scabusa.org/) and Cooperative SRWW Nurseries (consisting of 6-State Advanced and Preliminary (6ST-ADV & 6ST-PRE), Gulf Atlantic Wheat (GAWN) and Sun Wheat nurseries) for multiple years. These lines are also genotyped in the USDA Eastern Regional Small Grains Genotyping Laboratory at Raleigh, NC to identify robust markers associated with FHB resistance traits. The most common resistance loci found across SRWW and breeding lines in SUWWSN recently include Fhb1, Fhb_3B_Massey, Fhb_5A_Ernie, Fhb_5A_Ning, Fhb_2DL_Wuhan1/W14, Fhb_1B_Jamestown, Fhb_1A_Neuse, Fhb_4A_Neuse, Fhb_6A_Neuse, Fhb_2B_Bess, and Fhb_3B_Bess (Murphy et al., 2019). Breeding materials are also tested in the regional Uniform Eastern & Southern SRWW Nurseries and screened for all these resistance loci except Fhb_2DL_Wuhan1/W14. A detailed list of the SSR and SNP markers used in the genotypic analysis can be found at: https://www.ars.usda.gov/southeast-area/raleigh-nc/plant-science-research/docs/small-grains-genotyping-laboratory/regional-nursery-marker-reports/. Notably, the registration of FHB resistant SRWW germplasm NC-Neuse (Murphy et al., 2004), Jamestown (Griffey et al., 2010a), VA04W-433, VA04W-474 (Chen et al., 2012), KY06C-11-3-10 (Clark et al., 2014), and AGS 3015 (Mergoum et al., 2019) is among the FHB breeding achievements obtained so far in the region (see Table 3 for representative list of SRWW cultivars).


Table 3 | List of representative major FHB and rusts resistant SRWW cultivars/germplasm released in the southeast US.





Genetics of LR and SR Resistance and Breeding Strategies


Types of Resistance

Resistance to rust diseases in wheat is broadly classified into two categories; seedling and adult plant resistance (APR) (Kolmer, 1996; Chen, 2007; Kolmer et al., 2007). Seedling resistance, also known as all-stage resistance, is detected in the seedling stage and remains effective at all stages of plant growth. Seedling resistance is race-specific, controlled by a single gene and mostly effective for a short duration due to the continuous evolution of new races. In contrast, APR is detected at the adult stage, controlled by multiple genes with a small effect, and is typically more durable (Line and Chen, 1995). APR genes are further classified into race-specific and race non-specific resistance genes (Ellis et al., 2014). The majority of the winter wheat cultivars possess high-temperature adult plant (HTAP) resistance typical to SR which is expressed only at the high post-inoculation temperatures (Qayoum and Line, 1985). Wheat cultivars that possess only HTAP resistance are susceptible at the seedling stage when the temperature is low, but as the temperature increases, the level of their resistance also increases (Line and Chen, 1995; Chen, 2007; Ellis et al., 2014). Research evidence proved that race non-specific HTAP resistance mostly triggers at the jointing and later growth stages with flag leaves exhibiting more resistance than the lower leaves within the same plant (Qayoum and Line, 1985). Moreover, SR development was much slower on highly resistant cultivars establishing direct correlation of rust development with HTAP resistance. Apart from seedling and APR, wheat cultivars were also found to have slow rusting or partial resistance to LR and SR (Line and Chen, 1995; Singh et al., 2005; Figlan et al., 2020). Similar to APR, slow rusting resistance is controlled by multiple genes with small effects that are race non-specific and more durable (Kolmer, 1996).



Sources of Resistance

A wild relative of wheat, Sharon goatgrass (Aegilops sharonensis), native to the fertile crescent region, has long been considered a possible source of unique resistance genes to several wheat diseases with the highest resistance frequency (60–77%) observed for LR and intermediate resistance (45%) for SR (Olivera et al., 2007; Olivera et al., 2008; Millet et al., 2014). Today, several other wild relatives of wheat contributing a diverse genetic pool against rust resistance are widely exploited. Some of the successful transformation from donor relatives documented include major resistance genes Lr21, Lr22a, and Lr39 from Tausch’s goatgrass (Ae. tauschii) (Raupp et al., 2001; Kolmer, 2013), Lr24 from wheatgrass (Thinopyrum ponticum) (Li et al., 2003), Lr57 from Ae. geniculate (Kuraparthy et al., 2007), Lr37/Yr17 from Ae. ventricosa (Kolmer, 2013), Lr9 and Lr26/Yr9 from Ae. umbellulata and common rye (Secale cereal) respectively (Browder, 1980), Yr15 from T. dicoccoides (Gerechter-Amitai et al., 1989), and Yr8 from Ae. comosa (Friebe et al., 1996). Cryptic alien introgressions may provide a unique source of resistance but are also likely to bring additional undesirable or even deleterious genes that reduce cultivar fitness, quality, and even grain yield due to linkage drag (Kuraparthy et al., 2007).



QTL Mapping for LR and SR Resistance and Validation

Similar to FHB, biparental QTL mapping using two divergent cultivars was instrumental in identifying rust resistance loci. Currently, 79 Lr-genes (Lr1-Lr79) and 82 Yr-genes have been formally cataloged from common wheat, durum wheat, and other related species (McIntosh et al., 2017; Qureshi et al., 2018; USDA Cereal disease lab, https://www.ars.usda.gov/midwest-area/stpaul/cereal-disease-lab/docs/resistance-genes/resistance-genes/). Of the 79 Lr-genes and 82 Yr-genes, 64 and 15 Lr-genes, and 59 and 19 Yr-genes confer seedling and APR, respectively (McIntosh et al., 2017; Da Silva et al., 2018; Sapkota et al., 2019a). Among the 15 Lr-genes and 19 Yr-genes for APR, seven (Lr12, Lr13, Lr22a/b, Lr35, Lr37, Lr48, and Lr49) and eight (Lr34, Lr46, Lr67, Lr68, Lr74, Lr75, Lr77, and Lr78) Lr-genes and five (Yr11, Yr12, Yr13, Yr14, and Yr34) and fourteen (Yr16, Yr18, Yr29, Yr30, Yr36, Yrns-B, YrA1, YrA2, YrA3, YrA4, YrA5, YrA6, YrA7, and YrA8) Yr-genes are reported to confer race-specific and race non-specific resistance, respectively (McIntosh et al., 2017; Da Silva et al., 2018; Waqar et al., 2018).

QTL mapping of slow rusting genes expressing a prolonged latent period has gained scientific interest to assure durable resistance to wheat LR. For example, the winter wheat line CI13227, well known for slow rusting resistance, has been widely used in mapping studies. Several research groups have demonstrated that CI13227 has both seedling resistance gene Lr3ka as well as APR genes on 1BL likely to be Lr46 along with 2B, 2DS, 7AL, and 7BL (Xu et al., 2005a; Xu et al., 2005b; Kolmer et al., 2012; Kolmer et al., 2015). The seedling resistance genes found in CI13227 might have contributed to the development of small uredinia, lower field infection, and a longer latent period possibly attributing additive effects with the APR genes (Kolmer et al., 2012). Later, Kolmer et al. (2015) found that Lr46 gene additionally confers APR to SR, stem rust, and powdery mildew. Another major effect QTL Lr74 mapped to 3BS region was detected in two SRWW cultivars Clark and Caldwell and is considered an important genomic region that contains stem rust resistance gene Sr2 and FHB QTL Fhb1 (Li et al., 2017; Kolmer et al., 2018). Further studies to determine if Lr74 is linked in coupling phase with Sr2 as in the case for Sr2 and Fhb1 would assist in combining these genes in breeding programs (Li et al., 2017). In addition, the presence of seedling resistance genes Lr9, Lr10, and Lr14a in Coker 9663 and Lr14b and Lr26 in Pioneer 26R61 together with APR gene Lr13 in the latter demonstrates the availability of copious genetic resources across SRWW cultivars (Kolmer, 2010).

With increasing numbers of QTL mapping studies, the identification of closely linked markers and their validation for MAS is indispensable. Validation of molecular markers for some of the LR resistance genes such as Rph5 and Rph7 in barley is noteworthy in terms of its applicability in gene postulation, MAS, and eventual gene pyramiding with other resistance genes (Mammadov et al., 2007). Similarly, several breeding approaches have been carried out to develop diagnostic markers that are tightly linked to LR resistance locus in wheat. Dedryver et al. (1996) developed a sequence characterized amplified region (SCAR) marker converted from a random amplified polymorphic DNA marker, OP-H5, linked to Lr24 locus indicating the possibility of molecular screening of LR resistance through MAS. Gene pyramiding for gaining durable LR resistance is usually effective through MAS once the diagnostic markers are developed and validated in diverse backgrounds. Kloppers and Pretorius (1997) revealed that wheat lines with combinations of Lr34 (race non-specific) and Lr13 (race-specific) as well as Lr34 and Lr37 genes showed improved resistance exhibiting active complementary effect even in the presence of LR races possessing virulence for Lr13 gene. CIMMYT has been working for an extended period of time to pyramid additive slow rusting LR and SR genes (usually four or five) having small to intermediate effects in locally adapted wheat cultivars through backcrossing breeding approach (Singh et al., 2005). In this light, several kinds of PCR-based molecular markers, including SCAR, AFLP, and cleaved amplified polymorphic sequences (CAPS), are available to screen for LR resistance genes Lr1, Lr9, Lr10, Lr19, Lr21, Lr24, Lr25, Lr28, Lr29, Lr34, Lr35, Lr37, Lr39, Lr47, and Lr51 and SR resistance genes Yr10, Yr15, Yr17, Yr18, and Yr32 further assisting in gene pyramiding (Robert et al., 1999; Spielmeyer et al., 2005; Murphy et al., 2009; Todorovska et al., 2009).



Modern Genomic Approaches for Breeding LR and SR Resistance

Limited success has been achieved by using phenotyping screening, physiologic specification of virulence races and conventional QTL mapping studies to breed wheat cultivars with durable LR and SR resistances. Similar to the approach for FHB resistance, a system-based approach understanding the host plant and their obligate parasites can help to develop resilient breeding strategies. Development of transgenic wheat and exploiting HIGS still need to be largely explored (Figlan et al., 2020). Yin et al. (2011) summarized the ability of RNAi technology to suppress the expression pattern of SR fungus gene through the use of barley stripe mosaic virus system. The presence of RNAi triggering the downregulation of protein kinase A gene PsCPK1, an important pathogenicity factor, was found to enhance resistance to wheat SR (Qi et al., 2018). The expression of hairpin RNAi constructs homologous to Pt MAP-kinase (PtMAPK1) encoding genes resulted in the silencing of corresponding genes in LR fungi opening an alternative avenue for developing rust-resistant wheat cultivars (Panwar et al., 2018). Further, gene-deployment strategies to gain durable rust resistance require better understanding of potential pathogen variability. The emergence of new rust races can be constantly scouted by using sophisticated surveillance technology called “field pathogenomics” which uses RNAseq or genomic DNA-based approaches to generate high-resolution NGS data for describing pathogen dynamics (Derevnina and Michelmore, 2015; Figlan et al., 2020). These modern tools show considerable promise to provide insights into the biology, population structure, and pathogenesis of wheat SR and could help formulate breeding decisions while deploying rust resistance genes in SRWW cultivars (Hubbard et al., 2015).

Map-based cloning of rust resistance genes is still an arduous endeavor due to the polyploidy complex, large wheat genome size, and high content of repetitive DNA (Cloutier et al., 2007). Nonetheless, some LR resistance genes have been successfully cloned such as Lr1 (Cloutier et al., 2007), Lr10 (Feuillet et al., 2003), Lr21 (Huang et al., 2003), Lr22a (Thind et al., 2017), Lr34 (Krattinger et al., 2009), and Lr67 (Moore et al., 2015). Similarly, SR resistance genes that have been cloned include Yr5/YrSP and Yr7 (Marchal et al., 2018), Yr10 (Liu et al., 2014), Yr15 (Klymiuk et al., 2018), Yr18 (Krattinger et al., 2009), Yr36 (Fu et al., 2009), and Yr46 (Moore et al., 2015). Yr10 is considered the first seedling resistance gene cloned while other genes such as Yr18/Lr34/Sr57/Pm38, and Yr46/Lr67/Sr55/Pm39 possess multi-pathogen (partial) slow rusting APR functionality against the three wheat rusts and powdery mildew (Spielmeyer et al., 2005; Krattinger et al., 2009; Moore et al., 2015; Klymiuk et al., 2018; Figlan et al., 2020). Despite the paucity of success in gene cloning, pathways to engineer genes of interest via high throughput modern genome editing technology have already been unlocked (Figlan et al., 2020) tracking success in powdery mildew resistance (Wang et al., 2014). Other modern genomic approaches to rust resistance gene isolation such as mutant chromosome sequencing (MutChromSeq), resistance gene enrichment sequencing (RenSeq), and platform combining association genetics (GWAS) with RenSeq (AgRenSeq) have been discussed recently (Dinh et al., 2020). Above all, the molecular and genomic basis of resistance breeding relies on our understanding of host resistance as well as pathogen virulence genes and their interactive mechanisms involved in rust resistance.



Molecular Mechanisms of LR and SR Resistance

Plants defense mechanisms against pathogens are broadly classified into two categories i.e., basal defense and R-gene mediated defense mechanism (Dinh et al., 2020). Basel resistance is effective against a wider range of plant pathogens and includes both host and non-host resistance; whereas, R-gene mediated resistance is effective against specific pathogens (Gururani et al., 2012; Dinh et al., 2020). Overall, rust disease resistance mechanisms in wheat take place in three main steps: recognition of the pathogens, signal transduction, and defense responses (Dinh et al., 2020). When the rust pathogens land on the wheat plant, pattern recognition receptors (PRRs) in the host plant detect the pathogens which is followed by the transduction of signals to the immune system of the plants. Once the pathogen is recognized and the signal is received, different mechanisms are induced in plant cells including programmed cell death (PCD) or sacrificing the infected cells and blocking the nutrient sources to the pathogens, as a disease resistance mechanism (Dinh et al., 2020).

Cereal hosts restrict the invasion and growth of biotrophic rust pathogens using two broad strategies, penetration resistance and PCD-mediated resistance (Gebrie, 2016). Penetration resistance occurs when non-adapted pathogens fail to recognize the plant’s physical and chemical signals necessary for subsequent infection. PCD-mediated resistance occurs inside the penetrated epidermal cell where the plant terminates nutrient supply to the fungal pathogens restricting further development by induction of invaded program cell death. Wheat resistance responses to rust pathogens have been characterized into surface-localized pathogen-associated molecular patterns (PAMPs)-triggered immunity (PTI), intracellular effector-triggered immunity (ETI), and broad-spectrum quantitative (partial) disease resistance (Dangl et al., 2013; Gebrie, 2016; Klymiuk et al., 2018). Dinh et al. (2020) discussed the significance of PAMPs conserved across plant pathogens that are recognized by PRRs in host plants. One of the well-known PAMPs present in cereal rust fungi is chitin (Dinh et al., 2020). Recognition of PAMPs triggers multiple defense responses in the host plant including generation of ROS, biosynthesis of defense hormones and phytoalexin, and cell wall strengthening which eventually generate PTI response (Gebrie, 2016; Dinh et al., 2020). The second layer of plant defense response, ETI, uses resistance (R) proteins that are activated upon the recognition of pathogen effectors (Dangl et al., 2013). The association of ETI with a hypersensitive response leading to PCD prevents rust pathogens from acquiring nutrients from cereal hosts (Gebrie, 2016; Dinh et al., 2020). Most of the cloned LR resistance genes, such as Lr1, Lr10, Lr21, and Lr22a, encode nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins (Feuillet et al., 2003; Huang et al., 2003; Cloutier et al., 2007; Dinh et al., 2020). However, only a few of the SR resistance genes, such as Yr10, Yr5/YrSP, and Yr7 encode this protein (Liu et al., 2014; Marchal et al., 2018). The activation of these NBS-LRR genes normally induces PCD or produces ROS in plants (Qi and Innes, 2013; Dinh et al., 2020). Therefore, the presence of these NBS-LRR genes in wheat is considered to be important to confer resistance against LR and SR with hypersensitive reaction via PCD.




Genetic Sources of LR and SR Resistance in the Southeast

Significant progress has been made on developing SRWW cultivars with varying degrees of rust resistance (Kolmer, 2019). Almost all breeding programs that work on FHB resistance as mentioned before are actively involved in breeding LR and SR resistance SRWW cultivars in the southeast US. The UGA small grain breeding program in collaboration with the USDA-ARS Cereal Rust Laboratory registered six LR resistant SRWW germplasm in 1991 adapted to the southeast US: Ceruga-1, Ceruga-2, Ceruga-3, Ceruga-4, Ceruga-5, and Ceruga-6. This was the result of a cooperative research program initiated in 1982 (Long et al., 1992). Subsequently, most released SRWW cultivars in the southeast US have good resistance to LR and SR. At UGA, LR resistant cultivars recently released include AGS 2027, PIO 26R94, and SS 8629 (2013), AGS 2024, Savoy, and SH 0555 (2014), AGS 2033 (2015), Fury (Progeny 16-1) and AGS 2055 (2016), GW 2032, AGS 3030, and AGS 3040 (2017), USG 3640 (2018), and AGS 3015, Dyna-Gro Rutledge and Blanton (2019) most of which have Lr37 resistance gene in their background (M. Mergoum, personal communication and unpublished data). The most common LR and SR resistance genes reported in SRWW cultivars for the southeastern states include the combination of Lr1, Lr2a, Lr9, Lr10, Lr11, Lr12, Lr14a, Lr18, Lr26, and Lr37 and Yr17 and YrR6, respectively (Kolmer, 2002; Hao et al., 2011; Kolmer, 2013; Kolmer, 2019).

Notably, gene postulation studies in SRWW cultivars and breeding lines also revealed the presence of seedling resistance genes Lr1, Lr2a, Lr9, Lr10, Lr11, Lr18, and Lr26 and APR genes Lr12 and Lr34 when tested in the field of North Carolina (Kolmer, 2003). However, cultivars with Lr2a, Lr9, and Lr26 genes in combination with APR genes Lr12 and Lr34 only exhibited higher resistance to LR. Additionally, gene postulation studies on 116 contemporary SRWW suggested the presence of seedling resistance genes Lr1, Lr2a, Lr2c, Lr3, Lr3ka, Lr9, Lr10, Lr11, Lr14a, Lr18, Lr20, Lr23, Lr24, and Lr26 (Wamishe and Milus, 2004a) as well as the contribution of either Lr12, Lr13, or Lr34 for APR to LR (Wamishe and Milus, 2004b). Recent reports on a genotypic analysis of SRWW breeding lines also revealed the presence of LR and SR resistance genes Lr34/Yr18 (on 7DS), Yr17/Lr37/Sr38 (2NS:2A translocation), Lr9 (on 6BL), Lr18 (from T. timopheevii on 5BL), Sr24/Lr24 (introgressed from Agropyron elongatum on 3DS or 1RS), and Yr_4BL (2019 Uniform Eastern & Southern SRWW Nursery Marker Report). The detailed list on different diagnostic markers used in the analysis can be found at: https://www.ars.usda.gov/southeast-area/raleigh-nc/plant-science-research/docs/small-grains-genotyping-laboratory/regional-nursery-marker-reports/. Some of the most common SRWW cultivars/germplasm lines registered and/or released for the southeast with LR and SR resistance include CK9553 and AGS 2056 (Lr11), AGS 2000 and Arcadia (Lr26), Jamestown and Hilliard (Lr10, Lr18), KY06C-11-3-10 (Lr34/Lr24/Yr18), and GA 03564-12E6 and AGS 3015 (Lr37/Yr17) (Clark et al., 2014; Baik et al., 2017; Johnson et al., 2017; Kolmer, 2019; Mergoum et al., 2019) (see Table 3 for a representative list of cultivars). Despite the fact that Lr34 is present in few breeding lines and germplasm, this most renowned durable LR resistance gene is still absent in all released SRWW cultivars to date (Kolmer et al., 2018). A complete update on wheat rust across the US including available Lr and Yr genes and gene postulations on wheat cultivars can be found at the USDA-ARS Cereal Disease Laboratory (https://www.ars.usda.gov/midwest-area/stpaul/cereal-disease-lab/).

There have been few QTL mapping studies for rust resistance conducted in the southeast region. Three biparental QTL mapping studies were recently conducted for LR: one study looked at accessing seedling resistance (Sapkota et al., 2019b) and two focused on APR (Table 4) (Carpenter et al., 2017; Sapkota, 2019). The studies utilized RIL population (175–225 lines) and detected major QTL for LR resistance in 2BS (seedling), 1AL and 5B (APR) explaining 8.1–75.3% of phenotypic variations which were either validated or under validation for future use. Among those, LrA2k recently mapped on chromosome 2BS from SRWW cultivar AGS 2000 confers a high level of LR resistance at the seedling stage (Sapkota et al., 2019b). Similarly, Lr2K38 has been mapped on 1AL chromosome from SRWW cultivar AGS 2038 and confers a high level of APR to LR (Sapkota et al., 2019). Both of these genes were effective against the current prevalent Pt races MFGKG and MBTNB and are invaluable genetic resources for resistance breeding in the southeast region. In addition, a validation study was conducted in the growth chamber for seedling resistance using RILs (Table 4) (Carpenter et al., 2018). Linkage analysis validated the presence of Lr18 gene linked to SNP marker IWB41960 in Jamestown/VA10W-21 and RL6009/VA10W21 F2 populations which can be successfully deployed in breeding programs.


Table 4 | Summary of recently identified QTL for LR and SR resistances and their validation in SRWW in the southeast US.



Similarly, four biparental QTL mapping studies were conducted for adult plant SR resistance (Table 4) (Hao et al., 2011; Christopher et al., 2013; Subramanian et al., 2016; Carpenter et al., 2017). The first study utilized a RIL population (178 lines) and detected a major QTL on 2A, contributing up to 56% of phenotypic variation in the SRWW cultivars Pioneer 26R61 (Hao et al., 2011). The second study utilized 182 RILs derived from VA00W-38 (resistant) and Pioneer Brand 26R46 and mapped four QTLs, on chromosomes 2AS, 3BL, 4BL, and 6BL (Christopher et al., 2013). Of these, 2AS QTL explained up to 58.9% of phenotypic variation. The third study utilized a RIL population (146 RILs) and mapped two QTLs on chromosomes 3BS and 4BL (Subramanian et al., 2016). The fourth study utilized a RIL population (186 lines) and detected two QTLs for SR resistance in SRWW cultivar Jamestown in chromosomes 3B and 6A, contributing up to 11.1 and 14.3% of phenotypic variation, respectively (Carpenter et al., 2017). Interestingly, the presence of LR and SR resistance QTL on 5B, 3B, and 6A together with FHB resistance QTL in 1B makes SRWW cultivar Jamestown a good donor parent in the SRWW breeding programs (Carpenter et al., 2017). In addition, donor parents Pioneer26R61 and VA00W-38 in these mapping studies acquiring FHB and LR resistance QTL besides SR resistance hold a good genetic pool for multi-trait resistance.



Challenges and Breeding Strategies for FHB, LR, and SR Resistance

Disease phenotyping in the greenhouse and in particular under field conditions is necessary to validate germplasm selections based on molecular data. However, FHB and rusts differ dramatically on the relative ease of disease phenotyping. Disease ratings for rust are fairly straightforward and consider infection type (either a 0–4 or 0–9 scale) and disease severity to assess both seedling and APR (Figure 2) (Stakman et al., 1962; Qayoum and Line, 1985; Carpenter et al., 2017). Inoculum can be either urediniospore suspensions (greenhouse) or infected spreader plants (field) to initiate localized epidemics. The presence of five resistance types and the need for floral infection for FHB assessments increase the difficulty of phenotyping for this disease (Figures 1 and 3) (Mesterhazy, 1995). Field and greenhouse assessments typically require an exogenous water source (e.g. mist system) that can be programmed to provide moisture throughout the day and night during anthesis. This can often be over several week periods due to differing anthesis across heterogeneous germplasm. Inoculum can be applied as corn spawn and conidial spray inoculation or naturally infected corn debris in the field to assess all resistance types while single floret inoculations of a conidial suspension are typically used in the greenhouse particularly to assess type II, III, and IV resistance. Differences in plant height and flowering date of wheat germplasm may require multiple inoculations creating uneven disease pressure in the field with the likelihood of disease escape on early and later flowering germplasm. High disease incidence resulting in a majority of infected spikelets can also make type II screening challenging (M. Mergoum, personal communication). Additionally, Stagonospora nodorum infection on the wheat spike may add confusion to correctly rate FHB in the field (Brown-Guedira et al., 2008).

The selection of wheat cultivars with reduced FDK and DON levels is becoming a major criterion in the majority of the southeast wheat breeding programs. However, collecting these data requires intensive labor and resources for large and early generation germplasm selections. Several research groups are developing high throughput phenotyping such as detached leaf assays (Browne et al., 2005), air separation and digital photo analysis (Maloney et al., 2014), near-infrared reflectance (Dvorjak, 2014), optical sorter (Carmack et al., 2019) or grain imaging platform (Ward et al., 2019a) and have observed a high level of correlation for FDK and DON level between actual and predicted values. Despite these achievements, there are still some other impediments to successful field phenotyping for both FHB and rust diseases.

Low heritability and high genotype by environment interaction (G×E) are the major bottlenecks to the complexity of FHB resistance breeding as it is usually challenging to detect minor effect QTL both from adapted and exotic sources (Verges et al., 2006). Plant breeders can have hundreds of thousands of breeding lines per season and are limited in the greenhouse for FHB and rust screening due to time and space constraints. High G×E can result in a poor correlation between greenhouse and field screening for quantitative traits such as FHB severity, DON levels, and FDK which suggests that greenhouse test alone would not be sufficient to explore resistance sources which might actually be expressed only in the field (Hall and Van Sanford, 2003). Regardless of the time and effort, phenotypic screening in multiple environments is still indispensable to lay the foundation for successful MAS and GS. A recent study showed that the incorporation of the G×E effect and multiple traits in the GS model increased the prediction accuracy by 9.6% for low-heritability traits across environments (Ward et al., 2019b). Notably, the higher prediction ability of the phenotypic selection over GS with higher selection response vice versa documented by Steiner et al. (2019) underscores that genomics and phenomics should be complementary to further cultivar improvements. Similarly, the higher accuracy of genome-wide maker-based models tested in recent studies to detect even minor effect QTL unchecked by MAS ensures the success of GS for future rusts resistance in SRWW (Todorovska et al., 2009; Bulli et al., 2016; Steiner et al., 2017).

Though significant strides have been made in FHB resistance using universal donor Sumai 3, inadvertent linkage drag associated with Fhb1 has been a problem for its successful deployment in breeding lines (Schweiger et al., 2016). It is often challenging to gain acceptable agronomic and quality traits while introgressing major effect FHB resistance QTL from exotic and alien sources. Benson et al. (2012) studied the genetic diversity and population structure of the eastern winter wheat population and concluded that the short intense breeding history against FHB resistance might have localized effects on linkage drag. However, appropriate breeding methodologies such as repeated backcrossing with the recurrent parent and large population size can help to identify the few recombinants with minimum negative effects (“bad linkages”). More importantly, breeding winter wheat for both FHB and rusts resistance is time consuming (requires vernalization) compared to spring wheat. In addition, the lack of QTL validation in diverse backgrounds and the paucity of diagnostic markers have disadvantaged FHB and rusts breeding programs in the southeast US (Brown-Guedira et al., 2008; Waqar et al., 2018). Low accuracy in QTL size and location along with a low representation of genomic allele distribution often warrants the need for validating QTL and associated markers in a diverse background to ensure wider applicability (Buerstmayr et al., 2019).

Unlike FHB, the emergence of new virulence phenotype groups and races of the LR and SR pathogens is the single most recurring problem for durable rust resistance breeding in the southeast US and elsewhere (Kolmer et al., 2019). The replacement of LR virulence phenotype MBRK and TLGF dominant during the early 2000s with MBTNB and MCTNB phenotypes at present highlights the dynamic nature of LR isolates (Kolmer, 2002; Kolmer et al., 2019). Similarly, new races of SR have been continuously appearing since races virulent to Yr8 and Yr9 started threatening SRWW in the southeast US in 2000 (Hao et al., 2011). Wheat breeding programs in the southeast US should, therefore, continue the rigorous search for novel QTL and slow rusting genes for LR and SR resistance to overcome new races and gain long term genetic resistance in the field. In addition, stewardship and deployment of the few resistance genes for LR and SR available to breeding programs in the southeast are necessary to preserve and prolong the efficacy of these genes.

With the recent achievements on whole-genome sequencing (IWGSC, 2014) and the genome annotation (Appels et al., 2018), the future breeding endeavor of SRWW should orient towards the exploration of high-throughput genomic tools such as field pathogenomics, transgenes, gene cloning, genome editing, NGS, and GBS to gain deeper insights into host and underlying pathogen to achieve durable FHB and rust resistance (Bulli et al., 2016; Dinh et al., 2020; Figlan et al., 2020). Above all, a continued collaboration among wheat breeders for sharing and multi-location screening of the promising germplasm against FHB, LR, and SR resistance will be a key to successful resistance breeding in the southeast US.
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Management of wheat stem rust in Western Siberia has gained importance since the first outbreaks in 2007–2010 and 2016. The race composition and virulence patterns were investigated for the enlarged Puccinia graminis f. sp. tritici (Pgt) samples collected in three neighboring regions Omsk, Novosibirsk, and Altai during 2017–2018. Most of Pgt isolates were identified as virulent to wheat lines with genes Sr5, Sr9a, Sr10, Sr38, SrMcN, and avirulent to Sr24, Sr31. Differentiation ability of genes Sr6, Sr7b, Sr8a, Sr9b, Sr9d, Sr9g, Sr9e, Sr11, Sr17, Sr21, Sr30, Sr36, and SrTmp to distinguish between the regional populations was established. A total of 33 virulence phenotypes or races were detected among 115 Pgt isolates tested. Based on virulence phenotypes, two different Pgt subpopulations were identified in the Altai and Omsk regions likely originating from asexual and sexual cycles, respectively. The Novosibirsk pathogen population seems to be a mixture of isolates originated from both neighboring regions with virulence phenotypes that developed in the west, Omsk (TKRPF, QHHSF, and MLLTF), and in the south, Altai (NFMSF, LKCSF, LKMSF, and PKCSF), of Western Siberia.

Keywords: black rust, race typing, Puccinia graminis f. sp. tritici, Sr genes, Western Siberia


INTRODUCTION

Western Siberia is an extremely important wheat production area in Russia with ~7 million ha of spring wheat, along with increasing areas of winter wheat and some durum wheat. The genetic basis of resistance to stem rust in Siberian germplasm is narrow and limited to several Sr genes, including Sr25, Sr31, Sr36, Sr6Ai, Sr6Ai#2, and some unknown major genes (Shamanin et al., 2016). The devastating disease caused by Puccinia graminis f. sp. tritici (Pgt) was not considered economically important in Western Siberia until the first reports of stem rust outbreak in 2007–2010 (Shamanin et al., 2015; Sochalova and Lihenko, 2015). In the Omsk region, southwest of Western Siberia, wheat production was affected by heavy epidemic in 2015; yield loss was estimated at more than 2 million tons. Understanding population structure, virulence diversity, and distribution of Pgt in the Omsk and neighboring regions has been essential for effective disease management based on resistance genes. Integrated analysis of pathogen virulence in Western Siberia has just been launched. In 2017, field trip for assessing the stem rust situation was conducted, and the samples of stem rust were collected for determining virulence phenotypes at the Global Rust Reference Center (GRRC) (GRRC Report: Samples of Stem Rust Infected Wheat From Russia, 2017). Significant race diversity coupled with high virulence of local pathogen was revealed in the samples from Omsk and Altai (Shamanin et al., 2020). Further study of virulence dynamics in the vast territory of Western Siberia was highlighted as the main result of international screening (Hodson et al., 2017). Moreover, the global tracking of aggressive races Ug99 and its variants spreading across the continents makes the race surveys highly actual at every location of wheat crops (Pretorius et al., 2000; Olivera et al., 2015; Bhattacharya, 2017). The objective of our study was to investigate the race composition and virulence patterns of the enlarged Pgt samples collected in three neighboring regions Omsk, Novosibirsk, and Altai during 2017–2018.



MATERIALS AND METHODS

In 2017–2018, 77 infected stems of susceptible cultivars of bread wheat (cvs. Chernyava 13, Khakasskaya, Duet) with urediniospores of Pgt were sampled in the neighboring regions Omsk, Novosibirsk, and Altai. Additionally, 30 samples of infected leaves with aeciospores of Pgt, were collected from barberry, the alternative host of stem rust, in Omsk 2018 (Figure 1). Bulk samples were stored in the automatic desiccator at dry cold conditions. After recovering on susceptible wheat cultivars Khakasskaya and Morocco, a total of 115 single pustule Pgt isolates were obtained from 107 bulk field samples. In 2017, 51 single pustule isolates were obtained from 39 samples and tested at the GRRC in Denmark. The rest 64 single pustule isolates were obtained from 68 samples and analyzed at the Institute of Cytology and Genetics.


[image: Figure 1]
FIGURE 1. Regions for the sampling of Puccinia graminis f. sp. tritici in Western Siberia, 2017–2018.


Single pustule isolates were used for determining virulence phenotypes based on a set of 20 North American wheat differential lines, containing Sr genes: Sr5 (ISr5-Ra), Sr21 (CnS_Triticum monoc. Deriv.), Sr9e (Vernstein), Sr7b (ISr7b-Ra), Sr11 (ISr11-Ra), Sr6 (ISr6a-Ra), Sr8a (ISr8a-Ra), Sr9g (CnSr9g), Sr36 (W2691SrTt-1), Sr9b (W2691Sr9b), Sr30 (BtSr30Wst), Sr17+13 (Combination VII), Sr9a (ISr9a-Ra), Sr9d (ISr9d-Ra), Sr10 (W2691Sr10), SrTmp (CnsSrTmp), Sr24 (LcSr24Ag), Sr31 (Benno Sr31/6*LMPG), Sr38 (VPM-1), and SrMcN (McNair 701). According to the international protocols of virulence analysis, seedling plants were used (Roelfs et al., 1992). Each of 115 single pustule isolates was tested at least twice on the set of differentials with the susceptible checks (cultivars Khakasskaya and Morocco). The spores were dissolved in Novec 7100 oil and applied with an airbrush on seedlings planted 5 to 10 per pot. Inoculated plants were placed in a dark dew chamber at 18°C ± 2°C for 24 h and then transferred to a growing room at 20°C ± 2°C with a photoperiod of 16 h. The entire set of tested plants was covered with a cellophane box to avoid contamination (Figure 2). Infection types as described by Stakman et al. (1962) were assessed 14 to 16 days after inoculation; infection types 0 to 2 and 3 to 4 were interpreted as low (avirulent) and high (virulent), respectively. Races were designated following the North American (hexadecimal) Pgt coding system (Roelfs and Martens, 1988; Jin et al., 2008). A total of 33 virulence phenotypes or races were detected among 115 Pgt isolates tested.


[image: Figure 2]
FIGURE 2. Procedures for laboratory testing of spore material, facility of the Institute of Cytology and Genetics (IC&G). (A) Spore recovering; (B) spore multiplication on susceptible cultivar; (C,D) spore collection with the vacuum pump; (E) spore inoculation with the airbrush; (F) infected wheat seedlings of the differential set covered with cellophane isolating box.



Data Analysis

Virulence frequencies were calculated for all regional populations for each separate year and for the pool of 2017 and 2018. The relationships of the P. graminis f. sp. tritici populations were analyzed using the assignment-based approaches. The corresponding Kosman dispersion (KW) within and distance (KB) between populations with regard to the simple mismatch dissimilarity between virulence patterns were calculated (Kosman, 1996, 2014; Kosman and Leonard, 2007). Differentiation among populations was estimated with the permutation test (1,000 random partitions) for differentiation statistic difKW (Equation 1 in Gultyaeva et al., 2020) similar to those of Jost (2008; Equations 9, 11), and in accordance with explanations in Kosman (2014, p. 565). The corresponding calculations were performed with Virulence Analysis Tool (VAT) software (Kosman et al., 2008; Schachtel et al., 2012) and its extension. The structural diversity of a population (effective number of equally distant isolates) was measured by the Hill number of order 1, 1D(T), based on the matrix of simple mismatch dissimilarities between isolates (Equation 4 in Scheiner et al., 2017). Then the structural variation within a given population (effective number of different isolates) is a function of both the dispersion KW and structural diversity 1D(T), where k is the number of isolates in the population:

[image: image]

This estimate is similar to qD(TM) from Equation 5 for q = 1 and dispersion M in Scheiner et al. (2017). The structural variation 1D(T, KW) has a range [1, k], whereas its normalized version (corrected Equation 5 in Kosman et al., 2019) ranges between 0 and 1 and thus is more suitable for comparison of populations with different numbers of isolates:

[image: image]

This indicator expresses an extent of variability within the pathogen populations.

NMDS plots with regard to the Kosman distance (KB) between the regional collections of P. graminis f. sp. tritici in 2017 and 2018 were derived using the Mdscale program of the NTSYSpc package, version 2.2 (Exeter Software, Setauket, NY, USA). A UPGMA dendrogram based on the simple mismatch dissimilarity between virulence phenotypes detected in each separate population was derived using the SAHN program of the NTSYSPC package, v. 2.1 (Exeter Software).




RESULTS

Wheat crop occupies the territory of more than 1.4 million ha in the Omsk region, more than 1 million ha in Novosibirsk region, and ~2.1 million ha in the Altai. Stem rust was observed as a late infection. When sampled, wheat crop was close to maturity or mature. Both years, 2017 and 2018, were non-epidemic for stem rust in Western Siberia. Among the inspected field plots and commercial fields, the disease incidence ranged between 0 and 45% with severity up to 60S. The Novosibirsk region is the central part of Western Siberia, bordered by the Omsk region in the west and the Altai region in the south.


Virulence Frequencies

Out of 115 Pgt isolates tested, 46 isolates originated from Omsk samples, 35 from Novosibirsk samples, and 34 from Altai. The virulence phenotypes of Pgt isolates are listed in Table 1. During the survey of 2017–2018, no avirulent isolates to Sr5, Sr9a, Sr10, Sr38, SrMcN resistant genes were revealed in West Siberian population of stem rust. All tested Pgt isolates were avirulent to Sr31, which was consistent with the field screening of wheat lines Sr31(Benno)/6*LMPG-6 DK42, Seri 82, PBW343, Cham 10, Bacanora carrying the rye translocation (Shamanin et al., 2010; Skolotneva et al., 2018). An alarming occurrence of virulence to Sr24 was recorded among Omsk samples in 2017 (four Pgt isolates, Table 1) because other samples consisted of 100% avirulent to Sr24 pathotypes.


Table 1. Virulent phenotypes of Puccinia graminis f. sp. tritici isolates identified in Western Siberia 2017–2018.

[image: Table 1]

The virulence of Pgt isolates to Sr6, Sr8a, Sr9b, Sr9d, Sr9g, Sr17, and Sr36 were high in each geographical sample, with frequencies of 52.0 to 95.7%. Virulence frequency of 100% was detected toward Sr9d, Sr9g, Sr17 among the Altai samples (Table 2). The virulence of Pgt isolates to Sr9e, Sr11, Sr30 were low, with maximum frequencies of 44.1, 34.2, and 14.7% in Omsk, respectively. For Sr30, no virulent isolates were identified in the Altai samples. Geographic samples varied greatly in virulence for Sr7b, Sr21, and SrTmp (Figure 3). While the Omsk samples were the most virulent with frequencies of 91.1, 67.7, and 85.3%, respectively, the Altai samples were low virulent (23.5% of Pgt isolates infected differential line Sr7b) or even avirulent (toward differential lines Sr21, SrTmp).


Table 2. Virulence frequency of Puccinia graminis f. sp. tritici on a selected set of NA differentials with polymorphic reaction type in the regions of Western Siberia in 2017–2018, %.
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FIGURE 3. Selected set of North American wheat differentials for stem rust with polymorphic infection types of Puccinia graminis f. sp. tritici isolates from Western Siberia in 2017–2018.




Virulence Phenotypes

A total of 33 virulence phenotypes or races were detected among 115 Pgt isolates tested. No races were identified as common for all three geographical samples. But Novosibirsk samples shared races TKRPF, QHHSF, and MLLTF with Omsk samples and races NFMSF, LKCSF, LKMSF, and PKCSF with the Altai. Among the Omsk and Novosibirsk samples, the most frequently identified race was TKRPF (virulent to Sr5, Sr21, Sr9e, Sr7b, Sr6, Sr8a, Sr9g, Sr36, Sr9b, Sr17, Sr9a, Sr10, SrTmp, Sr38, and SrMcN), which comprised up to 36% of Pgt collection obtained during 2017–2018 (Table 1). Among the Altai and Novosibirsk samples, races LKCSF and PKCSF were predominant with frequencies of 16 and 11%. Rare phenotypes were more frequent in collections from Omsk region (RRGTF, RKRSP, RFRSF, RFRTF, RCRTP, QFRCF, QHHSF, and SHHSF). In general, virulence to Sr21 differentiated the races on geographical origin: Q, R, ant T races shared by the Omsk and Novosibirk samples, but L and P races shared by the Altai and Novosibirsk samples. The interesting group of M races (MPLTF, MTNTF, MTLTF, MLNTF, MQNTF, MLLTF, and MQLTF) was identified in the bulk sample from Omsk barberry, which was included in the survey in 2018. They differ in virulence of up to 3 resistance genes (Sr6, Sr8a, Sr9g, Sr21, Sr30) and look like a family of virulence phenotypes resulting from the sexual process. Race MLLTF was also identified among samples from Novosibirsk wheat in 2018.

The relationships between virulence phenotypes are shown on the UPGMA dendrogram (Figure 4). Virulence phenotypes were separated into four clusters. Two clusters contain phenotypes shared by samples from Novosibirsk and Omsk only in 2017 (group A) and in both years surveyed (group C). All the Altai phenotypes along with the races NFMSF, LKCSF, LKMSF, and PKCSF from Novosibirsk belong to cluster B. Closely related M-phenotypes detected mainly in Omsk in 2018 are grouped within the distinct cluster D.


[image: Figure 4]
FIGURE 4. UPGMA dendrogram of relationships between virulence phenotypes of Puccinia graminis f. sp. tritici in the regions of Western Siberia in 2017–2018. Code indicates the location of sampling (No = Novosibirsk region, Om = Omsk region, Al = Altai region), year of survey (7 = 2017, 8 = 2018), and name of race. Letters A, B, C, D indicate the group of closely related Pgt races.




Variability Within and Among Samples

Variability within the geographical samples of Pgt changed differently from 2017 to 2018 according to the KW dispersion and the normalized number of effectively different isolates 1nD(T, KW) (Table 3). According to both the estimates, in 2018 variability was approximately 40% larger within the Omsk samples, 40% smaller within the Altai samples, and nearly the same in Novosibirsk. Differences in variability were remarkable between the regions with highest values of KW dispersion in Novosibirsk (0.316 in 2017 and 0.356 in 2018). In the Altai samples, variability was almost two times smaller than in other regions (0.155 in 2017 and 0.107 in 2018). Similar results were established with the normalized effective number of different isolates 1nD(T, KW).


Table 3. Variation within samples of Puccinia graminis f. sp. tritici in the regions of Western Siberia in 2017–2018.
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Relationships between the regional samples were estimated with the KB distances for the virulence profiles of Pgt isolates and only for phenotypes without their abundances; it is represented by the corresponding NMDS plots (Figure 5). Clear separation between the Altai and Omsk samples was established, whereas the Novosibirsk samples were in between, but more similar to the Altai ones. These findings were also confirmed by the permutation test for differentiation statistics difKW. Significant differentiation was ascertained between the Omsk and Novosibirsk samples (at p ≥ 0.95) and the Omsk and Altai samples (at p ≥ 0.99) in both years. Hypothesis of differentiation between the Novosibirsk and Altai samples was rejected.
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FIGURE 5. Non-metric multidimensional scaling (NMDS) plot of relationships among the regional collections of isolates of Puccinia graminis f. sp. tritici in Western Siberia in 2017–2018. The collections are encoded according to the sampling location (No = Novosibirsk region, Om = Omsk region, Al = Altai region) and year of survey. The plot was generated based on KB distance between collections with regard to the simple mismatch dissimilarity between isolates (STRESS1 = 0.001).





DISCUSSION

Management of wheat stem rust can be more effective if an origin of initial infection is known. To ascertain whether inoculum of Pgt in a specific region is endemic or wind disseminated from neighboring areas, monitoring of the pathogen in Western Siberia was performed in 2017–2018. Based on virulence phenotypes, two absolutely different Pgt subpopulations were discovered in the Altai and Omsk regions. The Novosibirsk pathogen population seems to be a mixture of isolates originated from both the neighboring regions virulence phenotypes that arose in the west (TKRPF, QHHSF, and MLLTF) or in the south (NFMSF, LKCSF, LKMSF, and PKCSF) of Western Siberia.

It appears that sexual reproduction to large extent shapes the structure of the Pgt population in Omsk region. Indeed, barberry plants are common in this area, and they are susceptible to stem rust (Shamanin et al., 2015). High variability is indirect evidence of existing sexual stage in the pathogen development. Race composition was characterized by single predominant TKRPF race along with significant number of rare races not detected in recent years elsewhere in Asia and Africa. The group of isolates with similar M- races was sampled from barberry and wheat in Omsk in 2018. Because new races may appear after sexual recombination on alternate host (Jin, 2011), the virulence composition and phenotype structure of Pgt population are highly dynamic. In North America, stem rust races 56, 15B, and QCC originated from barberry were responsible for the severe epidemics in the mid-1930s, mid-1950s, and between 1989 and 1993 (Stakman and Rodenhiser, 1958; Martens et al., 1989). Races of Pgt with a rich virulence spectrum have been isolated from barberry plants in the central region of Russia from 2000 to 2009 (Skolotneva et al., 2013).

Susceptible barberry plants have not been found in the Altai region yet. Variability within the Altai Pgt samples was much lower than in the Omsk region (e.g., 0.107–0.155 vs. 0.232–0.344 for the KW dispersion, Table 3) and similar to P. triticina asexual population with KW values ranging between 0.09 and 0.11 (Gultyaeva et al., 2020). The Altai samples consisted of several closely related rare virulence phenotypes. Therefore, the clonal structure of Pgt population in the Altai region can be assumed with a high confidence. Because of the mild short winter, the urediniospores are able to survive on winter wheat, whose area has increased over the past decade in the region. The new lineages in asexual fungal populations could be rarely generated by somatic hybridization, which has been widely discussed as a source of low genetic diversity (Johnson and Newton, 1946; Watson and Luig, 1958; Cotter and Roberts, 1963; Luig and Watson, 1972). Emergence through somatic hybridization was proven for sadly famous Ug99 lineage of races (Li et al., 2019). For the Altai Pgt subpopulation, low virulence diversity might be provided by somatic hybridization.

Aecia observed on barberry in the Novosibirsk region explained that the rye special form, P. graminis f. sp. secalis, segregated predominantly among the sexual offspring (Peresypkin, 1979; Skolotneva and Salina, 2016). Field and laboratory virulence tests have shown that barberry is not a source of infection for wheat crops in the Novosibirsk region (Kelbin et al., 2019). Thus, wheat stem rust in the Novosibirsk region is not endemic but carried by wind from both neighboring regions. This makes the virulence pattern of local samples most variable (e.g., 0.316–0.356 for KW, Table 3) and dependent on breeding events in the neighboring regions. Although Novosibirsk Pgt population seems to be a mixture of the Omsk and Altai subpopulations, it was much more similar to the Altai one, which primarily reproduced asexually in the period of our survey.

Our results clearly demonstrate significant differentiation among the regional Pgt populations in Western Siberia. The main driving force of the population diversity and geographic differentiation seems to be sexual reproduction of the pathogen fungi in the Omsk region (northwest of the area), whereas only clonal propagation with no evidence of sex is assumed in the Altai region (southeast of the area). These two well-distinguished poles, both geographically and by reproductive ability of Pgt, predetermined extreme boundaries of composition of the pathogen populations with a gradual mixing of Pgt races along the gradient from southeast to northwest of Western Siberia.
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Fusarium graminearum, the major causal agent of Fusarium head blight (FHB) of wheat (Triticum aestivum) in the U.S., can produce mycotoxins, such as deoxynivalenol (DON), during infection. Contamination of wheat grain with DON is a major concern for wheat producers and millers, and the U.S. Food and Drug Administration (FDA) has set advisory levels for DON in finished wheat products for human and animal consumption. Practices utilized to manage FHB and DON contamination include planting wheat cultivars with moderate resistance to FHB and applying efficacious fungicides at the beginning of anthesis. Under severe epidemics, DON contamination can exceed FDA advisory levels despite implementation of these measures. Additionally, fungicide efficacy can be limited when anthesis is not uniform among plants in the field, which can occur when planting is delayed or if there is non-uniform seedling establishment. The objectives of this study were to evaluate the effect of (1) in-furrow phosphorus application at planting and seeding rate on heading and anthesis uniformity, FHB symptomology, DON contamination, grain yield, yield components, and test weight; and (2) harvesting at different grain moisture concentrations on FHB symptomology, DON contamination, grain yield and test weight. Field trials were established in Princeton, Kentucky, from 2017 to 2019, to evaluate in-furrow phosphorus application at planting (0 kg P2O5 ha-1 and 47 kg P2O5 ha-1); seeding rate (377 live seeds m-2 and 603 live seeds m-2); and grain moisture at harvest (20 to 22% and 13 to 15%). In-furrow phosphorus increased grain yield and spikes m-2, but had no effect on heading and anthesis uniformity or DON contamination. The 603 live seeds m-2 seeding rate decreased the number of days to Zadoks 60 for the November planted wheat, and decreased FHB incidence, but did not decrease DON contamination. Harvesting at 20 to 22% grain moisture decreased Fusarium damaged kernel ratings and percent kernel infection but increased DON contamination in the harvested grain. Although in-furrow phosphorus, seeding rate, and harvesting 20 to 22% grain moisture did not decrease DON contamination, there is potential for these treatments to alleviate negative effects of late planted wheat grown in stressful environments.
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Introduction

Fusarium graminearum (Schwabe) is the major cause of Fusarium head blight (FHB) in wheat (Triticum aestivum L.) in the United States and can produce mycotoxins, such as deoxynivalenol (DON) during infection (Andersen, 1948). Fusarium head blight is usually a regional problem with severe infection occurring in years where environmental conditions are warm (25°C) and moist during anthesis through soft dough stage, furthermore, severe epidemics can occur when conditions are favorable for infection, which can lead to reduced grain yield (Andersen, 1948; McMullen et al., 2012). However, the major concern to wheat producers and millers is DON contamination, as the mycotoxin can cause adverse health effects on humans and animals if consumed in high levels. The U.S. Food and Drug Administration has set advisory levels for DON in finished wheat products for humans at 1 ppm, swine at 5 ppm, and cattle at 10 ppm (FDA, 2010). Current management practices include planting moderately resistant cultivars and applying efficacious fungicides at beginning anthesis to control FHB and DON contamination (Zadoks 60) (Wegulo et al., 2011; Willyerd et al., 2012; Wegulo et al., 2015). Integrating cultivar resistance and fungicide application at anthesis can be an effective practice to manage FHB and DON contamination (Wegulo et al., 2011; Willyerd et al., 2012). Despite implementing these management practices, when environmental conditions are favorable for F. graminearum infection, DON contamination can exceed FDA advisory levels (McMullen et al., 2012). Additional management practices are needed to mitigate the limitations of current recommendations as DON contamination can sometimes reach critical levels even when FHB symptoms are not severe (Cowger and Arrellano, 2010; Knott, 2014; Andersen et al., 2015).

Additional agronomic management practices may need to be implemented to better mitigate FHB and DON contamination. For example, in-furrow phosphorus and seeding rates can alter tiller development, potentially creating a more uniform head development and anthesis (Schaafsma and Tamburic-Ilincic, 2005; Otteson et al., 2008; Chen et al., 2019). Several tillers on a wheat plant can develop fertile spikes and shed pollen across a range of days as all of these tillers are not at the same development stage during heading and anthesis (Kiesselbach and Sprague, 1926; Noversoke, 2014; Tilley et al., 2019). More uniform spike development could lead to more uniform anthesis and better fungicide efficacy, as current fungicides (prothioconazole + tebuconazole and metconaxole) have been shown to reduce FHB incidence by only approximately 50% compared to a non-treated control (Paul et al., 2018). Phosphorus can be applied in a variety of placements in the soil during fall application; however in-furrow application at planting has been shown to result in greater grain yield compared to broadcast application (Peterson et al., 1981; Fiedler et al., 1989; Grant et al., 2001). Phosphorus has also been shown to increase early-season tiller development, which has resulted in increased spikes m-2 and grain yield (Knapp and Knapp, 1978; Blue et al., 1990; Sander and Eghball, 1999; Chen et al., 2019). Knapp and Knapp (1978) observed that wheat fertilized with fall applied phosphorus reached Zadoks 58 (100% of spike visible) earlier than wheat planted without phosphorus. It is speculated that plants with vigorous early season tiller development may have more of the plant’s tillers at the same growth stage at spike development and anthesis. Another management practice that may alter tiller development is increased seeding rate. Increasing the seeding rate can increase the number of main stem and primary tillers m-2 (Blue et al., 1990; Geleta et al., 2002; Lloveras et al., 2004) while decreasing the number of secondary and tertiary tillers per unit area (Kiesselbach and Sprague, 1926; Lloveras et al., 2004; Otteson et al., 2008; Tilley et al., 2019). Decreasing the number of non-main stem tillers does not usually decrease yield, as the main spike and primary tiller are the major contributors to grain yield (Otteson et al., 2008; Chen et al., 2019). In theory, having more main stems and primary tillers per unit area would result in more spikes that are uniform in their developmental stage, setting up a scenario which could lead to greater fungicide efficacy.

Another management practice that may decrease DON contamination in harvested wheat grain is harvest timing. Anecdotal observations from producers suggest that harvesting wheat at a grain moisture greater than 15% could decrease DON contamination in the harvested grain compared to harvesting grain at a moisture less than 15%. Current harvest strategies to decrease DON contamination in harvested grain include optimizing combine harvester settings and air speed to remove Fusarium damaged kernels (FDK) from entering the grain tank (Salgado et al., 2011). However, wheat harvested in Ontario, Canada, at approximately 18 to 25% grain moisture has been shown to have a lower incidence of Fusarium spp. kernel infection leading to higher grain quality, although there was no difference in DON contamination compared to grain harvested at less than 15% grain moisture (Xue et al., 2004). Similarly harvesting corn (Zea mays L.), when grain moistures are greater than 15% has been shown to reduce the amount of mycotoxin, as continual mycotoxin development can occur as the corn dries slowly in the field, compared to harvesting at less than 15% grain moisture (Munkvold, 2003). Even though F. graminearum and DON can continue to accumulate when wheat grain moisture is greater than 17% (Hope et al., 2005), potentially harvesting at greater than 15% grain moisture could lower mycotoxin levels in soft red winter wheat.

The goal of this study was to determine whether additional management practices would increase anthesis uniformity, decrease DON contamination, and improve grain yield and quality. The specific objectives of this study were to evaluate the effect of: (1) in-furrow phosphorus application at planting and seeding rate on heading and anthesis uniformity, FHB symptomology [including FHB incidence, FHB severity, FHB index, Fusarium damage kernel (FDK) rating, and percent kernel infection (PKI)], DON contamination, grain yield, yield components, and test weight; and (2) harvesting at different grain moisture concentrations on FHB symptomology, DON contamination, grain yield, thousand kernel weights (TKW) and test weight.



Materials and Methods


Environments and Experimental Design

Soft red winter wheat trials were established at the University of Kentucky Grain and Forage Center of Excellence at the Research and Education Center in Princeton KY (37°6’ N, 87°52’ W) in the fall of 2016, 2017, and 2018. In each year, a total of four environments were established. Three environments were established on a Crider silt loam (fine-silty, mixed, active, mesic Typic Paledalf) and one was established on a Zanesville silt loam (fine-silty, mixed, active, mesic Oxyaquic Fragidalf) (Table 1). Plots were planted with a research no-till drill (Plotseed XL; Wintersteiger Inc., Salt Lake City, UT) into corn stubble. Rows were spaced 18 cm apart and each plot was approximately 1.2 m wide and 4.6 m long. Two of the Crider environments were infested with F. graminearum inoculated corn kernels and mist irrigated, creating high FHB disease pressure conditions (Verges et al., 2006). The remaining Crider environment and Zanesville environment were not infested with F. graminearum inoculated corn kernels or mist-irrigated. Each environment was arranged as a split-split plot randomized complete block design. The main plot was harvest timing, which consisted of two target harvest moistures: a high moisture harvest at 20 to 22% grain moisture (early) and a normal moisture harvest at 13 to 15% grain moisture (normal). The split-plot was planting timing, which consisted of two planting timings of October and November (Table 1). Throughout the rest of the article, the harvest timing and planting timing combinations will be referred to as: October early harvest, October normal harvest, November early harvest, and November normal harvest. In 2016, the split-split plot consisted of four management treatments, replicated five times: two in-furrow phosphorus rates (0 kg ha-1 P2O5 or 47 kg ha-1 P2O5), and two cultivars (moderately resistant to FHB cultivar [Pembroke 2016; Kentucky Small Grain Growers Association, Eastwood, KY] or moderately susceptible to FHB cultivar [Cumberland; Kentucky Small Grain Growers Association, Eastwood, KY]). In 2017 and 2018, the split-split plot consisted of eight management treatments, replicated five times: two in-furrow phosphorus rates (0 kg ha-1 P2O5 or 47 kg ha-1 P2O5), two seeding rates (377 plants m-2 or 603 plants m-2), and two cultivars (moderately resistant to FHB cultivar [Pembroke 2016; Kentucky Small Grain Growers Association, Eastwood, KY] or moderately susceptible to FHB cultivar [Pioneer 26R53; Corteva, Johnston, IA]). Wheat plots were managed for nitrogen and herbicide applications according to University of Kentucky Cooperative Extension Service recommendations (Lee et al., 2009).


Table 1 | Environmental conditions of soil type, Fusarium graminearum infestation type, fungicide application, planting dates, and harvest dates of soft red winter wheat trials in Princeton, Kentucky, USA from 2017 to 2019.



Fungicide applications for FHB were applied to three of the four environments each year (Table 1) when wheat was at Zadoks 60 (beginning anthesis) growth stage. In 2017 and 2018, prothioconazole + tebuconazole (Prosaro, Bayer CropScience, St. Louis, MO) was applied at 0.1 kg a.i. ha-1 + 0.1 kg a.i ha-1 and 0.0125% v/v non-ionic surfactant (Ad-Spray 80, Helena Chemical Company, Collierville, TN) was included in the spray solution. In 2019, the fungicide metconazole (Caramba, BASF Corp., Research Triangle Park, NC) was applied at a rate of 0.1 kg a.i. ha-1 and 0.125% v/v non-ionic surfactant was added to the spray solution.



Wheat Heading and Anthesis Uniformity

Wheat heading and flowering uniformity were measured in the spring of 2018 and 2019 in the Crider ambient environment. In 2018, once a day, for approximately two weeks for each planting timing, approximately 0.6 m of one row of wheat heads per plot was photographed with a Canon Power Shot camera (Elph 115IS, Canon, Melville, NY). The pictures were analyzed for the number of wheat heads that were at growth stage Zadoks 58, Zadoks 60, and Zadoks 68 each day. In 2019, growth stages (Zadoks 58, Zadoks 60, and Zadoks 68) were measured in the field for approximately 2 weeks for each planting timing.



Fusarium Head Blight Symptomology 

One meter row of spikes were hand harvested per plot approximately 17 to 20 days after Zadoks 68. These spikes were placed in a walk in freezer (-19°C, Hobart, Troy, OH) to preserve the samples until spikes m-2, number of spikelets spike-1, FHB incidence, FHB severity, and FHB index could be determined. Spikes m-2 and FHB incidence (% of plants with FHB symptoms) were measured from the entire sample. Number of spikelets spike-1 were measured from 15 random spikes, and FHB severity (% head area affected) was measured from 15 FHB symptomatic spikes. Fusarium head blight index were determined using the equation FHB index=(FHB incidence x FHB severity)/100.



Wheat Harvest

Wheat was harvested using a small plot combine (Delta; Wintersteiger, Inc., Salt Lake City, UT) equipped with a weigh system (Harvest Master, Juniper Systems, Inc., Logan, UT). Approximately 1.4 kg of grain were collected from each plot. The wheat harvested at the target high grain moisture of 20 to 22% was stored in plastic bags in a walk in cooler (4°C, Forma-Kool, Chesterfield, MI) until the wheat could be dried to 12.5% grain moisture with a laboratory-scale thin-layer drying system (White et al., 1985). Wheat harvested at target normal grain moisture of 13 to 15% was stored in paper bags at 22°C and 50% relative humidity. Despite enduring harvest challenges, some years the target harvest moisture of 20 to 22% was unable to be met, however grain was harvested as early as possible (Table 2). The Zanesville 2017 environment was unable to be harvested due to environmental factors, and the Zanesville 2019 November normal harvest was unable to be harvested due to poor plant emergence and end season plant density (Table 2). Grain moisture and test weight were measured using a Dickey-John Grain Analysis Computer (GAC) (Model 2500-UGMA; Dickey-John, Auburn, IL) immediately after harvest and drying. Test weight was only measured in 2018 and 2019. Grain yields were adjusted to 13.5% grain moisture.


Table 2 | Target and actual harvest grain moistures for all environments from soft red winter wheat trials from Princeton KY 2017 to 2019.



Thousand kernel weights (TKW), FDK ratings, and DON contamination were measured post-harvest. One thousand kernels were counted with a Seedburo Seed Counter (Model 801; Des Plaines, IL) and then weighed to determine TKW. Thousand kernel weights were then adjusted to 13.5% grain moisture. A random grain sample of approximately 200g was visually inspected for percentage of Fusarium damaged kernels based on a visual scale similar to Paul (2015). This was repeated twice, for a total of three observations, per plot and then averaged to determine FDK rating for each plot. A random 100g sample from each plot was ground into a rough wheat meal powder using a Romer Series II mill (Romer Labs, Inc., Union MO). The mill was vacuumed cleaned between each sample. A 20g subsample was used for the DON analysis per the protocol for QuickTox for QuickScan DON Flex kits by Envirologix (Portland, ME). Analyses were preformed using the provided protocol and DON contamination levels were determined using the QuickScan system (Envrionlogix, Portland, ME). A subsample of grain from a select number of plots each year was also sent to the University of Minnesota to validate DON contamination using gas-chromatography, mass-spectrometry.



Percent Kernel Infection

Twenty asymptomatic kernels from each plot were surface disinfested by soaking in a 10% bleach water solution for 1 min, then a sterile water rinse, followed by soaking in 90% ethanol for 1 min. Kernels were then triple rinsed in sterile water before aseptically transferred to peptone pentacholoronitrobenze (PCNB) agar Dill-Macky (2003). This was repeated four times for a total of five runs. Plates were stored in a growth chamber (Model: I-36VL, Percival, Perry IA), programed to run 12 h at 24.7°C with light and 12 h at 22°C without light. Percent kernel infection (PKI) was measured six days after plating; infected kernels were defined as kernels with visual signs of Fusarium spp. pink mycelium. Fusarium spp. was not identified to specific species.



Data Analyses 

Normality was confirmed (PROC UNIVARIATE; SAS, v9.4; SAS Institute Inc., Cary, NC) prior to analyses of variance (PROC GLIMMIX; SAS, v9.4) for days to beginning anthesis (Zadoks 60), spikes m-2, spikelets spike-1, TKW, PKI, grain yield, and test weight. To obtain normally distributed data, FDK ratings were arcsine square root transformed, while DON contamination, FHB Incidence, FHB severity, and FHB index were log transformed.

Analyses of variance were initially performed (PROC GLIMMIX; SAS, v9.4) for a full model that included year, environment, main effect, and all possible combinations (specified in SAS as year|environment|main effect) as fixed effects and replication as random effects. Significant (P < 0.05) interactions did not exist between year and any of the main effects or environment and any of the main effects for all dependent variables. In addition, significant (P < 0.05) interactions were not detected for any of the dependent variables (listed above) for in-furrow phosphorus by seeding rate, in-furrow phosphorus by cultivar, or seeding rate by cultivar. There was a significant (P < 0.05) planting timing by seeding rate interaction for days to beginning anthesis (Zadoks 60), grain yield and TKW. For grain yield, test weight, FDK, and PKI, there was a significant (P<0.05) planting timing by harvest timing interaction. There was a significant (P<0.05) harvest timing by cultivar interaction for test weight. Therefore, three reduced models were examined.

The first reduced model examined (PROC GLIMMIX; SAS v9.4) specified the main effect as a fixed effect and year, environment, and replication as random effects for all dependent variables for the in-furrow phosphorus main effect and for spikes m-2, spikelets spike-1, FHB incidence, FHB severity, FHB index, test weight, FDK, PKI, and DON contamination for the seeding rate main effect, as well as TKW and DON contamination for the harvest timing main effect. The second reduced model (PROC GLIMMIX; SAS v9.4) specified the main effect and main effect by planting timing interaction as a fixed effects and year, environment, and replication as random effects for days to beginning anthesis, grain yield, and TKW for the seeding rate main effect and for grain yield, test weight, FDK, and PKI for the harvest timing main effect. The third reduced model specified the main effect and main effect by cultivar interactions as a fixed effect year, environment, and replication as random effects for test weight for the harvest timing main effect.

Least squares means (LSmeans) were separated with the “lines” option and adjusted with the Tukey–Kramer method. LSmeans of the arcsine FDK ratings were sine transformed to obtain mean FDK ratings; means separation was based on analysis of arcsine transformed data. LSmeans of the log transformed DON, FHB incidence, FHB severity, and FHB index data were raised to the power of 10 to obtain mean DON, FHB incidence, FHB severity, and FHB index; mean separation was based on analysis of log transformed data.




Results


In-Furrow Phosphorus

In-furrow phosphorus had an effect on spikes m-2 and yield. When 47 kg P2O5 ha-1 was placed in-furrow, spikes m-2 increased by 27 spikes m-2 when compared to the treatment that lacked in-furrow phosphorus (Table 3). The use of in-furrow phosphorus increased yield by 144 kg ha-1 compared to the treatment that did not have phosphorus (Table 4). Despite the significant (P=0.0333) yield increase, wheat began flowering (Zadoks 60) at the same time, about 2 days after heading (Table 3). In addition, traits associated with FHB symptomology (FHB incidence, FHB severity, FHB index, FDK rating, DON contamination, and PKI), number of spikelets spike-1, TKW, and test weight did not differ regardless of phosphorus treatment (Tables 3 and 4).


Table 3 | Mean of spikes m-2, spikelets spike-1, Fusarium Head Blight (FHB) incidence, FHB severity, FHB Index, and days to beginning anthesis (Zadoks 60) for soft red winter wheat with differing treatments of in-furrow phosphorus and seeding rate at Princeton, KY, USA, from 2017 to 2019.




Table 4 | Means of yield, test weight, thousand kernel weight, Fusarium damaged kernel ratings, percent kernel infection, and deoxynivalenol for soft red winter wheat with different in-furrow phosphorus, seeding rate, harvest timing, and cultivar treatments, at Princeton, Kentucky, USA from 2017 to 2019.





Seeding Rate

The seeding rate by planting timing interaction indicated that the 603 plants m-2 seeding rate planted in November was at beginning anthesis (Zadoks 60) 0.5 days earlier than to the 377 plants m-2 seeding rate planted in November (Table 2). The October planted wheat did not differ in number days (2.0) to Zadoks 60 for either seeding rate (Table 3). There was no difference in days to Zadoks 58 or Zadoks 68 (data not shown).

Seeding rate had a small but significant effect on FHB incidence, in which incidence decreased (P=0.0224) by 0.8% for the 603 plants m-2 seeding rate compared to the 377 plants m-2 seeding rate (Table 3). Fusarium head blight severity (P=0.075), FHB index (P=0.2294), FDK ratings (P=0.1019), PKI (P=0.3945), and DON contamination (P=0.0765) were not affected by seeding rate (Tables 3 and 4).

Seeding rate had an effect on the yield components of spikes m-2, spikelets spike-1 and TKW. When the 603 plants m-2 seeding rate was used, spikes m-2 increased (P<0.0001) by 41 spikes m-2 compared to the 377 plants m-2 seeding rate (Table 3). The 603 plants m-2 seeding rate had fewer (P<0.0001) spikelets spike-1 (12.3) compared to the 377 plants m-2 seeding rate (13.0) (Table 3). Wheat planted in October had TKW decreased by 0.5 g for the 603 plants m-2 seeding rate compared to the 377 plants m-2 seeding rate, while the November planted wheat TKW did not differ (P=0.0422) for either seeding rate (Table 4). For the wheat planted in November, yield increased (P=0.0148) by 279 kg ha-1 for the 603 plants m-2 seeding rate compared to the 377 plants m-2 seeding rate. The October planted wheat yield was significantly (P=0.0148) greater than the November wheat yields at each seeding rate, however the October 603 plants m-2 seeding rate did not differ from the October 377 plants m-2 seeding rate (Table 4).



Harvest Timing

Harvest timing affected DON contamination, grain yield and grain quality. Wheat harvested at 20 to 22% grain moisture had increased (P<0.0001) DON contamination by 0.7 ppm compared to wheat harvested at 13 to 15% grain moisture (Table 4). Grain yield, test weight, FDK ratings, and PKI indicated a harvest timing by planting timing interaction. The November early harvest had an increase in grain yield of 290 kg ha-1 compared to the November normal harvest; in contrast, the October early harvest and October normal harvest had the highest yields and did not differ (P=0.0004) (Table 4). The October normal harvest had the greatest test weight overall (694 kg m-3), followed by the October early harvest (683 kg m-3), then the November normal harvest (662 kg m-3), and lastly the November early harvest (647 kg m-3) (Table 4). The October early harvest FDK rating was 2.6% less than the October normal harvest rating, however both were significantly (P=0.0034) less than the November early harvest (14.1%) and the November normal harvest (14.4%) (Table 4). The November normal harvest had the greatest (P<0.0001) PKI (37%), followed by the November early harvest (35%), while both the October early harvest (30%) and normal harvest (29%) were significantly less than November early harvest and normal harvest (Table 4). Wheat harvested at 20 to 22% grain moisture increased TKW by 0.8g compared to wheat harvested at 13 to 15% grain moisture (Table 4). There was a harvest timing by cultivar interaction for test weight. The early harvest susceptible cultivar had the lowest test weight compared to the normal harvest susceptible cultivar, and the resistant cultivar at both harvest timings (P=0.0004) (Table 5).


Table 5 | Means of test weight with different harvest treatments at Princeton, Kentucky, USA from 2017 to 2019.





Cultivar

The main effect of cultivar had an effect on anthesis uniformity, FHB symptomology and grain yield when averaged over all environments and years. The moderately susceptible cultivar began to flower (Zadoks 60) (P=<0.0001) 0.6 days earlier than the moderately resistant cultivar (Table 3). The moderately resistant cultivar had an increase (P=0.0097) in 2.1% FHB incidence, but decreased (P=0.0050) FHB severity by 1.4% compared to the moderately susceptible cultivar (Table 3). However, both cultivars did not differ (P=0.3069) in FHB index. The moderately resistant cultivar reduced (P<0.0001) FDK ratings by 24% and reduced (P<0.0001) PKI by 3% compared to the moderately susceptible cultivar (Table 4). The moderately resistant cultivar decreased (P<0.0001) DON contamination by 0.6 ppm compared to the moderately susceptible cultivar (Table 4). The moderately resistant cultivar had a significantly (P<0.0001) less spikelets spike-1 compared to the moderately susceptible cultivar, however both cultivars did not differ (P=0.1802) in spikes m-2 (Table 3). The moderately resistant cultivar had an increased (P<0.0001) TKW (31.5 g) compared to the moderately susceptible cultivar (29.1 g) and had an increase (P=0.0007) in grain yield of 230 kg ha-1 compared to the moderately susceptible cultivar (Table 4).

When each cultivar was examined separately for the inoculated and non-inoculated environments similar trends were found, but the magnitude of the differences was greater (data not shown). For FDK the moderately susceptible cultivar was 0.6% greater in the ambient environment and 3.8% greater in the inoculated environment when compared to the moderately resistant cultivar: 4.1 and 15.3% for the moderately resistant cultivar and 4.7 and 19.1% for the moderately susceptible cultivar in the ambient and inoculated environments, respectively. Deoxynivalenol was similar for both cultivars in the ambient environment: 0.5 and 0.6 ppm for the moderately resistant and moderately susceptible cultivars, respectively. However, in the inoculated environment DON was greater for the moderately susceptible cultivar (4.0 ppm) than for the moderately resistant cultivar (3.1 ppm). In addition, test weight and yield of the moderately susceptible cultivar was consistently less than the moderately resistant cultivar in the inoculated environment, while consistent differences were not detected in the ambient environment.




Discussion


In-Furrow Phosphorus 

Grain yield and spikes m-2 increased when 47 kg ha-1 P2O5 was applied in-furrow at planting. This result was interesting, in that grain yield and spikes m-2 increased due to the phosphorus application because all environments of this study had soil-test phosphorus levels that have been identified as adequate to support wheat production in Kentucky (Ritchey and McGrath, 2018). Knapp and Knapp (1978) observed an increase in spike m-2 and yield from fall applied phosphorus on adequate phosphorus soils, while Halvorson and Havlin (1992), and Oakes et al. (2016) only observed an increase in yield as rates of phosphorus fertilizer increased in adequate phosphorus soils. However, a majority of yield response due to fall applied phosphorus have occurred in phosphorus deficient soils (Blue et al., 1990; Sander and Eghball, 1999; Karamanos et al., 2003; Chen et al., 2019). In addition to yield increase, Chen et al. (2019) observed an increase in the number of fertile primary tillers when phosphorus was applied in phosphorus deficient soils. There have been anecdotal observations from Canada that in-furrow phosphorus applied at planting as a starter fertilizer have increased wheat heading and anthesis uniformity (Hooker, 2015). In-furrow phosphorous did not increase heading and anthesis uniformity when measured over heading duration, days to beginning anthesis (Zadoks 60), days to full anthesis (Zadoks 68), and total anthesis duration (data not shown), nor did it decrease DON contamination and FHB symptomology (Tables 3 and 4). This lack of response is due in part to the reduced response of phosphorus application to winter wheat in soils with adequate phosphorus (Fiedler et al., 1989; Karamanos et al., 2003; Grove et al., 2018).

Starter phosphorus has been observed to improve plant health and yields in stressful situations. For example, in late planted wheat in adequate phosphorus soils, the addition of starter fertilizer with phosphorus increased grain yield in late planted winter wheat (Knapp and Knapp, 1978; Oakes et al., 2016). Similar results are reported in deficient phosphorus soils by Blue et al. (1990) and Sander and Eghball (1999). In-furrow phosphorus did not increase grain yield for the November planted wheat in the current study (data not shown). Blue et al. (1990) also reported that starter phosphorus reduced the negative effects of a low seeding rate. However, there was not a response in grain yield when in-furrow phosphorus was used at the 377 plants m-2 seeding rate planted in November (data not shown). The response of phosphorus in stressful growing conditions can be attributed to the wheat plants stimulated root development and early tiller growth from the starter phosphorus (Knapp and Knapp, 1978; Sander and Eghball, 1999; Teng et al., 2013; Oakes et al., 2016).



Seeding Rate

The increased seeding rate of 603 plants m-2 decreased the number of days to beginning anthesis (Zadoks 60). Previous studies have observed an earlier anthesis date with a higher seeding rate (Geleta et al., 2002) as well as a shortened anthesis period (Schaafsma and Tamburic-Ilincic, 2005). Additional studies from Canada have shown that increasing the seeding rate increases main stem numbers and shortening flowering by creating a less variable wheat field at fungicide application (Beres et al., 2018). Increased fungicide coverage could decrease FHB incidence and severity and reduce DON contamination. Although, there was no difference in days to heading, Zadoks 58 (2.5 days), and days to full flower, Zadoks 68, (2.2 days) for the 603 plants m-2 seeding rate in the present study.

Although there was no observable difference in days to heading and days to full flower, the more uniformed beginning flowering may have contributed to the decrease in FHB incidence in the 603 plants m-2 seeding rate. Schaafsma and Tamburic-Ilincic (2005) observed a shortened anthesis period from an increased seeding rate; however the more uniform anthesis increased FHB index and DON contamination. There was no difference in FHB severity, FHB index, FDK rating, PKI, and DON contamination in the present study, suggesting that the increased uniformity did not increase FHB regardless of disease pressure. The inoculated environments averaged FHB indexes of 5 and 16, with and without fungicides respectively, while both ambient environments each averaged an FHB index of 1 (unpublished data). Even in the high disease pressure situation, (inoculated, no fungicide application), DON contamination did not differ for seeding rate (data not shown). The decreased FHB incidence and the lack of difference for DON contamination and other FHB symptomology measurements indicates that there is potential for a more uniform anthesis without increasing FHB symptomology.

In addition to altering heading and anthesis uniformity, an increased seeding rate can affect yield and yield components. Yield is determined by the number of spikes per unit area, the number of kernels per spike, and the weight of those kernels (Kiesselbach and Sprague, 1926). Increasing the seeding rate to 603 plants m-2 increased grain yield especially in the November planted wheat, and altered the yield components by increasing the number of spike m-2, decreasing the number of spikelets spike-1 and decreasing the TKW for October planted wheat. Similar results have been reported where a higher seeding rate increased grain yield and spikes m-2 (Blue et al., 1990; Geleta et al., 2002; Lloveras et al., 2004; Otteson et al., 2008). However, there have been mixed findings on spikelets spike-1 and TKW response to seeding rate. Some studies observed an increase in kernels spike-1 and increased kernel weight (Blue et al., 1990; Geleta et al., 2002), while others observed a decrease in kernels per spike and decreased kernel weight (Lloveras et al., 2004; Ma et al., 2018). Although spikelets spike-1 and TKW decreased, increasing the seeding rate increases the number of spikes m-2, increasing the proportion of yield coming from the main stem and primary tiller, as secondary and tertiary tillers decrease (Otteson et al., 2008). Having more main stems and primary tillers while increasing yield, may promote a more uniform heading and anthesis period for better fungicide application, without compromising yield.

Increasing the seeding rate when wheat is grown in stressful environments has improved yields. There was an increase of 269 kg ha-1 from the 603 plants m-2 seeding rate compared to the 377 plants m-2 seeding rate in the November planted wheat. The November planted wheat was exposed to colder temperatures during seed germination and seedling emergence, producing very little vegetation throughout the winter, while the October planted wheat was able to produce adequate tiller growth before winter. This is similar to findings of Oakes et al. (2016) where the on-time planted winter wheat had more fall tiller growth and development, than late planted winter wheat which had more spring tiller growth. Increasing the seeding rate for late planted wheat would increase the number of tillers and spikes produced in the spring, alleviating the negative effects of late planting. This can lead to increased grain yields in late planted winter wheat, although yields were still lower than on-time planted wheat (Blue et al., 1990; Ma et al., 2018).



Harvest Timing

Harvesting at a targeted 20 to 22% grain moisture decreased FDK ratings in the October planted wheat, and decreased PKI in the November planted wheat. Fusarium damaged kernel ratings and PKI have been shown to increase with the presence of post anthesis moisture, especially 45 days or more after anthesis (Xue et al., 2004; Cowger and Arellano, 2013). There was approximately 100 to 160 mm of precipitation (http://www.kymesonet.org) that occurred between the early harvest timing and normal harvest timing each year. Harvesting 12 to 21 days earlier at high moisture, may have prevented the additional development of FDK and PKI by removing the grain from the FHB conducive environment. These findings are similar to anecdotal observations by Kentucky wheat producers where harvesting at greater than 15% grain moisture has led to greater grain quality. 

Harvesting at a targeted 20 to 22% grain moisture decreased FDK and PKI in certain situations, but DON contamination did not decrease compared to harvesting at 13 to 15% grain moisture. This was somewhat unexpected as FDK is strongly associated with DON contamination (Paul et al., 2005) and there was a decrease in FDK ratings in the October early harvest. The increase in DON contamination at the higher grain moisture does not agree with some Kentucky wheat growers’ anecdotal observations. However there have also been reports by Cowger and Arellano (2013) and Culler et al. (2007) of DON contamination declining during grain fill and harvest maturity. Deoxynivalenol is thought to be a virulence factor in F. graminearum infection and that DON biosynthesis occurs shortly after infection (Hallen-Adams et al., 2011). Deoxynivalenol biosynthesis gene expression was greatest directly after infection and during fungal colonization, but diminished as the plants matured (Hallen-Adams et al., 2011). It is proposed that DON is removed from the host by a detoxification method (Audenaert et al., 2013) or through leaching via free water movement from the plant (Culler et al., 2007; Gautam and Dill-Macky, 2012). These proposed methods could be possible in the current study as precipitation events occurred between the early and normal wheat harvest. Another possibility of increased DON in the high moisture grain, is that less tombstone kernels were blown out during combine harvest. Thousand kernel weights were increased for grain harvested at 20 to 22% grain moisture compared to grain harvested at 13 to 15% grain moisture. Combine settings can be adjusted to increase fan speed to increase the potential of tombstone kernels blown out of the combine, thus increasing the quality of the grain in the tank (Salgado et al., 2011). The heavier tombstone kernels at early harvest may not have been light enough to be blown out of the combine, potentially leading to the increased DON contamination.

Harvesting at a targeted 20 to 22% grain moisture increased grain yield in the November planted wheat and increased TKW overall. The October planted wheat yield was not effected by harvesting at 20 to 22% grain moisture. Test weights were decreased at each planting timing when harvested at 20 to 22% grain moisture (Table 4). This is expected as test weight is somewhat inversely proportional to grain moisture content; as grain moisture decreases test weight will increase until the maximum test weight is reached at approximately 14 to 15% grain moisture (Nelson, 1980; Brooker et al., 1992). When grain is harvested at elevated grain moisture content, drying the grain to 13 to 15% grain moisture can increase the final test weight (Brooker et al., 1992). It is important to note that wheat grain harvested at the targeted 20 to 22% grain moisture must be dried soon after harvest to prevent spoilage and mycotoxin accumulation as F. graminearum can continue to grow and produce DON in harvested grain at grain moistures above 17% (Hope et al., 2005; McNeill et al., 2009).

Test weight also decreased in the susceptible cultivar when it was harvested at 20 to 22% grain moisture however; there was no difference in test weights of the resistant cultivar (Table 5). The decrease in test weight of the susceptible cultivar at high grain moisture was unexpected. The grain moisture may have influenced this decrease; however, the resistant cultivar did not have a decrease in test weight when harvested early. It possibly could be influenced by poor quality grain, as this is the FHB susceptible cultivar. Salgado et al. (2015) reported test weight decreased at least 5% at an FHB index level of 10. The Kentucky environments averaged a FHB index level of 6, which may have influenced the 2.6% reduction in test weight of the high moisture test weight of the susceptible cultivar. Salgado et al. (2015) also observed the test weight of the resistant cultivar test weight was less influenced by FHB severity and FHB index compared to the test weights of the susceptible cultivar. The same trends were observed in the high moisture harvest between the susceptible and resistant cultivars. With these trends, winter wheat producers should use a FHB-resistant cultivar to help preserve test weight.

Harvesting at 20 to 22% grain moisture of on-time planted wheat did not decrease grain yield, and only reduced test weight by 1.6%. The October early harvest had increased TKW, reduced FDK, had no difference in PKI, and greater DON contamination compared to the October normal harvest. When wheat producers sell grain, dockage can occur when standards are not met for grain moisture, test weight, and DON contamination. If producers have a grain drying system on farm, they can dry their grain to 12.5% and increase their test weight, creating less dockage when selling grain; however, they would not be able to change the DON contamination in the grain. Harvesting at 20 to 22% grain moisture provides the potential to plant double crop soybeans after wheat harvest, 12 to 21 days earlier, where the increase in soybean yield could potentially pay for the drying cost and dockage and still retain a profit.  



Cultivar

The moderately resistant cultivar, Pembroke 2016, was used in all three years, whereas the moderately susceptible cultivar changed between the years (Cumberland in 2017, and Pioneer 26R53 in 2018 and 2019). Cumberland and Pioneer 26R53 had similar high FHB disease ratings on a 1 to 9 scale where 1 is resistant and 9 is susceptible from the University of Kentucky Variety Test, for the years they were respectively evaluated (Bruening et al., 2009; Bruening et al., 2017). Cultivar resistant type had a large effect on many of the parameters measured in this study. In the present study the moderately resistant Pembroke 2016 had significantly lower FHB severity, FDK rating, PKI, and DON contamination compared to the susceptible cultivar. These findings are similar to the findings of the 2017 Kentucky Wheat Variety Test where Pembroke 2016 had a more resistant score for FHB compared to Pioneer 26R53 (Bruening et al., 2017) and support the findings that genetic resistance greatly influences the extent of FHB symptomology observed among different cultivars (Willyerd et al. (2012) and Wegulo et al (2011).

Reduced FHB symptomology in wheat plants can affect grain yield. Wegulo et al. (2011) observed a negative correlation between yield and FDK, yield and FHB index, and yield and DON, respectively. In the present study the moderately resistant cultivar had reduced FDK, PKI, DON and FHB severity compared to the moderately susceptible cultivar, which lead to an increase in grain yield, test weight, and TKW. Similar results were observed when data analyses were conducted over the environment type (artificially infested with F. graminearum inoculum or without artificially infestation). The moderately resistant cultivar had reduced FHB symptomology compared to the moderately susceptible cultivar which led to an increase in grain yield and grain qualities when severe FHB pressure occurs (data not shown). Thus, the use of moderately resistant cultivars continues to be a one of the most effective management practices to control FHB and DON contamination, and increase grain yield and quality, in winter wheat.




Conclusions

This study investigated integrating additional management practices of in-furrow phosphorus, seeding rate, and harvest timing to decrease DON contamination in the grain. Our results indicated that in-furrow phosphorus did not affect DON contamination but did increase grain yield and spikes m-2. The 603 plants m-2 seeding rate decreased the number of days to beginning anthesis in the November planted wheat and decreased FHB incidence, however there was no difference in DON contamination, PKI, or FDK ratings. The 603 plants m-2 seeding rate did increase yields in the November planting timing, indicating that in late planted wheat increasing the seeding rate will decrease the negative impacts of late planting. Overall, application of in-furrow phosphorus and increased seeding rate had little effect on heading and anthesis uniformity. Harvesting at 20 to 22% grain moisture did not affect the October planted grain yield, while it did preserve the November early harvest grain yield. Test weight decreased with the high moisture harvest, however TKW increased while FDK and PKI decreased in certain situations compared to the normal moisture harvest. Harvesting at 20 to 22% grain moisture led to greater DON contamination than harvesting at 13 to 15% grain moisture. 

Although application of in-furrow phosphorus and increased seeding rate did not affect DON contamination and harvesting at 20 to 22% grain moisture resulted in greater DON contamination, these treatments increased grain yield and decreased days to anthesis and PKI in more stressful environments. Thus, there is potential for these treatments to be used to reduce the negative effects of planting wheat late.
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Zymoseptoria tritici is one of the most economically destructive wheat diseases all over the world and is a model fungal plant pathogen within the ascomycetes. In this study, the instrumental role of the ZtRlm1 gene encoding a MADS-box transcription factor (TF) in the infection process of Z. tritici was functionally characterized as these proteins play critical roles in the global gene regulation required for various developmental and physiological processes. Our infection assays showed that ZtRlm1 mutants were attenuated in disease development as a 30 and 90% reduction in chloro-necrotic lesions and pycnidia formation, respectively, were observed in plants inoculated with ZtRlm1 mutant strains demonstrating that ZtRlm1 is a crucial factor playing a significant role in the late stage of infection corresponding with pycnidial formation. Our expression analysis demonstrated that the transcript level of ZtRlm1 is induced at 2 and 20 days post-inoculation, coinciding with pycnidial sporulation. In addition, microscopic analyses showed that branch intensity and biomass production were significantly reduced, indicating that impaired pycnidia formation is a result of impaired differentiation and biomass production in the ZtRlm1 mutants. Furthermore, melanization, a phenomenon required for fruiting body formation, was significantly hampered in ZtRlm1 mutants as they were not melanized under all tested temperature and media conditions. Overall, our data showed that impaired disease development of the ZtRlm1 mutants is mainly due to the significant impact of ZtRlm1 in different cellular processes, including differentiation, branching, fungal biomass production, and melanization, in which identification of downstream genes are of interest to increase our understanding of this pathosystem.

Keywords: Zymoseptoria tritici, gene deletion, pathogenicity assay, phenotyping, Agrobacterium tumefaciens-mediated transformation


INTRODUCTION

Zymoseptoria tritici (Desm.) Quaedvlieg & Crous (Quaedvlieg et al., 2011) (formerly known as Mycosphaerella graminicola), causes septoria tritici blotch (STB), which is one of the most economically destructive wheat diseases all over the worlds. STB results in imposing remarkable yield losses annually in wheat-growing regions with high rainfall and moderate temperature during the growing season (Eyal and Levy, 1987; Fones and Gurr, 2015). Currently, the application of resistant cultivars is the most cost-effective and environmentally friendly approach to manage STB disease (Brown et al., 2015). However, only a limited number of resistant cultivars are currently commercially applied to manage this damaging disease (Fraaije et al., 2005; Orton et al., 2011). The importance of STB is increasing, particularly after the introduction of high yielding cultivars that are specifically improved for resistance to other biotic and abiotic stresses. In addition, the rapid emergence of fungicide resistant isolates in natural populations of this fungus has brought a strong demand for wheat protection against STB.

Z. tritici-wheat pathosystem has attracted considerable attention from many researchers as this fungus has a unique lifestyle, active sexual cycle, genomic feature, and high genome plasticity (Dean et al., 2012). Z. tritici is considered as a hemibiotrophic pathogen with a symptomless biotrophic stage of around 10-days, followed by a rapid switch to the necrotrophic stage. The fungus directly penetrates the leaves through natural opening (stomata) by forming appressorium-like swellings at the hyphal tips and afterward intercellularly colonizes the apoplastic space, without establishing particular feeding structures such as haustoria. During the biotrophy, the fungal biomass is low and increases exponentially after switching to necrotrophy in which the typical symptoms of the disease including irregular chlorotic lesions develops leading to the formation of necrotic blotches that eventually bear pycnidia and pycnidiospores in sub-stomatal cavities (Eyal et al., 1987; Kema et al., 1996; Mehrabi et al., 2006a). Sexual reproduction of this fungus can be completed several times during growing seasons resulting in developing natural populations with high genetic diversity (Chen and McDonald, 1996; Hunter et al., 1999; Morais et al., 2019).

To initiate infection, plant pathogenic fungi are able to perceive host signals followed by proper molecular and phenotypic responses, including penetration and colonization. During co-evolution, both pathogens and their hosts have achieved elaborated tactics leading to either compatible or incompatible interactions (Dodds and Rathjen, 2010). For example, fungal pathogens use specific virulence factors to suppress or manipulate host defense mechanisms, whereas host plants have developed molecular components to recognize and activate other defense processes against invading pathogens (De Wit et al., 2009). Plant-pathogenic fungi are equipped with numerous genes to effectively regulate the distinctive developmental and differentiation processes to attack host cells. Additionally, it is well documented that dynamic and complex interactions presented in the battlefield between a host and a fungal pathogen would determine the outcome of the interactions (compatibility/incompatibility). Targeted gene replacement strategies were employed to functionally characterize some of these genes (Mehrabi and Kema, 2006; Mehrabi et al., 2006a, b, 2007, 2009; Orton et al., 2011). Among the genes involved in the infection process, transcription factors (TFs) play pivotal roles in the global regulation of other genes required for various developmental processes as well as a successful infection. For example Mirzadi Gohari et al. (2014) demonstrated that ZtWor1 was implicated in the infection process of Z. tritici since deletion mutant failed to cause disease and complementation of the mutant by ZtWor1 gene restored the wild-type phenotypes. In another study Mohammadi et al. (2017) showed that ZtVf1 was involved in different developmental stages, including melanization, hyphal branching, pycnidia differentiation and biomass production and acts as a functional pathogenicity factor. The MADS-box proteins belong to the family of TFs that directly bind to specific motifs in the promoter region of the targeted genes and participate in a diverse range of biological activities (Messenguy and Dubois, 2003). Typically, filamentous ascomycetes have only two MADS-box transcription factor proteins, serum response factor (SRF-type or type I) and myocyte enhancer factor (MEF-type or type II). Unlike many fungi, Saccharomyces cerevisiae has four MADS-box transcription factors; Mcm1 and Arg80 proteins are associated with the SRF-type while Rlm1 and Smp1 belong to the MEF-type (de Nadal et al., 2003). In S. cerevisiae, Rlm1 is involved in the expression of genes that are essential for cell wall integrity, whereas Smp1 is associated with regulating genes that are responsible for osmotic stress response (de Nadal et al., 2003). Furthermore, Mcm1 and Arg80 regulate arginine metabolism in yeast cells (Messenguy and Dubois, 2003). Targeted gene deletion of MIG1 (MADS-box protein responsible for infectious growth 1 gene) as homolog of ZtRlm1 in the fungal plant pathogen Magnaporthe oryzae revealed their involvement in plant infection (Mehrabi et al., 2008). In mig1 mutant strains, infectious structures, including appressoria, penetration pegs, and primary infectious hyphae were generated. However, these mutants were unable to create secondary infectious hyphae in living cells. Additionally, mutant strains of mig1 were able to penetrate and develop infectious hypha-like structures in plant cells killed by heating or cellophane membranes, indicating that this gene might be acting as a downstream of Magnaporthe grisea MAP kinase (MPS1) to regulate genes required for suppressing plant defense responses (Mehrabi et al., 2008).

Although few reports showed the instrumental roles of MADS-box TFs in the virulence of various fungal pathogens (Mehrabi et al., 2008; Lin et al., 2018), no functional study has been performed to unveil the functional role of these TFs in Z. tritici. Therefore, we functionally characterized the biological function of the ZtRlm1, homolog of MIG1, in Z. tritici, and our results confirmed that this gene is implicated in several developmental processes to successfully establish tissue colonization.



MATERIALS AND METHODS


Biological Materials

We applied Z. tritici IPO323, which is highly pathogenic on the wheat cultivar Obelisk (Mehrabi et al., 2006a) in our assays. This strain was propagated on PDA media (Sigma-Aldrich Chemie, Steinheim, Germany) or Yeast Glucose Broth (YGB) medium (yeast extract 10 g/L and glucose 20 g/L) to generate abundant yeast-like cells at 18°C for 5–7 days. Eventually, the cells generated on the cultured plates were harvested by softly scratching cultures, and kept at –80°C (Kema and van Silfhout, 1997).



Constructs Generation

The gene deletion construct designated as pZtRlm1KO was generated by using the USER-friendly cloning approach to delete the ZtRlm1 (Frandsen et al., 2008). Firstly, primer pairs, including ZtRlm1-PRF-F1, R1, and ZtRlm1-PRF-F2, R2 to amplify 1.8 kb bp upstream and downstream regions of the targeted genes through PfuTurbo® CxHotstart DNA polymerase were applied (Stratagene, Cedar Creek, TX, United States). Additionally, the pRF-HU2 vector contained the hygromycin phosphotransferase (hph) gene as a selectable marker was digested via enzymes named PacI and Nt.BbvCI, to create an overhang ends that are compatible with the PCR products. Afterward, the resultant materials were combined and treated with the USER enzyme mix (New England Biolabs, Ipswich, MA, United States) and placed at 37°C for 30 min followed by another incubation period at 25°C for 30 min. Eventually, the developed reaction was directly transformed into Escherichia coli strain DH5α using an electroporation machine. Subsequently, the treated materials were cultured on a medium possessing the antibiotic kanamycin. The right bacteria harboring the interesting fragment with the expected insertions at the right places were evaluated using colony PCR technique via hph-R2/ZtRlm1-PRF-F1 and hph-F2/ZtRlm1-PRF-R2 primer pairs (Table 1 and Figure 2A). The correct construct amplified 2065 bp bands with both primer pairs, indicating that the upstream and downstream of ZtRlm1 placed in the right position in the pRF-HU2 vector leading to the development of pZtRlm1KO. All primers are listed in Table 1.


TABLE 1. Primers used in this study.
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Fungal Transformation

We cloned the pZtRlm1KO into Agrobacterium tumefaciens strain LBA1100 through electroporation technique. A. tumefaciens-mediated transformation (ATMT) method was performed to delete ZtRlm1 in the Z. tritici IPO323, as previously described (Mehrabi et al., 2006a). Following 20 days, separate Z. tritici transformants were picked up and transferred to a PDA medium supplemented with 100 μg/mL hygromycin plus 200 μg/mL cefatoxime. We subsequently extracted the genomic DNAs of each transformant based on the protocol depicted by the Dellaporta et al. (1983). They extracted DNA were applied in a PCR-based screening approach to test the presence of expected fragments. Our PCR-based screening showed that the band of 743 bp using the pair primer (ZtRlm1-F1 and ZtRlm1-R1) was amplified in the WT and ectopic transformants, whereas this band was not generated in the deleted mutant for ZtRlm1 (Figure 2B), implying that this gene was eliminated from these independent transformants. All the transformants including ectopic and ZtRlm1 mutants amplified a band of 764 bp, when hph specific primers (hph-F1 and hph-R1) were used in PCR amplification (Figure 2C). Additionally, elimination of ZtRlm1 occurred in the chromosomal region was investigated by a primer pair named hph-F2 and ZtRlm1 -R2 demonstrating the anticipated band of 2065 bp were exclusively amplified in the deleted mutant for ZtRlm1 (Figure 2D).



Infection Assay

The wheat cv. Obelisk was grown in a glasshouse by the time that the first leaves have appeared. Inoculum of the tested strains was generated in the YGB at 18°C for 7 days, and yeat-like cells were collected by centrifuging at 3000 rpm for 3 min followed by two washing steps by distilled water. Subsequently, spore concentrations were adjusted to 107∘ml–1 spores by a hemocytometer instrument, and the 0.15% Tween 20® was added to the spore suspensions to enhance spore adhering to leaf surfaces. Infection assay was performed as described in detail previously (Mohammadi et al., 2017) in three replicates and each replicate contained a pot of 5 seedlings. The infected plants were kept under black plastic bags for 48 h to increase the humidity and then transferred to a greenhouse compartment at 22°C with a relative humidity > 90% and 16 h light and 8-h darkness. Disease development was evaluated daily and recorded following disease symptoms expression around 8 dpi, which is coincident with the transition phase. We documented the percentage of chloro-necrotic regions along with the chloronecrotic lesions covered by asexual fruiting bodies (pycnidia). At 21 dpi, 10 leaves infected by all examined strains were harvested, and the formed pycnidia in the distance down to 1 cm from the leaf tips were calculated and analyzed using SPSS software package (IBM SPSS Statistics 19, United States).



RNA Isolation and Quantitative RT-PCR

Transcript abundance of ZtRlm1 at various time courses was conducted through a quantitative real-time PCR (q-RT-PCR) technique. For evaluating the expression level of ZtRlm1 in planta, we infected the wheat cv. Obelisk by Z. tritici IPO323 and, subsequently, the inoculated leaves were harvested in three biological replicates (four leaves per each biological replicates) (Mehrabi et al., 2006a). The samples were immediately frozen by placing them in the liquid nitrogen and, then, ground in this liquid via a mortar and pestle. Total RNA of the inoculated leaves and fungal biomass generated in YGB was extracted through the RNeasy plant mini kit (Qiagen, location, United States). We applied the DNA-free kit (Ambion, Cambridgeshire, United Kingdom) to eliminate DNA contamination, and afterward synthesized the first-strand cDNA from around two μg of total RNA primed with oligo(dT) via the SuperScript III enzyme based on the instructions provided by the manufacturer. One μl of the synthesized cDNA was employed in a 25 μl PCR reaction via a QuantiTect SYBR Green PCR Kit (Applied Biosystems, Warrington, United Kingdom), and run and analyzed using an ABI 7500 Real-Time PCR machine. Three technical replicates for each biological replicates were used, allowing us to perform the statistical analysis through the SPSS software package (IBM SPSS Statistics 19, United States). We initially normalized the relative expression of ZtRlm1 with the constitutively expressed Z. tritici beta-tubulin gene (Keon et al., 2007; Motteram et al., 2009) and, eventually, estimated according to the comparative C (t) method defined previously (Schmittgen and Livak, 2008).



In vitro Phenotyping

We used two nutritionally diverse solid cultures, including YMDA (4 g yeast, 4 g malt, 10 g dextrose, and 15 g agar in 1 L distilled water) and PDA along with an application of three various temperatures (16, 20, and 28°C) to characterize morphologically the WT and mutant strains. We spotted ~1 μl of spore suspension (107 spores∘ml–1) on the above-cultures, and we monitored and recorded their morphological features for 10 days.

We harvested spores of the WT and mutant strains of ZtRlm1 produced in the YGB medium at 18°C for 5 days. Afterward, we washed spore suspensions by the distilled water to remove remaining media and, subsequently, adjusted the spores to 105, spores ml–1. Next, we placed 12μl of the adjusted spore suspensions on a piece of the Water Agar (WA) or PDA fragment placed on a microscope slide covered by a coverslip. Eventually, we incubated the prepared materials at 20°C under dark conditions, and at least two spores of each sample were analyzed using an Olympus BX51 microscope equipped with Olympus DP72 digital camera every 12 h until 48 h. Pictures were proceeded with Adobe Photoshop version 15.2.2. After 48 h, for comparison of spores biomass and spore branches, randomly 10 spores of mutants and control strains cultivated on the PDA and WA media, were selected and analyzed using Digimizer version 4.1.1.0 (MedCalc, 2009) and SPSS softwares package (IBM SPSS Statistics 19, United States).



In vivo Histopathological Assay

We employed two methodologies to determine the germination and penetration patterns, plus the colonization of Z. tritici in the attacked leaves. In the first method, we collected the inoculated leaves at various time courses, including 8, 12, 16, and 20 dpi and then we instantly immersed them in 15 ml of 0.05% trypan blue dissolved in lactophenol-ethanol (1:2, v/v), and boiled for 10 min. We subsequently destained samples in a saturated chloral hydrate solution (5:2, w/v) for at least 10 h and then stored in 87% (v/v) glycerol by the time of analysis. In another method, we cleared the harvested samples with a mixture of glacial acetic acid: absolute ethanol (1:3, v/v) followed by transferring onto filter paper saturated with lactoglycerol (1:1:1, lactic acid: glycerol: water, v/v/v) until analysis by a cytological observation (Shetty et al., 2003).



Phylogenetic Tree Construction

We employed the MEGA software package version 5.05 (Tamura et al., 2011) to construct and analyze the phylogenetic tree. We applied the unweighted pair group approach with the arithmetic average (UPGMA) algorithm to build up the phylogenetic tree, and we evaluated the accuracy of the constructed phylogenetic tree by running the bootstrap analysis of 1000 repetitions.




RESULTS


Identification and Characterization of ZtRlm1

To identify the homolog of Rlm1 in the fully sequenced genome of Z. tritici, a BLASTp search of Z. tritici genome using S. cerevisiae Rlm1 (GenBank number: BAA09658.1) as the query was performed resulting in the retrieval of the homolog of Rlm1 protein (protein ID = 71585). This protein was designated as ZtRlm1 and subsequently subjected to further analyses. ZtRlm1 has an open reading frame of 1903 bp, which is interrupted by three introns, and it is located on chromosome 4 encoding a protein of 597 amino acids. Interestingly, the overall similarity and identity between ZtRlm1 and yeast Rlm1 is about 34%, but they are over 90% identical in the MADS-box domain. Phylogenetic analysis of ZtRlm1 and related MADS-box proteins from other selected fungi indicated ZtRlm1 grouped with MEF-type MADS-box proteins (Figure 1). The specific motif, including the 58-amino-acid MADS-box region and 75-amino-acid MEF2 region determining the features of TFs are located at the N terminus region of ZtRlm1. Alignment analysis showed that that the N terminus region of ZtRlm1 is more conserved than the other part of protein sequences.
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FIGURE 1. Phylogenetic comparison of Zymoseptoria tritici Rlm1 (ZtRlm1) with members of the MADS-box family based on amino acid sequence alignments. The two subfamilies of MADS-box family: SRF-like/Type I and MEF2-like/type II are indicated. The accession number of the proteins are included as ENH69552.1 (Rlm1) (Fusarium oxysporum), XP_001559829.1 (Bcmads1) (Botrytis cinerea), XP_001593202.1 (SS1G06124) (Sclerotinia sclerotiorum), XP_001938412.1 (RlmA) (Pyrenophora tritici-repentis), NP_013757.1 (Mcm1) and NP_009741.3 (Rlm1) (Saccharomyces cervisiae), XP_003852780.1 (ZtMcm1) and XP_003853236.1 (ZtRlm1) (Zymoseporia ritici), XP_747866.1 (Mcm1) and XP_754763.1 (RlmA) (Aspergillus fumigatus), XP_003720973.1 (MoMcm1) and XP_003714096.1 (MoMig1) (Magnaporthe oryzae), XP_009220065.1 (GgMADS) and XP_009220065.1 (GgMEF2 type) (Geaumaomyces graminis). The phylogenetic tree was constructed using MEGA 5 software. The bootstrap values (1000 replicates) are shown above the branches.




Deletion of ZtRlm1

To study the biological role of ZtRlm1 during the infection process of Z. tritici, the deletion construct based on the USER-friendly method as described previously (Frandsen et al., 2008) was made. As shown in Figure 2A, about 1.8 kb of upstream and downstream of the ZtRlm1 were used to generate the deletion construct that eventually was used to knock-out the Z. tritici ZtRlm1 in IPO323 strain through Agrobacterium tumefaciens–mediated transformation (ATMT). After transformation, the ZtRlm1 mutants were found using the ZtRlm1 gene-specific primers, ZtRlm1-F1, and ZtRlm1 -R1 (Figures 2A,B). After performing many transformations and screening more than 600 transformants, two independent mutants were identified and designated as ΔZtRlm1#1 and ΔZtRlm1#2. ZtRlm1 gene-specific primers confirmed that only the WT and ectopic transformants could produce a band of 743 bp while this PCR band was absent in the ZtRlm1 mutants showing that the ZtRlm1 was deleted in these mutants (Figure 2B). In addition, the ZtRlm1 mutants and ectopic transformants amplified the expected hph band (764 bp) whereas this band was absent in the WT showing that the construct was inserted in the genome of transformants (Figure 2C). The exact position of homologous recombination in the ZtRlm1 chromosomal region was also confirmed using the hph-F2 primer located at 3’ end of the hph marker gene along with the ZtRlm1 -R2 primer located 211 bp at the right border of ZtRlm1 downstream (Figure 2D). The results revealed that only ZtRlm1 mutants could amplify the expected band of 2065 bp, showing that the ZtRlm1 was exclusively deleted in the mutant strains (Figure 2D). Eventually, it worth mentioning that our laboring effort to generate a complemented strain of Rlm1 deletion mutant was unsuccessful. After transformation, we have screened more than 400 transformants, but none of them were positive.
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FIGURE 2. Generation of the ZtRlm1 gene replacement mutant. Diagram showing the replacement of ZtRlm1 by hygromycin phosphotransferase resistance cassette (hph) through homologous recombination. The dotted lines depict the flanking regions where homologous recombination occurred (A). Identification of replacement mutants by PCR approach. The WT and ectopic transformants generated the expected PCR band (743 bp) using primers ZtRlm -F1 and ZtRlm1 -R1, while this band was not amplified in the ZtRlm1 mutants indicating that the ZtRlm1 gene was deleted from these independent transformants (B). The ZtRlm1 mutants and ectopic transformants amplified the expected hph band (764 bp) using hph-F1/hph-R1 primers, whereas this band was absent in the WT (C). A primer pair (hph-F2 and ZtRlm1-R2) was used to confirm targeted gene deletion that occurred in the ZtRlm1 chromosomal region. Only the mutant strains were able to produce the expected amplicons (2065 bp) (D).




ZtRlm1 Delayed Disease Development

Infection assay was performed by the inoculation of susceptible wheat cv. Obelisk using the mutant strains (ΔZtRlm1#1 and ΔZtRlm1#2) and the control strains (IPO323 wild type (WT) and ectopic transformants) and disease development was monitored every 48 h. Both WT and ectopic strains caused chlorotic flecks at 9 days post-inoculation (dpi), especially at the leaf tips, which generated extended chlorosis at 12 dpi, and eventually expanded into large necrotic areas containing abundant mature pycnidia at 16–18 dpi (Figure 3). In contrast, ZtRlm1 mutants were not able to generate disease symptoms until 13 dpi when a few scattered chlorotic and necrotic lesions were observed that slowly merged into larger lesions along with the expansion of chlorotic areas becoming necrotic at 20 dpi but did not sporulate pycnidia even at 30 dpi. The results showed that both independent mutants were unable to produce pycnidia and significantly reduced the percentage of chloro-necrotic lesions (Figure 4 and Supplementary Figure 1). In order to determine the effect of ZtRlm1 deletion on chlorosis and pycnidia formation, two disease indices (CN and P) were used. In contrast to control strains, the ZtRlm1 mutant strains did not generate symptoms until 13 dpi when limited chlorotic areas developed that progressively merged into necrotic at 20 dpi without mature and normal pycnidial sporulation (Figures 3, 4). CN and P analysis revealed a significant reduction in CN (~30%) and P (~90%) in plants inoculated with ZtRlm1 mutant strains compared to that of the WT strain, indicating that ZtRlm1 is vital for the pycnidial formation (Figure 4 and Supplementary Tables 1–3).
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FIGURE 3. Determination of the effect of ZtRlm1 deletion on disease development of Zymoseptoria tritici on the susceptible wheat cv. Obelisk at 20 dpi. Note that the WT and ectopic strains caused extensive necrosis bearing abundant pycnidia, while the ZtRlm1 mutant strains generated significantly reduced necrotic regions without pycnidia.
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FIGURE 4. Disease development of Zymoseptoria tritici ZtRlm1 mutant strains compared with that of the control strains over a period of 10 days (from 10 to 20 days post-inoculation). The average of chloro-necrotic leaf area (%) (A). The average of necrotic leaf area bearing pycnidia (B). Note that the disease development of the ZtRlm1 mutant strains was significantly reduced compared with that of the control strains.




ZtRlm1 Plays in Early and Late Phases of Infection

As infection assay indicated that ZtRlm1 mutants were significantly impaired in virulence, we performed a histopathological study to determine and monitor the behavior of ΔZtRlm1 strain during infection stages in further detail. The WT and ectopic strains were able to penetrate stomata by infectious hypha, whereas ΔZtRlm1 strain demonstrated a 30% reduction in penetration frequency compared with that of control strains (Supplementary Table 1). Additionally, the ZtRlm1 mutant strain, in contrast with WT, could not colonize mesophyll cells completely (Figure 5), suggesting that ZtRlm1 has a pivotal role in the penetration strength as well as the initial establishment of Z. tritici colonization. At 12 dpi, infectious hypha of the WT strain totally colonized substomatal cavities of penetrated stomata which was significantly different from the ZtRlm1 mutant where ∼65% of the penetrated stomata was colonized (Supplementary Table 1). Additionally, the biomass of infectious hypha was much lesser compared to the WT strain. This finding might be the reason for no disease symptom expression until 13 dpi. Finally, the inoculated plants by the Z. tritici IPO323 resulted in the pycnidial sporulation at 16 and 20 dpi while that of the ZtRlm1 deletion mutant strain was failed to produce mature pycnidia at the mentioned time points and we rarely noticed few immature pycnidia in the infected plants by ZtRlm1 mutant strain in microscopic analysis (Figure 5). These findings indicated that ZtRlm1 plays a significant function in both of pycnidial production and differentiation (Supplementary Table 1 and Supplementary Figure 1).
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FIGURE 5. Comparative histopathological analysis of Zymoseptoria tritici WT and ZtRlm1 mutant strain on the susceptible wheat cv. Obelisk at 8, 12, 16, and 20 days post-inoculation (dpi). At 8 dpi, the colonization of mesophyll cells by infectious hypha (IH) of the ZtRlm1 mutant strain was significantly less than the WT strain. At 12 dpi, the colonization intensity of stomatal cavities in the ZtRlm1 mutant was significantly lower than that of the WT strain. At 16 and 20 dpi, the infected stomata by the WT resulted in mature pycnidia (P), while in the ZtRlm1 mutant strain, the majority of infected stomata produced immature pycnidia.




ZtRlm1 Is Induced at Early and Late Stages of Infection

As our result showed that ZtRlm1 acts in the infection process of Z. tritici, we analyzed the transcript abundance of ZtRlm1 in vitro and in planta using a quantitative RT-PCR approach. ZtRlm1 expression is induced during the early stage of infection (2 dpi), and subsequently, its expression was decreased sharply by 8 dpi. Again, relative expression of ZtRlm1 remarkably was triggered by 20 dpi, the stage of infection corresponding to the pycnidial formation. The transcript accumulation of ZtRlm1 in mycelial condition was similar to the in planta expression at 2 dpi, whereas that of ZtRlm1 in yeast-like cells was similar to the in planta expression at 12 dpi coinciding with the asexual reproduction (Figure 6).
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FIGURE 6. | In vitro and in planta expression levels of Zymoseptoria tritici Rlm1. In vitro conditions (18 and 25°C to induce yeast-like cells and mycelia formation, respectively) were selected to compare the expression levels of ZtRlm1 in mycelial and conidial cultures with in planta conditions. The susceptible cv. Obelisk was infected with the Z. tritici WT strain and inoculated leaves were collected 2, 4, 8, 12, 16, and 20 days after inoculation followed by RNA isolation and cDNA synthesis. The expression level of ZtRlm1 was normalized with the constitutively expressed Z. tritici beta-tubulin gene. Results display the mean ± SD of three biological reps with three technical replicates for each biological replicates. Bars with different alphabets are significantly different (p < 0.05).




ZtRlm1 Impacts Germination Pattern, Hyphal Branching, and Biomass Production

A successful infection requires proper differentiation and the establishment of a parasitic relationship between the pathogen and the host. Differentiation starts from the development of germ tubes that eventually develop into infectious hyphae to penetrate host tissue. We evaluate the impact of ZtRlm1 in germination, growth pattern, hyphal branching, and biomass production, by applying two solid media, including water agar (WA) and potato dextrose agar (PDA) and monitor the germination pattern of ZtRlm1 spores every 12 h (Figure 7). WA is expected to mimic the leaf surface conditions as this induces Z. tritici to establish germ tubes as noticed on leaves surface of wheat before penetration (Kema et al., 1996; Mehrabi and Kema, 2006). On WA, we observed that spores of the control strains germinated from both apical cells and formed primary germ tubes within 12 h. The secondary germ tubes established from the same or other cells of the spore after 24 h, which was followed by the expansion of tertiary hyphal as detected within 36 h. Eventually, the tertiary hyphal developed from the primary and secondary germ tubes after 48 h and established the web of compressed filaments (Figure 7). This showed that the poor medium promotes filamentation growth. Furthermore, we did not detect significantly changed germination patterns for the ΔZtRlm1 strains compared with that of the control strains after 36 h. Nevertheless, the branch intensity and biomass formation were remarkably decreased to 85 and 60% compared with that of the WT control, respectively (Supplementary Tables 2, 3), culminating in less dense filamentation growth compared with that of the WT strain.
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FIGURE 7. Comparative analysis of the germination pattern of Zymoseptoria tritici ZtRlm1 mutant compared with that of the WT strain over 48 h. Strains were grown on WA (upper panel) and PDA (lower panel) at 20°C under dark conditions. The branch intensity, as well as filamentation, were reduced in the ZtRlm1 mutant resulting in less dense filaments compared to the WT strain. The black arrows indicate the budding cells. Bars represent 20 μm.


The early pattern of colony development on PDA was significantly different in a comparison between the WT and the ZtRlm1 mutant strain. Following germination event, germ tubes did not extend longitudinally but rather develop simultaneously budding cells on intermediate cells of the spore, and on secondary filaments hyphae during the first 24 h continued by producing intensely extra budding cells partially extended in comparatively short filamentous hyphae at 36 h and stored in the center of the dense colony at 48 h. The germination pattern of ZtRlm1 mutant strains was remarkably dissimilar from the WT strain. Furthermore, the filamentation event was much limited and delayed filamentous growth in the ZtRlm1 mutant strain was observed. The hyphae produced by the ZtRlm1 mutant strain was thicker and high bulbous than those formed WT, and germ tubes turned into unusual hyphal swellings after 48 (Figure 7). We confirmed that the branch intensity and biomass production were significantly and statistically reduced by 83 and 89% in comparison with that of the WT control, respectively (Figure 8 and Supplementary Tables 2, 3).
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FIGURE 8. The ZtRlm1 affects growth and development in Zymoseptoria tritici. The WT, ectopic and ZtRlm1 mutant strains were grown on WA and PDA at 20°C in darkness, and the data was recorded after 48 h. The average branch intensity (A) and hyphal filaments (B) of ZtRlm1 mutants were significantly reduced compared with that of the control strains. a,bStatistically significant differences.




ZtRlm1 Affects Melanization Phenomenon

We inoculated the WT and ectopic strains along with the ΔZtRlm1 strains on two diverse solid media (PDA and YMDA) under three temperature conditions for 10 days to investigate the instrumental role of ZtRlm1 in melanization event (16, 20, and 28°C). Colony morphology and pattern growth of the ΔZtRlm1 strains on applied media at three different temperatures did not show significant differences and were similar to that of the control strains. Interestingly, melanization did not occur under all conditions tested, even after extending an incubation period to 1 month (Figure 9).
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FIGURE 9. Macroscopic colony morphology of Zymoseptoria tritici WT, ectopic, ΔZtRlm1 #1, ΔZtRlm1 #2 strains under different growing conditions. Approximately 2 μl of spore suspension (107 spores/mL) was spotted on PDA (top panel) or YMDA (bottom panel) and grown for 10 days at 16, 20, and 28°C.





DISCUSSION

To successfully establish a parasitic relationship with its host plant, Z. tritici utilizes diverse tactics to colonize its host efficiently. Up to now, some virulence factors like ZtWor1, and ZtVf1, (Mirzadi Gohari et al., 2014; Mohammadi et al., 2017) have been functionally characterized and to some extent, their contributions to the infection process of Z. tritici were investigated to understand how this fungus evade defense mechanisms and establishes STB. Despite this fact that several pathogenicity factors of Z. tritici being crucial during different stages of the infection process are functionally characterized (Orton et al., 2011; Mirzadi Gohari et al., 2014), molecular strategies underlying Z. tritici infection process remains weakly understood.

Here, we functionally analyzed the biological role of ZtRlm1, and our results revealed that this protein is required for successful infection and an asexual fructification in planta. To fully understand the instrumental role of ZtRlm1 in other developmental processes such as penetration, colonization, and pycnidial formation, a cytological analysis was carried out. Eventually, we demonstrated that ZtRlm1 is involved in penetration, colonization, pycnidial formation, and differentiation (Figure 5).

The members of MADS-box TFs contain a preserved motif within the DNA binding domains of these proteins (Shore and Sharrocks, 1995), and it was demonstrated several proteins belonging to this family have substantial functional roles in a variety of organisms (Mehrabi et al., 2008; Delgado-Silva et al., 2014). Like other filamentous ascomycetes, Z. tritici has only two MADS-box transcription factors (XP_003852780.1 and XP_003853236.1) that we named them as ZtRlm1 and ZtMcm1.

MADS-box TFs possess a wide array of biological functions, and their contributions to diverse developmental processes as well as virulence in fungal pathogens have been functionally investigated. It is shown that Rlm1 homologs in Aspergillus niger, A. nidulans, and Candida albicans play critical roles in maintaining the cell wall integrity (CWI) in reacting to cell wall- perturbing agents through transcriptional regulation of the genes encoding proteins associated with cell wall (Fujioka et al., 2007; Delgado-Silva et al., 2014; Rocha et al., 2016). A. fumigatus RlmA is required for reinforcing the CWI and virulence since mutant strains deleted for RlmA showed a changed cell wall arrangement and tolerance to cell wall stress agents. Additionally, the mutant strains had weakened virulence in a neutropenic murine model of invasive pulmonary aspergillosis (Rocha et al., 2016). Furthermore, it was demonstrated that M. oryzae Mig1, an ortholog of S. cerevisiae Rlm1, is involved in the development of the secondary infectious hyphae inside the living cells of the plant as the deleted strains were blocked in this stage, thereby they were failed to infect rice leaves. Finally, Bcmads1encoding MEF-type MADS-box TF was known to play an instrumental role in the pathogenicity of Botrytis cinerea through its impact on the protein secretion process.

Here, we demonstrated that ZtRlm1 play a significant role in diverse developmental process, and pathogenicity of Z. tritici. Our in vitro phenotyping assays suggested that ZtRlm1 is responsible for hyphal branching growth since lowly branched hypha in ΔZtRlm1 under both WA and PDA media was observed, indicating that this gene is a positive regulator of both hyphal growth and branching. This might be a reasonable explanation to interpret the results of infection assay, and significantly reducing the number of pycnidial formation on plants inoculated by control strains and ΔZtRlm1.

It is generally hypothesized that controlled branching promotes fungal invasion as previously demonstrated that hyphal branching probably increases surface area for colonization, which is a critical issue for successful infection (Harris, 2008). Additionally, hyphal branching might enable the fusion of hyphae, thereby facilitating the process of exchanging genetic materials between diverse hyphae of the same or distinctive fungi. Additionally, in Z. tritici, pycnidial formation is initiated in substomatal cavities by enormous growth, branching and a wide fusion of hyphae deriving originally from 1 or 2 hyphae resulting in exponential improve in fungal biomass generation coinciding with disease symptoms expression (Hilu and Bever, 1957; Kema et al., 1996; Shetty et al., 2003). Several studies have identified TFs such as Tup1 and Rbp1 that are key regulators of filamentious growth (Braun et al., 2000). A mutant strain deleted for tup1 showed uncontrolled filamentous growth under all tested conditions, suggesting a key role in the filamentation process (Braun and Johnson, 1997; Celera and Claderone, 2001). These studies proved that the successful colonization of plants by invading fungal pathogens necessitates efficient and normal hyphal branching, hyphal fusion and colonization, and defect in one of these processes culminated in reduced virulence in host plants.

We demonstrated that ZtRlm1 is a crucial factor playing a major role in the late stage of infection coinciding with pycnidial formation. This data is in agreement with that of in vivo expression analysis when ZtRlm1 expression was highly induced at 20 dpi corresponding to the pycnidia sporulation. Furthermore, in vitro expression of ZtRlm1 at mycelial form is comparable with that of in planta at 2 dpi when yeast-like cells of Z. tritici germinated to produce infectious hyphae just before penetration. Interestingly, we proved that ZtRlm1 is a pivotal regulator of melanization event in the Z. tritici as the examined mutant strains were not melanized under all tested temperature and media conditions. The melanization in Z. tritici is a complex process, and several studies previously indicated that different genetic factors partly have roles in melanin biosynthesis (Mehrabi et al., 2006a, b, Mehrabi and Kema, 2006; Cousin et al., 2006; Lendenmann et al., 2014; Derbyshire et al., 2018). Although our observations demonstrated that ZtRlm1 plays an important function in the melanization phenomenon of the Z. tritici, molecular mechanisms underlying this phenotypic observation is unknown. The future in-depth studies are required to further explore the association of the ZtRlm1 with genes involved in the melanin biosynthesis pathway.

Our previous functional analysis of ZtPKS genes encoding polyketide synthases demonstrated that melanization process is not involved in the pathogenicity of Z. tritici in contrast to other phytopathogens such as Magnaporthe oryzae that has been demonstrated that an appressorium melanization is a central event in the infection process (Casadevall et al., 2000; Jacobson, 2000; Hamilton and Gomez, 2002; Eisenman and Casadevall, 2012). Nevertheless, the melanin is a multifunctional agent, providing defense against environmental stresses but a major role of melanin in plant-pathogenic fungi is the pigment’s contribution to virulence by diminishing the susceptibility of fungi to host defense strategies.

It has been previously shown that the pycnidia of Z. tritici are heavily melanized during the infection process (Kema et al., 1996; Duncan and Howard, 2000; Mehrabi and Kema, 2006), suggesting that melanization event is required for asexual fructification. Thus, this may explain the failure of the ZtRlm1 mutants to produce pycnidia in vitro.

To sum up, we conclude ZtRlm1 is a putative transcriptional regulator in Z. tritici playing a central function in the diverse developmental process, including differentiation, asexual fructification, and pathogenicity. As this TF have combinatorial interactions with other regulatory proteins involved in the signaling cascade, it is required to discover the downstream components of ZtRlm1 that lead to the identification of further pathogenicity factors regulating morpho-pathogenic behavior of Z. tritici. This will contribute to the further understanding of the Z. tritici – wheat pathosystem.
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Previous results from our lab have shown that using an optical sorter to identify Fusarium head blight (FHB) resistant breeding lines was effective at reducing the toxin deoxynivalenol (DON) and FHB-associated kernel damage. In this paper we quantified the proportion of desirable genotypes at FHB resistance QTL in lines from three selection cycles of optical sorting. Breeding lines were genotyped at loci on chromosomes 3BS, 2DL, and 5A using the following DNA markers: TaHRC, CFD233, and GWM304. TaHRC is a KASP marker for Fhb1, a major FHB resistance QTL on chromosome 3BS. CFD233 is an SSR marker for Qfhs.nau-2DL on chromosome 2DL. GWM304 is an SSR marker for Qfhs.ifa-5A on chromosome 5A. Sorter selection was effective at identifying lines that had the resistant genotype at TaHRC; in other words, the sorter was able to identify lines with resistance alleles at Fhb1. The sorter was less effective at selecting for the resistant genotype at CFD233 and GWM304. However, the proportion of lines with resistant genotypes at GWM304 did increase with additional sorter selection, just not to the degree that was observed for the Fhb1-associated marker. The proportion of lines with resistant alleles at CFD233 did not show a consistent trend. In addition to increasing the proportion of lines with Fhb1 and Qfhs.ifa-5A each selection cycle, optical sorter-based mass selection enhanced FHB resistance in different marker genotype combinations evaluated in this study. For example, there were net reductions in DON and kernel damage after two cycles of sorter selection in 15X110601S07002, a line with Fhb1, with Qfhs.nau-2DL, and with Qfhs.ifa-5A; final C3 DON levels were 63% of the resistant check (KY02C-3005-25). Kernel damage was also reduced in 15X110601A08221 a line without Fhb1, without Qfhs.nau-2DL, and without Qfhs.ifa-5A. Our findings suggest the increased resistance observed in different marker genotype combinations was conferred by QTL other than Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5, and validate our previous results that the optical sorter is effective at selecting FHB-resistant breeding material.
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Introduction

Wheat (Triticum aestivum L.), considered a staple crop in numerous cultures, is widely consumed around the world. The Foreign Agricultural Service (FAS) a division of the United States Department of Agriculture (USDA), projects global consumption of wheat to be over 750,000,000 metric tons in the 2019/2020 marketing year (USDA FAS, 2020). As the world population and affluence continue to increase, the demand for staple crops like wheat is also expected to rise. Shiferaw et al. predicts a 60% increase in demand for wheat by the year 2050 (Shiferaw et al., 2013). Increasing wheat production to levels adequate enough to meet demand, while also mitigating contamination and other grain quality issues caused by plant diseases, is a major problem facing agricultural researchers today.

Fusarium head blight (FHB), caused by Fusarium graminearum, is a plant disease that limits wheat production and contaminates grain. Yield reduction, due to FHB-associated kernel damage, directly limits wheat production (Agostinelli et al., 2011). Damaged kernels also decrease market value due to reduced test weight and flour yield (McMullen et al., 1997). Deoxynivalenol (DON) accumulates in grain as a result of FHB infection; and, consumption of grain contaminated with DON is harmful to both humans and animals. DON toxicity symptoms include: nausea, vomiting, diarrhea, abdominal pain, headache, dizziness, fever, and, with enough exposure, death (Sobrova et al., 2010). Furthermore, no single management practice has provided complete suppression of FHB infection (Zhu et al., 2019). The most effective fungicide regimes provide at best 69% control for kernel damage and 54% control for DON (D’Angelo et al., 2014). Therefore, enhancing genetic resistance to FHB via plant breeding is the most promising solution to DON accumulation and kernel damage.

Quantitative trait loci (QTL) involved in FHB resistance have been identified on all 21 wheat chromosomes (Steiner et al., 2017). Two of the strongest and best-validated are Fhb1 and Qfhs.ifa-5A, both of which were derived from “Sumai-3” (Bai et al., 1999; Waldron et al., 1999; Anderson et al., 2001; Buerstmayr et al., 2003). Fhb1 was first described by Waldron et al. as Qfhs.ndsu-3B and later renamed (Waldron et al., 1999; Liu et al., 2006; Agostinelli et al., 2011). Fhb1 is a major effect QTL that confers strong Type II resistance to FHB in wheat and other small grains (Bai et al., 1999; Cuthbert et al., 2006; Petersen et al., 2017; Steiner et al., 2017; He et al., 2018; Zhu et al., 2019). Qfhs.ifa-5A contributes mainly to Type I FHB resistance (Buerstmayr et al., 2003; Steiner et al., 2019). An additional large effect resistance QTL is Qfhs.nau-2DL identified in the breeding line CJ9306 (Jiang et al., 2007a; Jiang et al., 2007b; Steiner et al., 2017). Qfhs.nau-2DL contributes to both Type I and II resistance (Agostinelli et al., 2011; Lu et al., 2013; Yi et al., 2018). Type I FHB resistance is defined as resistance to initial infection, whereas Type II is defined as resistance to disease spread within infected heads (Mesterhazy, 1995; Mesterházy et al., 1999).

Fhb1, Qfhs.ifa-5A, and Qfhs.nau-2DL all have relatively stable effects and tightly linked DNA markers; thus, marker assisted selection (MAS) for these QTL has efficiently improved FHB resistance in adapted, high-yielding wheat germplasm (Steiner et al., 2017). In addition, wheat lines with acceptable FHB resistance can be developed through accumulation of several small effect QTL present in locally adapted germplasm, i.e. what is often termed “native resistance” (Steiner et al., 2017). Accumulating numerous small effect QTL in genetic backgrounds fixed for known major effect QTL should enhance FHB resistance in wheat germplasm and potentially other small grains. Therefore, a high-throughput selection method is needed to gradually accumulate new small effect QTL while also enriching for major effect FHB resistance QTL.

Optically separating diseased from non-diseased grain has been shown to have potential as an en masse selection method to identify and enhance FHB resistance (reduce DON and kernel damage) in wheat (Carmack et al., 2019). The objective of this study was to determine if optically sorting seed from breeding material segregating visually for FHB resistance over several generations increased the proportion of lines with resistance alleles at large effect QTL on 3BS, 2DL, and 5A. In addition to assessing the proportion of lines with the FHB resistance QTL each selection cycle, the average response to selection of all marker genotype combinations was examined, and the ability of optical sorter-based mass selection to enhance FHB resistance in individual lines with and without the R alleles at the three large effect QTL was demonstrated.



Materials and Methods


Plant and Fungal Material

The plant material used in this study consisted of 300 F4 derived soft red winter wheat (SRWW) breeding lines with KY06C-11-3-10 (Reg. No. GP-965, PI 669817) in their pedigree. KY06C-11-3-10 is a SRWW germplasm line that carries exotic FHB resistance alleles from the Chinese spring wheat cultivar “Ning7840” at QTL on chromosomes 3BS, 5A, and 2DL; the line was created via accelerated backcrossing of these QTL into “McCormick,” a domestic cultivar with nonexotic (native) moderate FHB resistance (Clark et al., 2014). Backcrossing was performed by the University of Kentucky, University of Maryland, Virginia Polytechnic Institute and State University, North Carolina State University, and the USDA-ARS. The breeding lines used in this study differed in characteristics such as level of FHB resistance, heading date, height, and other agronomic traits. All plant material was grown at the University of Kentucky Spindletop Research Farm near Lexington, KY (38°7'37.81''N, 84°29 44.85'' W) from 2016 to 2019.

The fungal material used in this study consisted of inoculum prepared using 27 F. graminearum isolates taken from scabby wheat seed collected at multiple locations across Kentucky, 2007–2010 (Bec et al., 2015). Inoculum was prepared by first allowing dry corn (Zea mays L.) kernels to imbibe water for approximately 16 hours. After 16 hours, corn kernels were autoclaved, inoculated with potato dextrose agar (PDA) plugs infected with F. graminearum, mixed with 0.2 g of streptomycin in 50 mL of sterile water, covered and allowed to incubate at room temperature (Balut et al., 2013). After complete colonization by the fungus (3 weeks), the corn kernels were spread onto a tarp and allowed to dry aided by a dehumidifier. After drying, inoculated corn kernels were placed in mesh bags and stored in a freezer at −18°C. All cultures were maintained, and inoculum was produced at the University of Kentucky Plant Science Building in Lexington, KY (38°1'36.1''N, 84°30'30.1''W) from 2016 to 2019.



Phenotyping and Genotyping Plant Material

The breeding lines were phenotyped in an inoculated and irrigated scab nursery. The nursery provided the intense disease pressure needed for resistance evaluation and artificial selection. During all years of the experiment (2016–2019), at Feekes growth stage 8, approximately 21 days prior to flowering of the earliest material, corn kernels infected with F. graminearum were broadcast throughout the nursery at a rate of 11.86 g m−2 (Gilbert and Woods, 2006; Balut et al., 2013). In addition to inoculating the field, an overhead irrigation system on an automatic timer was used to provide optimal moisture conditions for disease development, and the opportunity to evaluate and select for FHB resistance. The irrigation schedule was as follows: 5-minute periods every 15 minutes from 2000 to 2045 h, 2100 to 2145 h, 0200 to 0245 h, 0500 to 0530 h, and 0830 h (Balut et al., 2013). The concentration of deoxynivalenol (DON) in ppm was determined by the University of Minnesota DON testing lab using gas chromatography with mass spectrometry GC-MS (Mirocha et al., 1998; Fuentes et al., 2005) each season. The proportion of Fusarium damaged kernels in a given sample estimated using an optical seed sorter (FDKos) was collected in all years except 2016; FDKos estimates were arrived at using methods developed by the University of Kentucky Wheat Breeding Program (Carmack et al., 2019).

The breeding lines were genotyped at the Eastern Regional Small Grains Genotyping Laboratory in Raleigh, North Carolina, USA. DNA was isolated from each of the 300 breeding lines and genotypes were determined at FHB resistance QTL using two SSR markers (Benson et al., 2012). The SSR markers used were as follows: CFD233 and GWM304. CFD233 is a SSR marker for QFhs.nau-2DL, a FHB resistance QTL on chromosome 2DL (Guyomarc’h et al., 2002; Löffler et al., 2009; Agostinelli et al., 2011; Balut et al., 2013; Kollers et al., 2013; Arruda et al., 2016). GWM304 is a SSR marker for Qfhs.ifa-5A, a FHB resistance QTL on chromosome 5A (Roder et al., 1998; Chen et al., 2006; Liu et al., 2007; Arruda et al., 2016). In addition to the SSR markers, genotypes were obtained for 120 of the 300 breeding lines using one KASP marker (TaHRC); reactions were done following the manufacturer’s instructions. TaHRC is a KASP marker for Fhb1 on chromosome 3BS (Bernardo et al., 2011; Schweiger et al., 2016; Su et al., 2019). Previous findings from numerous labs have shown that DNA markers linked to Fhb1 are associated with material more resistant to DON accumulation (Roder et al., 1998; Waldron et al., 1999; Anderson et al., 2001; Zhou et al., 2002; Anderson et al., 2007; Wilde et al., 2007; Liu et al., 2008; Salameh et al., 2010; Balut et al., 2013; Arruda et al., 2016; Prat et al., 2017).



Optical Sorter-Based Mass Selection

The optical sorter is a USDA/ARS and National Manufacturing Seed Sorter System that uses a high-throughput, high-resolution color camera in combination with compressed air to separate grain (Pasikatan and Dowell, 2003; Delwiche et al., 2005; Pearson et al., 2008; Pearson, 2010). Each cycle of mass selection with the optical sorter was performed in a different year; therefore, the sorter was calibrated each year. Optical sorter calibration and operation was performed as described in Carmack et al., 2019. Figure 1 provides an example of the visual differences between Fusarium damaged (rejected) and asymptomatic (accepted) kernels used to calibrate the optical sorter.




Figure 1 | Visual differences between Fusarium damaged and asymptomatic kernels used to calibrate the optical sorter. (A) Fusarium damaged/rejected kernels, (B) asymptomatic/accepted kernels.



Experimental material was grown from 2016 to 2018 at Spindletop Research Farm in 1 meter (m) rows spaced 30 centimeters (cm) apart arranged in a randomized complete block design (RCBD) with one resistant (KY02C-3005-25) and one susceptible (Pioneer Brand 2555) check cultivar repeated throughout the nursery. Cycles of selection 1, 2, and 3 (C1; C2; C3) were evaluated collectively in 2019 at the same location using 1 m long six row miniplots arranged in a RCBD with the resistant and susceptible checks repeated throughout the field. Three replications per genotype were evaluated in 2018 whereas two replications were used in all other years.

During mass selection (2016–2018), each 1 m row was hand harvested with sickles and all plants in each row were bundled together to avoid mixing. Each bundle was threshed separately using a stationary threshing machine, and seed from all plants in the bundle were collected in bulk and optically sorted. After sorting, grain “accepted” by the sorter from each line/rep combination was comingled, sampled and then used to plant the subsequent generation. From 2016 to 2018, all lines were advanced to the next generation after sorting (within-line selection). In 2019, cycles 1, 2, and 3 from 54 of the 300 F4 derived lines were evaluated in an inoculated and irrigated head scab nursery. These lines were chosen because there was enough remnant seed from previous cycles of selection (C1 – C3) to allow all 3 generations to be planted collectively in 6 row miniplots in the head scab nursery. No remnant seed from the base population (C0) was available, and therefore C0 was not grown in 2019. In addition to within-line selection, among-line selection was retroactively performed using phenotypic measurements obtained with the optical sorter (FDKos); among line selection decisions were based on FDKos values obtained from 2016–2018. For among-line selection, candidates that had FDKos values greater than the resistant check (KY02C-3005-25) were dropped each cycle of selection. No among line selection was performed from C0 to C1, because FDKos was not recorded in 2016. From C1 to C2, and C2 to C3, any lines that had FDKos values greater than the resistant check were discarded.



Data Analysis

Mean DON and FDKos values were estimated for each breeding line by year using data collected during mass selection (2016-2018) and the following model:

	

where Yijk = the observation in the ith year in the jth rep of the kth breeding line, µ = the overall mean, Yi = the effect of the ith year, Rj = the effect of the jth replication within the ith year, Lk = the effect of the kth breeding line, Yi × Lk = the effect of the interaction of the ith year and the kth breeding line, εijk = the residual error. Since each year represents a different cycle of selection, it was necessary to nest replications in years. The model used to determine mean DON and FDKos values for each breeding line, marker genotype, and selection cycle using data collected during the final evaluation in 2019 was:

	

where Yijk = the observation in the ith cycle in the jth rep of the kth breeding line or marker genotype, µ = the overall mean, Ci = the effect of the ith selection cycle, Rj = the effect of the jth replication, Gk = the effect of the kth breeding line or marker genotype, Ci × Gk = the effect of the interaction of the ith selection cycle and the kth breeding line or marker genotype, εijk = the residual error.




Results


Optical Sorter-Based Among Line Selection Increased the Proportion of Breeding Lines With Fhb1

The results of FDKos among line selection presented in Table 1 are based on data obtained during the final evaluation (2019). Among line selection with the optical sorter resulted in a net decrease in overall DON concentration each cycle; overall FDKos values also decreased with each cycle of selection (Carmack et al., 2019). In addition to the observed decrease in cycle mean DON and FDKos, the proportion of TaHRC resistant (R) genotypes increased with each additional round of sorter-based among line selection. Specifically, the proportion of lines with Fhb1 went from 48% to 92% after two rounds of sorter-based among line selection. Average cycle DON and FDKos for TaHRC R genotypes ranged from 0.7 to 0.8 ppm and 12.8 to 19.2% respectively. Not only did the proportion of TaHRC R genotypes increase, the proportion of TaHRC susceptible (S) genotypes decreased with additional cycles of optical sorter-based among line selection. When the study was initiated, prior to optical sorting, 37% of lines did not have Fhb1, and after two cycles of sorter-based among line selection 100% of the lines had at least one R allele at Fhb1. Average DON concentration was always higher in TaHRC S genotypes than in TaHRC heterozygous (H) or R genotypes and ranged from 1.6 to 1.8 ppm. FDKos ranged from 17.5 to 23.5%. The proportion of TaHRC H genotypes decreased each round of sorter-based among line selection (from 15 to 12 to 8%). Mean DON concentrations for TaHRC H genotypes ranged from 0.3 to 0.8 ppm and FDKos values ranged from 19.7 to 25.1%.


Table 1 | Shift in genotype proportions by DNA marker and selection cycle due to optical sorter-based (FDKos) mass selection estimated using data collected during the final evaluation (2019), Lexington, KY.





Optical Sorter-Based Among Line Selection Increased the Proportion of Breeding Lines With FHB Resistance QTL on Chromosome 5A and Not 2DL

Similar to the pattern observed for TaHRC, optical sorter-based among line selection resulted in a net increase in the proportion of lines with R genotypes at GWM304 (the SSR marker for Qfhs.ifa-5A) each cycle of sorter selection (Table 1). The proportion of lines with GWM304 R genotypes went from 43 (C1) to 50% (C3). Mean DON for GWM304 R genotypes ranged from 0.7 to 0.9 ppm, and mean FDKos ranged from 17.5 to 21.1%. Furthermore, the proportion of lines with S genotypes for GWM304 decreased each cycle of selection: C1 = 46%, C2 = 44%, and C3 = 42%. In other words, sorter-based among line selection resulted in a shift from mostly S genotypes in C1 to majority R genotypes in C3. This is a promising result. For GWM304 S genotypes, mean DON and FDKos ranged from 0.5 to 1.3 ppm and 9.6 to 20.0% respectively. The proportion of GWM304 H genotypes increased (11 to 12%) after one round of sorter-based among line selection and then decreased (12 to 8%) with an additional round of selection. Mean DON concentrations for GWM304 H genotypes ranged from 0.2 to 1.2 ppm and FDKos values ranged from 10.8 to 23.7%.

In contrast with TaHRC (the KASP marker for Fhb1) and GWM304 (the SSR marker for Qfhs.ifa-5A), the proportion of lines with CFD233 R genotypes did not consistently increase and S genotypes did not decrease with additional optical sorter-based among line selection (Table 1). The proportion of R, H, and S genotypes for the QFhs.nau-2DL marker (CFD233) remained fairly constant with additional optical sorter based-among line selection. Specifically, CFD233 R genotypes went from 35 to 33%, S genotypes went from 56 to 59%, and H genotypes went from 9 to 8% after two rounds of sorter-based among line selection. DON ranged from 0.5 to 1.1 ppm for R, 0.7 to 1.0 ppm for S, and 1.1 to 2.2 ppm for H genotypes. FDKos ranged from 9.0 to 21.6% for R, 16.7 to 20.5% for S, and 10.8 to 20.2% for H genotypes.



Phenotypic Variation Among Different Marker Genotype Combinations Indicate Optical Sorter-Based Within Line Mass Selection Enhanced FHB Resistance in Some Genetic Backgrounds

The results of optical sorter-based within line mass selection presented in Tables 2 and 3 are based on data obtained during the final evaluation in 2019. Contrary to what was observed for optical sorter-based among line selection, sorter-based within line selection did not result in a net decrease in overall DON and FDKos with each additional cycle of selection (Carmack et al., 2019). However, specific marker genotype combinations did respond to within line selection (Table 2). Of the 54 lines tested in 2019, 19 were heterozygous for at least one marker. The other 35 lines fit into one of eight possible genotypes (RRR, RRS, RSS, RSR, SSS, SRR, SSR, and SRS), where the first letter represents the genotype at TaHRC, the second represents CFD233, and the third represents GWM304. Net reductions in FHB-associated kernel damage (FDKos) were achieved in RRR, RRS, RSS, SSS, SSR, and SRS genotypes. Mean FDKos ranged from 7.1 to 32.2%. Similar to what was observed with FDKos, sorter-based within line selection resulted in lower net DON values in RRS, SSR, and SRS genotypes. Mean DON ranged from 0.5 to 2.2 ppm.


Table 2 | Means and standard errors for DON and FDKos for all marker genotype combinations by selection cycle estimated using phenotypic data collected during the final evaluation (2019), Lexington, KY.




Table 3 | Response of individual lines to optical sorter-based within line selection by selection cycle estimated using phenotypic data collected during the final evaluation (2019), Lexington, KY.





At Least One Individual Line in Each of the Eight Marker Genotype Combinations Responded to Optical Sorter-Based Within Line Mass Selection

Individual lines in each of the eight marker genotype combinations responded to within line selection with the optical sorter. Mean DON and FDKos by cycle of selection for one individual line that responded to optical sorter-based within line selection from each marker genotype combination is presented in Table 3. Unexpectedly, DON and FDKos values increased each cycle of selection in line 15X110599S05176, an SRR genotype. Line 15X110599S05176 was the only SRR genotype evaluated in 2019; it is possible that a different SRR line may have responded positively to selection (DON and FDKos lowered with additional selection). For the other seven genotype combinations (RRR, RRS, RSS, RSR, SSS, SSR, and SRS) the individual line represented in Table 3 shows a net decrease in at least one target trait (DON and/or FDKos) each additional cycle of within line sorter selection. FDKos values ranged from 7.1 to 41.1% and DON concentrations from 0.2 to 3.7 ppm.




Discussion

On the basis of our previously published results and the results of this study, it is our opinion that optical seed sorter-based selection has potential to enhance FHB resistance (reduce DON accumulation and kernel damage) in SRWW. In this paper, we determined the effectiveness of the sorter at identifying breeding material with known FHB resistance QTL on chromosomes 3BS, 2DL, and 5A, by evaluating the proportion of desirable genotypes at the QTL in lines from three selection cycles of optical sorting. In addition to assessing the proportion of lines with the FHB resistance QTL on 3BS, 2DL, and 5A each selection cycle, the average response to selection of all marker genotype combinations was examined. Furthermore, the ability of optical sorter-based mass selection to enhance FHB resistance in individual lines with and without the R alleles at the FHB resistance QTL was demonstrated.

Sorter selection was very effective at identifying lines that had the resistant genotype at TaHRC; in other words, the sorter was able to identify lines with resistance alleles at Fhb1 (Table 1). In addition to a net decrease in overall DON and FDKos each cycle, we observed that sorter-based among line selection resulted in an increased proportion of TaHRC R genotypes and a decreased proportion of S genotypes with each additional round of selection. These results are not unexpected. The majority of major effect QTL detected for reduced DON accumulation, including Fhb1, co-located with QTL for reduced disease severity on plants preharvest or grains postharvest (Somers et al., 2003; Liu et al., 2012; Liu et al., 2013; Ágnes et al., 2014; Buerstmayr and Lemmens, 2015). Furthermore, Fhb1 has been classified as a strong contributor to Type II FHB resistance, which is associated with reductions in Fusarium damaged kernels (Bai et al., 1999; He et al., 2018). The proportion of Fusarium damaged kernels determined with an optical sorter (FDKos) is a postharvest measure of disease severity on grain as well as an indicator of Type II FHB resistance; therefore, it is not surprising that optical sorter-based among line selection (lines with FDKos values greater than the resistant check were discarded each selection cycle) increased the proportion of lines with Fhb1 (a QTL known to be associated with reduced kernel damage). The increased proportion of lines with Fhb1, a QTL that has been shown time after to time to enhance head scab resistance in wheat and other small grains, validates our previous findings that optical sorter-based among line selection can be utilized to breed for lower DON and FHB-associated kernel damage (Carmack et al., 2019).

The proportion of lines with a resistant genotype at GWM304 increased with additional sorter selection to a lesser degree than what was observed for TaHRC (Table 1). We expected sorter-based among line selection to increase the proportion of GWM304 R genotypes similar to the pattern we saw with TaHRC, considering that Qfhs.ifa-5A, like Fhb1, is classified as a large effect FHB resistance QTL associated with reduced disease severity and DON content (Buerstmayr and Lemmens, 2015). Previous studies have proposed a role for Qfhs.ifa-5A in reduced disease severity on plants preharvest or grains postharvest; however, different methods for estimating disease severity were used (Miedaner et al., 2006; Wilde et al., 2007; Kang et al., 2011). Miedaner et al., and Wilde et al. estimated FHB disease severity using a rating scale on plants preharvest, whereas Kang et al. estimated disease severity using a visual estimate of the percentage of Fusarium damaged kernels in a sample of grain postharvest (FDK). Rating was a visual estimate of the proportion of diseased heads in a plot from 0 to 9, where 0 = no heads showing disease symptoms and 9 = 90% of heads showing disease symptoms. FDK was estimated as the percentage of visually infected kernels in a sample, which included shriveled and discolored seeds. Both methods were different than disease severity determined with an optical sorter (FDKos). Optical sorter-based selection operated on detectable differences in seed color only, not seed shape/size or preharvest appearance of the plant. Furthermore, previous research has shown the QTL on 5A contributes mostly to Type I resistance, unlike Fhb1 which contributes to strong Type II resistance (Bai et al., 1999; Buerstmayr et al., 2003; He et al., 2018; Steiner et al., 2019). Therefore, Qfhs.ifa-5A may be more involved in reducing physical kernel damage (shriveled seeds/FDK) and visible preharvest disease symptoms (rating), than differences in seed coat color as a result of FHB infection (FDKos). It appears Fhb1 may be heavily involved in expression of all three traits. This would explain the inability of the sorter to select for GWM304 R genotypes to the same degree as for TaHRC R genotypes. Although sorter selection did not increase the proportion of lines with R genotypes at GWM304 as was observed with TaHRC, sorter-based among line selection resulted in a shift from mostly S genotypes in C1 to majority R genotypes in C3. The results presented in Table 1 for GWM304 agree with those for TaHRC and support the notion that optical sorter-based among line selection can be used to select for R genotypes and against S genotypes at known FHB resistance QTL.

The sorter was not effective at selecting for the resistant genotype at the CFD233 marker locus (Table 1). This was unexpected, because QFhs.nau-2DL is a large effect QTL associated with reduced kernel damage and DON accumulation just like Qfhs.ifa-5A and Fhb1 (Agostinelli et al., 2011; Balut et al., 2013). Agostinelli et al. and Balut et al. both proposed the QTL on 2DL reduced kernel damage and DON accumulation, and both estimated kernel damage using a vacuum seed sorter that separates healthy from diseased kernels on the basis of weight. Heavy kernels were considered healthy and lighter kernels were considered diseased. This method of estimating the proportion of Fusarium damaged kernels did not incorporate differences in seed color, which may explain the inability of sorter-based among line selection to gradually increase the proportion of R genotypes at CFD233. Interestingly, the QTL on 2DL contributes to Type I and II resistance (Agostinelli et al., 2011; Lu et al., 2013; Yi et al., 2018). Remember that the sorter effectively selected for strong Type II (Fhb1) and to a lesser degree Type I (QTL on 5A) resistance. Failure to select for a QTL shown to be involved in both Type I and II resistance may indicate QFhs.nau-2DL has less of an effect on FHB resistance in the genetic backgrounds utilized in this study compared to those of previously published results. Regardless, the optical sorter was not effective at selecting for lines with QFhs.nau-2DL (the proportion of lines with CFD233 R genotypes did not increase with additional rounds of selection) in our selection material.

Although optical sorter-based among line selection did not result in genotype proportions equal to optimum MAS results for all three markers, 92% of C3 lines selected based on FDKos had Fhb1, compared to 48% in the C1. These proportions are comparable to the best MAS results, in which 100% of lines would have the marker. Sorter-based among line selection resulted in a shift from mostly S genotypes in C1 (R = 43%; S = 46%) to majority R genotypes in C3 (R = 50%; S = 42%) for the QTL on 5A; unfortunately, the proportion of R and S genotypes for the QTL on 2DL did not show a consistent response. MAS would have resulted in a shift to all R genotypes. Therefore, MAS outperformed sorter-based among line selection at increasing the proportion of R genotypes at the three FHB resistance QTL. However, it did not reduce DON and FDKos values lower than sorter-based among line selection. For example, MAS (selecting only RRR lines) resulted in final DON concentrations greater than and final FDKos values significantly greater than those of sorter-based among line selection: DON = 1.0 ± 0.4 ppm and FDKos = 27.0 ± 2.5% (Table 2) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 2.6% (Table 1). In other words, phenotypic selection with the sorter outperformed genotypic selection with DNA markers. Phenotypic selection followed by genotypic selection did not consistently outperform phenotypic selection alone. None of the 12 C3 lines phenotypically selected with optical sorter-based among line selection were RRR; four lines were RRS and four lines were RSR (Table 4). Final mean DON and FDKos values for the RRS lines (identified using phenotypic followed by genotypic selection) were arithmetically less than those obtained via phenotypic selection alone (all 12 lines): DON = 0.5 ± 0.3 ppm and FDKos = 9.0 ± 1.8% (Table 4) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 2.6% (Table 1). However, final mean DON and FDKos for the RSR lines (identified using phenotypic followed by genotypic selection) were arithmetically greater than those obtained via phenotypic selection alone (all 12 lines): DON = 0.9 ± 0.3 ppm and FDKos = 17.7 ± 1.8% (Table 4) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 2.6% (Table 1). Even though optical sorter-based among line selection did not achieve genotype proportions equal to that of MAS, sorter-based selection was necessary to achieve the greatest reductions in DON and FDKos. These results support the efficacy of the optical sorter as a useful breeding tool for head scab resistance in SRWW and add merit to the idea of using an optical sorter to mass select for quantitative seed color traits in wheat and other crops (Chiou et al., 1994; Lee et al., 1998; Delwiche et al., 2005; Goggi et al., 2006; Yang et al., 2009; Pearson, 2010; Brabec et al., 2017).


Table 4 | Average DON and FDKos by marker genotype combination for the 12 C3 lines phenotypically selected with the optical sorter.



In addition to the observed increase in the proportion of lines with Fhb1 and Qfhs.ifa-5A as a result of each additional optical sorter-based among line selection cycle, optical sorter-based within line selection enhanced FHB resistance in certain genetic backgrounds (Table 2). For example, C1 FDKos values went from 235% of the resistant check to 236% and 191% in the C2 and C3 generations, respectively, for lines with the SSS genotype (lines without Fhb1 and the resistance QTL on chromosomes 2DL and 5A). These results indicate that sorter-based within line selection led to the accumulation of kernel damage resistance conferred by QTL other than the three reported in this paper, i.e. what is often termed “native resistance.” SSR genotypes (lacked Fhb1 and 2DL) also responded to within line selection: DON accumulation was reduced from 193% of the resistant check in the C2 to 155% in the C3 (no change occurred from C1 to C2). These results agree with FDKos results for SSS lines and suggest that sorter-based within line selection accumulated head scab resistance conferred by QTL other than those evaluated in this study. In addition, breeding lines with the RRS genotype (with Fhb1 and QFhs.nau-2DL; without Qfhs.ifa-5A) responded even more to within line selection; C1 DON levels went from 141% of the resistant check to 106% and 84% of the resistant check in the C2 and C3 generations (Table 2). C3 DON levels at 84% of the resistant check indicate that within line selection improved RRS genotypes on average from worse than the resistant check to better than the resistant check after just two cycles of selection. These results indicate that it is possible to use the sorter to select for resistance conferred by unknown QTL.

Furthermore, there are some very promising individual lines shown in Table 3. For example, line 15X110601S07002 (RRR genotype) started with C1 DON at 86% of the resistant check and was at 63% in C3. FDKos also decreased from 332 to 224% of the resistant check after two cycles of sorter selection. Response to within line selection to the degree observed for line 15X110601S07002 indicates that sorter-based within line selection led to the accumulation of FHB-associated kernel damage resistance conferred by QTL other than Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5A. Another line, 15X110599S05047 (RSS genotype), ended up with C3 DON at 24% and FDKos at 93% of the resistant check. In addition, lines 15X110601A08053 (RRS genotype) and 15X110599A06069 (RSR genotype) started with C1 DON levels above that of the resistant check and after two rounds of selection had C3 DON levels below that of the resistant check. These results indicate that although optical sorter-based within line selection did not improve all traits in all lines each cycle, within line progress was accomplished. This observation, when coupled with the generation (F4:5) in which selection started, suggests that it may be possible to use the sorter to significantly enhance head scab resistance in wheat. Genetic variation, necessary for progress in plant breeding, is less within an F4 derived breeding line than, for example, an F2 population (Falconer, 1989). At a minimum, our results indicate further research that utilizes the optical seed sorter to enhance FHB resistance by accumulating numerous small-effect QTL (“native resistance”) is both warranted and necessary.



Conclusion

Previous results from our lab have shown that using an optical sorter to identify FHB resistant breeding lines was effective at reducing the toxin deoxynivalenol and FHB-associated kernel damage. In this study we examined whether optical sorter-based selection increased the proportion of lines with known FHB resistance QTL, and evaluated the response to selection of the different possible marker genotype combinations, producing a few key findings:

	Optical sorter-based among line selection increased the proportion of breeding lines with Fhb1 and Qfhs.ifa-5A, but not QFhs.nau-2DL.

	Phenotypic selection with the optical sorter for reduced DON and FDKos outperformed marker assisted selection (MAS); i.e., sorter-based selection was necessary to achieve the greatest reductions in DON and FDKos.

	Optical sorter-based within line mass selection enhanced FHB resistance in certain genetic backgrounds (RRR, RRS, RSS, RSR, SSS, SRR, SSR, and SRS), which suggests the increased resistance was conferred by QTL other than Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5A.
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Tan spot caused by Pyrenophora tritici-repentis (Ptr) is an important disease of wheat in many wheat producing areas of the world. A genome wide association study (GWAS) was conducted using 11,401 SNP markers of the Illumina Infinium 15K Bead Chip with whole genome coverage to identify genomic regions associated with resistance to tan spot in a diverse panel of 184 wheat genotypes originating from South Asia and CIMMYT. The GWAS panel was phenotyped for seedling resistance to tan spot with Ptr race 1 in two greenhouse experiments. Besides CIMMYT germplasm, several lines from South Asia (India, Bangladesh and Nepal) showed good degree of resistance to tan spot. Association mapping was conducted separately for individual experiments and for pooled data using mixed linear model (MLM) and Fixed and random model Circulating Probability Unification (FarmCPU) model; no significant MTAs were recorded through the MLM model, whereas FarmCPU model reported nine significant MTAs located on chromosomes 1B, 2A, 2B, 3B, 4A, 5A, 5B, 6A, and 7D. The long arms of chromosomes 5A and 5B were consistent across both environments, in which the Vrn-A1 locus was found in identified region of chromosome 5A, and MTA at IACX9261 on 5BL appears to represent the resistance gene tsn 1. MTAs observed on chromosomes 1B, 2A, 2B, 3B, 4A, 6A, and 7D have not been reported previously and are likely novel.




Keywords: tan spot, genome wide association study, seedling resistance, Ptr race 1, greenhouse screening



Introduction

Wheat is a widely grown cereal crop around the world, and it is considered as staple source of nutrition for nearly 40% of the world’s population and supplies 20% of dietary protein and food calories (Giraldo et al., 2019). The forecast for global wheat utilization has been raised by 1.5 million tonnes for year 2019/20 than in 2018/19, which is mainly due to 3.5% rise in feed use demand (FAO et al., 2019). The present global wheat production is 766 million tonnes and is expected to rise to about 840 million tonnes by 2050; this demand excluded the requirement of animal feed and the adverse impact of global climate change on wheat production (Sharma et al., 2015). Hence, it is necessary to increase the wheat production to meet its increasing demand. However, changing climatic conditions and onset of severe plant disease epidemics significantly curtail the wheat grain yield and quality (Gurung et al., 2014). About 5–14% of global wheat yield is lost each year due to diseases (Oerke, 2006). A major disease of wheat is tan spot (synonym yellow spot or yellow leaf spot) which occurs in both temperate and warmer wheat growing areas in the world (Duveiller et al., 1998). This disease is caused by the necrotrophic fungal pathogen Pyrenophora tritici-repentis (Died.) Dreches [anamorph Dreschslera tritici-repentis (Died.) Shoemaker]. The tan spot fungus was first described in 1823 (Hosford, 1982), and subsequently the disease was reported from Europe, USA, and Japan in early 1900, being considered as a saprophyte causing minor to severe spotting in wheat (Wegulo, 2011). Tan spot epidemics were first reported in the 1970s from Canada, USA, Australia, and Southern Africa (Hosford, 1971; Tekauz, 1976; Rees and Platz, 1992), and it further spread to the entire Central Asia. Tan spot pathogen infects the whole plant but is generally most prominent on leaves followed by stem and head tissues. This infection leads to reduction in photosynthetic area and eventually leads to yield reduction and quality deterioration. In severe cases, the yield losses can be beyond 50% (Wegulo, 2011). In recent years this necrotrophic disease is causing increased wheat yield losses globally, which is associated with reduced tillage practices as necrotrophic pathogens overwinters in wheat stubble (Cotuna et al., 2015)

The fungus can produce at least three host selective toxins (HSTs) known as PtrToxA, PtrToxB, and PtrToxC causing chlorotic or necrotic symptoms. The toxins produced are genetically distinct on different host genotypes, based on which the tan spot isolates can be divided into eight races. The HSTs produced by the pathogen interact with the corresponding host sensitivity genes and result in compatible interaction called as effector-triggered susceptibility (ETS) which is described as an inverse gene-for-gene model or toxin model (Friesen et al., 2007). However, identification of non-race-specific resistance QTL clearly indicates that the inverse gene-for-gene model does not fully explain all interactions that occur in the tan spot pathosystem (Faris and Friesen, 2005; Faris et al., 2012). Resistance to tan spot is qualitatively or quantitatively inherited (Faris and Friesen, 2005; Chu et al., 2008; Singh et al., 2009; Chu et al., 2010; Liu et al., 2015; Singh et al., 2019; Hu et al., 2019; Liu et al., 2020), as single dominant gene tsn 1 on chromosome 5BL (Faris et al., 2010) confers host sensitivity to Ptr ToxA. The host Ptr ToxC sensitivity gene, Tsc1 was mapped to the short arm of chromosome 1A (Effertz et al., 2002).

Although biparental mapping was used effectively for identification of genomic regions for tan spot resistance, the limited recombination events in biparental mapping lead to limitation of identification of closely linked markers useful for MAS due to long linkage block (Riedelsheimer et al., 2012). The GWAS approach provides better resolution for identification of closely linked markers; also, it circumvents the need to develop specific mapping populations using contrasting parents, which requires long time. GWAS has previously been used for the identification of genomic regions’ resistance to tan spot in spring wheat accessions by Gurung et al. (2014), and resistance QTLs were mapped to chromosomes 2B, 4B, and 7A. Patel et al. (2013) identified 11 QTLs located on chromosomes 1A, 1D, 2B, 2D, 6A, and 7A, and Singh et al. (2016) identified QTLs on short arm of chromosomes 1A, 1B, and 6B and long arm of chromosomes 4A, 6A, 2B, 3B, 5B, and 7B; however, all three studies used General Linear Model (GLM) procedure for association analysis, which is regarded as less stringent. The present GWAS study used a diverse panel of germplasm based on collection from CIMMYT, India, Bangladesh, and Nepal. The objective of the study was to identify genomic regions associated with seedling resistance to tan spot using 184 diverse spring wheat genotypes in controlled environmental condition using mixed- linear model (MLM) and Fixed and random model Circulating Probability Unification (FarmCPU) model to identify common genomic regions.



Material and Methods

A panel of 184 spring wheat genotypes originating from CIMMYT-Mexico (CIM-1 to CIM-97), India (IND-1 to IND-40), Bangladesh (BGD-1 to BGD-19), and Nepal (NPL-1 to NPL-28) was used in the present study (Supplementary Table 1). These genotypes represent the modern elite varieties and breeding lines in the respective organization or countries. Two experiments were conducted in a greenhouse for disease assessment at seedling stage. Each experiment was conducted in completely randomized design with three replications. The experimental unit consisted of four plants per entry and four checks Erik (resistant), Glenlea (susceptible), 6B-365 (moderately susceptible), and 6B-662 (moderately resistant).


Disease Screening

For tan spot disease screening, the isolate MexPtr1 (race 1) that produces Ptr ToxA and Ptr ToxC (Singh et al., 2009) was used. The inoculation was done as described by Singh et al. (2011), and the inoculum concentration was adjusted to 4,000 conidia/ml. The seedlings were grown under controlled environmental condition in a greenhouse with the maintenance of air temperature of 20–22/16–18°C (day/night) with 16 h photoperiod. At two leaf stage or two weeks after sowing, the seedlings were inoculated with conidial suspension of the MexPtr1 isolate until runoff using a hand sprayer. After inoculation, the seedlings were incubated for 24 h under continuous leaf wetness in a mist chamber and were then returned to the greenhouse. Seedling response was evaluated seven days of post inoculation by following the 1–5 lesion rating scale developed by Lamari and Bernier (1989).



Genotyping

The GWAS panel was genotyped with Illumina Infinium 15 K Bead Chip by Trait Genetics GmbH, Germany. Markers with missing data points more than 10% (222 markers), or minor allele frequency less than 5% (2,707 markers), or unknown position (1,695 markers) were filtered, resulting into 11,401 markers for GWAS analysis.



Linkage Disequilibrium, Kinship, Principal Coordinate Analysis (PCA) and Population Structure Analysis

The linkage disequilibrium parameters R2 among the SNP markers were calculated using Tassel 5 (http://www.maizegenetics.net), and the LD estimates as the allele frequency correlation (R2) between SNP markers were plotted against the physical distances. A kinship matrix and clusters among individual genotypes were calculated using all 11,401 SNP markers; the heat map was generated using classical equation from Van Randen (2008) in R program. PCA analysis was performed using SNP markers, and PC1 was plotted against PC2.

The numeric transformation of genotypic data was done using XLSTAT (2010) as per required format of the Structure 2.3.4 software (Pritchard et al., 2000). The admixture model was adjusted with burn in period length for the 100,000 followed by 500,000 markers chain Monte Carlo (MCMC) replications. The subpopulation test range was kept from K1 to K10, each with five interactions (runs). The Δ K approach was used to access the actual subpopulations (Earl, 2012). Δ K was confirmed by the Evanno et al. (2005) method using the STRUCTUREHARVERSTER program (Earl, 2012). Average logarithm of the probability of the observed likelihood [LnP(D)] was calculated along with the standard deviation from the output summary. LnP(D) for each step of the MCMC was calculated for each class (K= 1 to 10) by computing the log likelihood for the data.



Statistical and GWAS Analysis

The combined analysis of variance was carried out for the two experiments; three variance components genotypic variance  , experimental variance   and interaction of genotype and experiment variance  , were estimated for tan spot using restricted maximum likelihood (Patterson and Thompson, 1971) estimation procedure of GenStat software, 17th edition (VSN, International, Hemel Hempstead, UK). Broad-sense-heritability was estimated using the formula:

 

Where  presents the genetic variance,   represents the error variance, and nreps represents the number of replications.

Bartlet test was used to assess the homogeneity of error variance prior to pooling the two-experiment data for GWAS analysis. Marker-trait association (MTA) was performed using mixed- linear model (MLM) and fixed and random model circulating probability unification (FarmCPU). For GWAS analysis using MLM model, a Q + K model that considers both Kinship (K matrix) and population structure was adopted in Tassel (http://www.maizegenetics.net), whereas the FarmCPU model was performed using the R software package GAPIT v. 3.5. GWAS study was conducted for the two experiments separately as well as for the pooled experimental data. The markers were declared to be significant using Bonferroni correction with significant cutoff (p-values, 4.4 E-06) calculated at the alpha level of 0.05 using 11,401 markers to reduce false discovery rate in both MLM and FarmCPU models.




Results


Evaluation of Tan Spot Resistance

The coefficient of correlation between the two experiments was high, with r = 0.73 at p ≤ 0.001. The broad-sense-heritability estimate based on seedling tan spot data was 85% for experiment 1, 78% for experiment 2, and 84% for across two environments. Analysis of variance showed that variances due to genotypes  , experiment   and their interaction   were all highly significant (Table 1). The average tan spot scores were 1.8 and 2.0 in experiments 1 and 2. The checks Erik, 6B-662, 6B-365, and Glenlea had average tan spot scores 1.0, 2.3, 2.6, and 4.6, respectively over experiments, which confirms disease induction by P. tritici-repentis race 1. In pooled analysis two genotypes, HD 2733 from India and BL 4407 from Nepal, were found to be highly resistant and stood above the resistant check Erik. Another 141 genotypes were found to be moderately resistant with disease scores lower than the moderately resistant check 3B-662. Twenty-one genotypes were found to be moderately susceptible in relation to checks 3B-365 and Glenlea. The top resistant lines across the two experiments included IND-17, NPL-10, CIM-87, BGD-5, CIM-50, CIM-63, IND-1, IND-27, CIM-38, CIM-55, IND-33, CIM-25, and CIM-77. The Bartlett test found that the error variances were not significantly different for the two experiments as p = 0.375 > 0.01 at Bartlett’s chi-squared (χ2) value with 1 degree of freedom; hence the data of the two experiments was pooled for GWAS analysis.


Table 1 | Analysis of variance for tan spot in the GWAS panel and distribution of tan spot score in checks and 184 wheat genotypes.






SNP Distribution for Wheat Genome, Population Structure, Kinship, PCA, and Linkage Disequilibrium Analysis

In total 11,401 SNP markers were selected for GWAS, of which 58.5% were from the A genome, 33.9% from the B genome, and only 7.5% from the D genome. Among the 21 chromosomes, a maximum number of markers were located on chromosome 2A (1,274 markers) followed by chromosome 1A (1,119 markers), whereas the lowest number of markers was located on chromosome 4D (63 markers). Population structure analysis based on Bayesian clustering approach reveals the presence of two subpopulation (Figures 1A–C) and the Kinship analysis (Figure 2) and PCA analysis (Figure 1D) also divided the population into two major groups. The two sub-populations were designated as Subpop 1 and Subpop 2, which comprised 140 and 44 genotypes respectively. Subpop 1 was mainly composed of genotypes originated from CIMMYT (93 accessions), Indian breeding programs (27), with the remaining 11 lines from Nepal and 10 genotypes from Bangladesh. Most of the Indian genotypes in Subpop1, viz., IND-5, IND-10, IND-3, IND-12, IND-28, IND-33, IND-9, and IND-17, were selection from the CIMMYT breeding program. Subpop 2 was made up of genotypes from Nepal (17 accessions), India (14), Bangladesh (10), and CIMMYT (3).




Figure 1 | Population structure and PCA of the 184 genotypes (A) indicating plot of Δ k value = 2 as compared with average k =10 (B) Log likelihood LnP(D) versus the number of K. (C) Bar plot indicating membership coefficient (Q value at Y axis). (D) PCA plot showing diversity in 184 wheat genotypes.






Figure 2 | Heatmap and dendrogram of Kinship matrix estmated using Van Randen algorithum based on 11,401 SNP markers and 184 wheat genotypes.



A clear clustering of CIMMYT and non-CIMMYT lines was also observed using Kinship analysis (Figure 2) and PCA analysis (Figure 1D). Broadly, three different groups were observed. A small group of non-CIMMYT lines includes genotypes from India, while the other two large groups which included CIMMYT and CIMMYT derived lines from India such as IND-5, IND-10, IND-3, IND-12, IND-28, IND-33, IND-9, and IND-17 and also a few from Bangladesh. In general, CIMMYT lines with common parents in pedigree cluster together, and lines that do not have common parents grouped in other clusters. Lines involving parents Super 152 (CIM-1, CIM-19, CIM-37, CIM-54, CIM-55, CIM-67, CIM-68) FRANCOLIN (CIM-14, CIM-25, CIM-41, CIM-58) and BAJ (CIM-5, CIM-9, CIM-28, CIM-37, CIM-59, CIM-60, CIM-61, CIM-62) distinguished themselves by clustering together. Likewise, lines with Saual (CIM-70, CIM-78, CIM-79, CIM-80, CIM-81), Kachu (CIM-43, CIM-49, CIM-63, CIM-66, CIM-73, CIM-74, CIM-75, CIM- 76, CIM- 77, CIM-94), Attila (CIM-65), and PBW 65 (CIM-69, CIM-71) parents were clustered together. Also, sib from BORL 14 (CIM-70, CIM-77, CIM-78, CIM-79) and KFA (CIM-71, CIM-73, CIM-74, CIM-75, CIM-76) and sib from FINSI (CIM-90, CIM-96) and METSO (CIM-84, CIM-88, CIM-89) were clustered separately.

The LD decay plots (Figure 3) were plotted using physical distances in mega base pairs (Mb) against marker R2 across the chromosomes. The average extent of LD, considered as physical distance taken for decay of R2 to a critical value of 0.10 across the genome, was approximately 25 Mb.




Figure 3 | Scatter plot showing linkage disequilibrium (LD) decay across the chromosomes of wheat. Physical distance in Mb is plotted against the LD estimate (R2) for pairs of markers associated with tan spot.





Marker Trait Association (MTA) for Tan Spot

An MLM model, a Q + K model that considers both Kinship (K matrix) and population structure, reported no significant MTAs at LOD 4.75, whereas MTAs reported at LOD 3 for MLM model were depicted in Supplementary Figure 1.

A FarmCPU model, having advantage over the MLM model, has high power and less false positive through iterative usage of fixed and random effect and was also used to identify significant MTAs. Total nine MTAs showed significant association with tan spot using Bonferroni correction cutoff (p-values, 4.4 E-06) spreading over eight chromosomes viz., 2A, 2B, 3B, 4A, 5A, 5B, 6A, and 7D (Table 2). SNP (IACX9261) on chromosome 5B was most stable and consistent in both individual experiments and in pooled analysis, followed by SNP (TA001138-0446) on chromosome 5A and SNP (AX- 94880001) on chromosome 2B which are common among experiment 1 and in pooled analysis. The remaining five MTAs are exclusive to either experiment 1 or experiment 2. The significant markers with LOD scores in the Manhattan plot are presented in Figure 4. The R2 explained by significant markers range from 2.0 to 11.3%. The highest R2 (11.3) was explained by SNP (IACX9261) on chromosome 5B. Comparison of significant MTAs identified from individual environment and pooled analysis showed that genomic regions on the long arm of chromosome 5A and 5B are most stable. The effects of resistant and susceptible alleles for MTAs on chromosomes 5A and 5B were shown with box plot in Figure 5.


Table 2 | Markers significantly associated with seedling resistance to tan spot through FarmCPU model.






Figure 4 | Manhattan plots based on FarmCPU model indicating associated markers and chromosome in experiment 1, experiment 2 and pooled analysis. Foot note: X axis—chromosomes, Y axis—LOD score.






Figure 5 | Box plots for effects of resistant and susceptible alleles on average tan spot score for stable MTAs. Foot note: X axis—resistant and susceptible allele, Y axis—average tan spot score.



The presence and absence of resistant alleles for total nine identified MTAs from both the models were examine in all 184 wheat genotypes (Supplementary Table 2). Almost all highly resistant genotypes in this panel showed the presence of resistance alleles for MTA on chromosome 5B (IACX9261); also lines with susceptible alleles for this MTA showed highly susceptible reaction as observed in genotypes IND-31, CIM-89, and CIM-16. Other MTA on 5A chromosome (TA001138-0446) was also found to be useful for differentiation of resistant and susceptible genotypes. Whereas other MTAs on chromosome 2B (AX-94880001), 4A (wsnp_Ex_c12450_19850925), 6A (RAC875_c103443_475), and on 7D (Kukri_c15768_1383) were observed to be less prominent in differentiation of resistant and susceptible genotypes.




Discussion

In the present study, 184 diverse spring wheat genotypes were screened for seedling tan spot resistance in a greenhouse for the identification of significant MTAs. Field screening of large number of genotypes for tan spot is considered challenging due to the often-natural incidence of other foliar diseases that mimic tan spot symptoms; in addition, limitation of required light and humidity for inoculum growth in field condition precludes pathogen growth (Singh et al., 2009). Moreover, high level of positive correlation between greenhouse and field experiments for tan spot was observed by Evans et al. (1999), implying that MTAs from seedling experiments could be found in field experiments as well. The present study identified broad genetic base of resistance for tan spot, which includes genotypes from CIMMYT-Mexico, as well as from the three South Asian countries. The high resistance of CIMMYT germplasm was previously reported by Singh et al. (2016) and Ali et al. (2008); however, the present study adds more information using diverse genotypes other than germplasm set, which include stable breeding lines form CIMMYT international nurseries viz., 40IBWSN, 28 ESWYT, and 18 HRWSN along with South Asian wheat genotypes and observed broad genetic base for resistance. The lines HD 2733 and BL 4407, newly found as highly resistant genotypes, can be used in breeding to incorporate tan spot resistance.

Prior to GWAS analysis, information about population structure is very important because the presence of population structure in the GWAS panel may cause spurious association results (Oraguzie et al., 2007). The presence of a subpopulation in a large population can be justified by selection and genetic drift (Buckler and Thornsberry, 2002). Population structure, kinship matrix, cluster analysis, and PCA analysis revealed there was moderate population structure, which has resulted from lines with common parents and two to three sibs in the pedigree.

In the present study, association analysis using MLM and FarmCPU model was adopted; the MLM model has limitation of false negative due to confounding between population structure, Kinship, and quantitative trait nucleotides; however, this limitation was overcome by using FarmCPU model as it performed marker test using associated markers as covariates in fixed effect and followed optimization with associated covariate markers in random effect, which enables to remove confounding and also control false positive (Liu et al., 2016), which is also proven from the results of quantile-quantile (QQ) plots (Supplementary Figure 2) which showed FarmCPU model fitted data well compared to the MLM model. Genomic regions identified for tan spot are categorized into two groups as stable and unstable. Unstable genomic regions are those which are expressed only in one experiment, whereas stable genomic regions for tan spot include the chromosomal regions which are constantly expressed across both individual experiments and pooled analysis or common either in one environment or in pooled analysis. Therefore, the genomic region on the long arm of chromosomes 5B and 5A is designated as stable and is explained here. GWAS results showed major role of tsn 1 gene on chromosome 5B in resistance to Ptr race 1, as the MTA at IACX9261 that is close to tsn 1 was stably significant across both experiments. Previous mapping studies also identified major roles of tsn 1 in conferring resistant to Ptr race 1, such as Chu et al. (2008) in a doubled haploid population, Singh et al. (2008) and Faris et al. (2012) in RIL populations, Kollers et al. (2014) in European winter wheat varieties, and Liu et al., 2020 from three hexaploid wheat mapping population LP573, SK, and TN. Previously, PCR based markers Xfcp620 and Xfcp623 were extensively used to detect tsn 1 gene (Lu et al., 2006; Faris et al., 2010). But from now on, the SNP IACX9261 found in the present study could also be used since it can be transformed to high throughput markers like KASP.

In addition to 5BL, another genomic region on chromosome 5AL appeared to be stable for tan spot resistance. The identified 5AL chromosome region in Chinese Spring RefSeq v. 1.0, harbors or overlaps with QTL identified in previous studies. QTs-Fcu-5AL flanked by markers barc1061 and cfd2185 by Chu et al. (2008), QYls.lrc-5A closely linked by gdm132 (Zwart et al., 2010), and for QTs.zhl-5A mapped between markers iwa7025 and iwa5173 (Kariyawasam et al., 2016) were previously identified on the same genomic region. Interestingly, MTAs on chromosome 5AL (TA001138-0446 and BS00022071_51) showed tight linkage with Vrn-A1, which matches with our previous results (Hu et al., 2019). The Vrn-A1 locus was reported to contribute to disease escape via its effects in alteration of flowering date in Fusarium head blight (He et al., 2016), spot blotch (Singh et al., 2018), and Septoria tritici blotch (Dreisigacker et al., 2015) in field condition. However, association of Vrn-A1 with seedling resistance to tan spot and its association with spot blotch resistance even after excluding the effect of days to flowering (Singh et al., 2018) implies its possible linkage with an unknown disease resistance gene or its pleiotropic role in resistance to tan spot (Hu et al., 2019). In CIMMYT spring wheat genotypes, the vrn-A1 allele for late flowering and tan spot resistance is almost fixed (Dreisigacker et al., 2016), which is supportive of tan spot resistance and may have contributed to a good level of tan spot resistance in CIMMYT germplasm.

Two resistance genes, tsn 2 controlling resistance to necrosis caused by Ptr race 3 (Singh et al., 2006) and tsn 5 controlling resistance to Ptr race 5 were reported previously in a marker interval of gwm 285 and wmc 366 on chromosome 3B. In the present study, we observed one significant MTA from experiment 2 on chromosome 3B, but this MTA does not match the interval between gwm 285 and wmc 366. Hence it appears that this MTA does not represent tsn 2 or tsn 5 genes, which is in agreement with the fact that the Ptr isolate used in this study was for race 1 only. The significant MTAs identified on chromosomes 1B, 2A, 2B, 3B, 4A, 6A, and 7D do not match with previously identified QTL, and hence these might be novel genomic regions for resistance to Ptr race 1, for which further validation is needed. The single MAT on 5B (IACX9261) will be the first choice for the selection of resistant genotypes for tan spot, and in novel identified genomic regions, single MTA on chromosome 1B (BobWhite_c28635_785) will be a priority for validation as it showed better differentiation for resistant and susceptible genotypes. Overall, in this study, along with CIMMYT germplasm, diverse sources of resistant genotypes against Ptr race 1 were identified which can be used to develop broad genetic resistance to tan spot of wheat. Association mapping identified both known and novel QTLs for tan spot resistance along with novel markers potentially useful for marker-assisted selection. Together the identified novel resistant genotypes and genomic regions could be useful for developing cultivars with durable resistance to tan spot in wheat.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Author Contributions

PS and XH designed the research and supervised the experiments. RP and SB did the disease screening. GS, AJ, RS, MK, and KR provided plant materials. XH and PJ contributed to genotyping work. RP, XH, and PJ analyzed the data. All authors contributed to the article and approved the submitted version.



Funding

This research was funded through several projects funded by the Indian Council of Agricultural Research, India and CGIAR Research Program on WHEAT.



Acknowledgments

Technical support from Nerida Lozano, Elizabeth Blanco Venegas, Mayela Flores Romero, and Mónica Preciado from Wheat Pathology, CIMMYT is highly acknowledged.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01309/full#supplementary-material

Supplementary Figure 1 | Manhattan plots based on MLM model indicating associated markers and chromosome in experiment 1, experiment 2, and pooled analysis at LOD score 3. Foot note: X axis—chromosomes, Y axis—LOD score.

Supplementary Figure 2 | Q–Q plot of observed vs expected log10 P values for MLM and FarmCPU GWAS models using three data sets.

Supplementary Table 1 | Pedigree details of 184 spring wheat genotypes used for GWAS of Tan spot

Supplementary Table 2 | Presence and absence scoring of resistant allele for identifying nine MTAs in 184 wheat genotypes



References

 Ali, S., Singh, P. K., McMullen, M. P., Mergoum, M., and Adhikari, T. B. (2008). Resistance to multiple leaf spotting diseases in wheat germplasm. Euphytica 159, 167–179. doi: 10.1007/s10681-007-9469-4

 Buckler, E. S. I. V., and Thornsberry, J. M. (2002). Plant molecular diversity and applications to genomics. Curr. Opin. Plant Biol. 5, 107–111. CrossRefPubMedGoogle Scholar. doi: 10.1016/S1369-5266(02)00238-8

 Chu, C. G., Friesen, T. L., Xu, S. S., and Faris, J. D. (2008). Identification of novel tan spot resistance loci beyond the known host-selective toxin insensitivity genes in wheat. Theor. Appl. Genet. 117, 873–881. doi: 10.1007/s00122-008-0826-z

 Chu, C. G., Chao, S., Friesen, T. L., Faris, J. D., Zhong, S., and Xu, S. S. (2010). Identification of novel tan spot resistance QTLs using an SSR-based linkage map of tetraploid wheat. Mol. Breed. 25, 327–338. doi: 10.1007/s11032-009-9335-2

 Cotuna, O., Paraschivu, M., Paraschivu, A., and Saraţeanu, V. (2015). The influence of tillage, crop rotation and residue management on tan spot Drechslera tritici repentis. Died. Shoemaker in winter wheat. Res. J. Agric. Sci. 47, 13–21.

 Dreisigacker, S., Wang, X., Martinez, C. B. A., Jing, R., and Singh, P. K. (2015). Adult-plant resistance to Septoria tritici blotch in hexaploid spring wheat. Theor. Appl. Genet. 128, 2317. doi: 10.1007/s00122-015-2587-9

 Dreisigacker, S., Sukumaran, S., Guzman, C., He, X., Lan, C., Bonnett, D., et al. (2016). “Molecular marker-based selection tools in spring bread wheat improvement: CIMMYT experience and prospects,” in Molecular Breeding for Sustainable Crop Improvement, Sustainable Development and Biodiversity, vol. Vol. 11 . Eds.  V. Rajpal, S. Rao, and S. Raina (Cham, Switzerland: Springer), 421–474.

 Duveiller, E., Dubin, H. J., Reeves, J., and McNab, A. (1998). Helminthosporium Blights of Wheat: Spot Blotch and Tan Spot (El Batan, Mexico: CIMMYT).

 Earl, D. A. (2012). STRUCTURE HARVESTER: A website and program for visualizing STRUCTURE output and implementing the Evanno method. Conserv. Genet. Resour. 4, 359–361. doi: 10.1007/s12686-011-9548-7

 Effertz, R. J., Meinhardt, S. W., Anderson, J. A., Jordahl, J. G., and Francl, L. J. (2002). Identification of a chlorosis-inducing toxin from Pyrenophora tritici-repentis and the chromosomal location of an insensitivity locus in wheat. Phytopathology 92, 527–533. doi: 10.1094/PHYTO.2002.92.5.527

 Evanno, G., Regnaut, S., and Goudet, J. (2005). Blackwell Publishing, Ltd. Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14, 2611–2620. doi: 10.1111/j.1365-294X.2005.02553.x

 Evans, C. K., Hunger, R. M., and Siegerist, W. C. (1999). Comparison of greenhouse and field testing to identify wheat resistant to tan spot. Plant Dis. 83, 269–273. doi: 10.1094/PDIS.1999.83.3.269

 FAO, IFAD, UNICEF, WFP, and WHO. (2019). The State of Food Security and Nutrition in the World 2019. Safeguarding against economic slowdowns and downturns (Rome: FAO). Licence: CC BY-NC-SA 3.0 IGO.

 Faris, J. D., and Friesen, T. L. (2005). Identification of quantitative trait loci for race-nonspecific resistance to tan spot of wheat. Theor. Appl. Genet. 111, 386–392. doi: 10.1007/s00122-005-2033-5

 Faris, J. D., Zhang, Z., Lu, H. J., Lu, S. W., Reddy, L., Cloutier, S., et al. (2010). A unique wheat disease resistance-like gene governs effector-triggered susceptibility to necrotrophic pathogens. Proc. Natl. Acad. Sci. U.S.A. 107, 13544–13549. doi: 10.1073/pnas.1004090107

 Faris, J. D., Abeysekara, N. S., McClean, P. E., Xu, S. S., and Friesen, T. L. (2012). Tan spot susceptibility governed by the Tsn1 locus and non race-specific resistance QTL in a population derived from the wheat lines Salamouni and Katepwa. Mol. Breed. 30, 1669–1678. doi: 10.1007/s11032-012-9750-7

 Friesen, T. L., Meinhardt, S. W., and Faris, J. D. (2007). The Stagonospora nodorum-wheat pathosystem involves multiple proteinaceous host-selective toxins and corresponding host sensitivity genes that interact in an inverse gene-for-gene manner. Plant J. 51, 681–692. doi: 10.1111/j.1365-313X.2007.03166.x

 Giraldo, P., Benavente, E., Manzano-Agugliaro, F., and Gimenez, E. (2019). Worldwide research trends on wheat and barley: A bibliometric comparative analysis. Agronomy 9 (7), 352. doi: 10.3390/agronomy9070352

 Gurung, S., Mamidi, S., Bonman, J. M., Xiong, M., Brown-Guedira, G., and Adhikari, T. B. (2014). Genome-wide association study reveals novel quantitative trait loci associated with resistance to multiple leaf spot diseases of spring wheat. PloS One 9 (9), e108179. doi: 10.1371/journal.pone.0108179

 He, X., Lillemo, M., Shi, J., Wu, J., Bjørnstad, A., Belova, T., et al. (2016). QTL Characterization of Fusarium head blight resistance in CIMMYT bread wheat line Soru1. PloS One 11 (6), e0158052. doi: 10.1371/journal.pone.0158052

 Hosford, R. M. J. (1971). A form of Pyrenophora trichostoma pathogenic to wheat and other grasses. Phytopathology 61, 28–32. doi: 10.1094/Phyto-61-28

 Hosford, R. M. J. (1982). “Tan spot—developing knowledge 1902–1981, virulent races and differentials, methodology, rating systems, other leaf diseases, literature,” in Tan spot of wheat and related diseases workshop. Ed.  R. M. Hosford Jr (Fargo: NDSU), pp 1–pp24.

 Hu, W., He, X., Dreisigacker, S., Carolina, P., Sansaloni, S., Juliana, P., et al. (2019). A wheat chromosome5AL region confers seedling resistance to both tan spot and Septoria nodorum blotch in two mapping populations. Crop J. 7 (6), 809–818. doi: 10.1016/j.cj.2019.05.004

 Kariyawasam, G. K., Carter, A. H., Rasmussen, J. B., Faris, J., Xu, S. S., Mergoum, M., et al. (2016). Genetic relationships between race-nonspecific and race-specific interactions in the wheat-Pyrenophora tritici-repentis pathosystem. Theor. Appl. Genet. 129, 897–908. doi: 10.1007/s00122-016-2670-x

 Kollers, S., Rodemann, B., Ling, J., Korzun, V., Ebmeyer, E., Argillier, O., et al. (2014). Genome-wide association mapping of tan spot resistance (Pyrenophora tritici-repentis) in European winter wheat. Mol. Breed. 34, 363–371. doi: 10.1007/s11032-014-0039-x

 Lamari, L., and Bernier, C. C. (1989). Evaluation of wheat lines and cultivars to tan spot (Pyrenophora tritici-repentis) based on lesion type. Can. J. Plant Pathol. 11, 49–56. doi: 10.1080/07060668909501146

 Liu, Z., El-Basyoni, I., Kariyawasam, G., Zang, G., Fartiz, A., Hansen, J., et al. (2015). Evaluation and association mapping of resistance to tan spot and Stagonospora nodorum blotch in adopted winter wheat germplasm. Plant Dis. 99, 1333–1341. doi: 10.1094/PDIS-11-14-1131-RE

 Liu, X., Huang, M., Fan, B., Buckler, E. S., and Zhang, Z. (2016). Iterative Usage of Fixed and Random Effect Models for Powerful and Efficient Genome-Wide Association Studies. PloS Genet. 12 (2), e1005767. doi: 10.1371/journal.pgen.1005767

 Liu, Y., Salsman, E., Wang, R., Galagedara, N., Fiedler, J., Liu, Z., et al. (2020). Meta-QTL analysis of tan spot resistance in wheat. Theor. Appl. Genet. 133, 2363–2375. doi: 10.1007/s00122-020-03604-1

 Lu, H.-J., Fellers, J. P., Friesen, T. L., Meinhardt, S. W., and Faris, J. D. (2006). Genomic analysis and marker development for the Tsn1 locus in wheat using bin-mapped ESTs and flanking BAC contigs. Theor. Appl. Genet. 112, 1132–1142. doi: 10.1007/s00122-006-0215-4

 Oerke, E. C. (2006). Crop losses to pests. J. Agric. Sci. 144 (1), 31–43. doi: 10.1017/S0021859605005708

 Oraguzie, N. C., Gardiner, S. E., Rikkerink, E. H. A., and Silva, H. N. (2007). Association mapping in plants (Berlin: Springer). doi: 10.1007/978-0-387-36011-9

 Patel, J. S., Mamidi, S., Bonman, J. M., and Adhikari, T. B. (2013). Identification of QTL in spring wheat associated with resistance to a novel isolate of Pyrenophora tritici-repentis. Crop Sci. 53, 842–852. doi: 10.2135/cropsci2012.01.0036

 Patterson, H. D., and Thompson, R. (1971). Recovery of inter-block information when block sizes are unequal. Biometrika 58 (3), 545–554. doi: 10.1093/biomet/58.3.545

 Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population structure using multilocus genotype data. Genetics 155, 945–959.

 Rees, R. G., and Platz, G. J. (1992). “Tan spot and its control - some Australian experiences,” in Advances in tan spot research. Eds.  L. J. Francl, J. M. Krupinsky, and M. P. McMullen (Fargo, ND, US: NDSU Agric. Exp. Sta. Publ. 146 pp), 1–15.

 Riedelsheimer, C., Lisec, J., Czedik-Eysenberg, A., Sulpice, R., Flis, A., Grieder, C., et al. (2012). Genome-wide association mapping of leaf metabolic profiles for dissecting complex traits in maize. Proc. Natl. Acad. Sci. USA. 109, 8872–8877. doi: 10.1073/pnas.1120813109

 Sharma, I., Tyagi, B. S., Singh, G., Venkatesh, K., and Gupta, O. P. (2015). Enhancing wheat production- A global perspective. Indian J. Agric. Sci. 85 (1), 3–13.

 Singh, P. K., Gonzalez-Hernandez, J. M., and Goodwin, S. B. (2006). Identification and molecular mapping of a gene conferring resistance to Pyrenophora tritici-repentis race 3 in tetraploid wheat. Phytopathology 96, 885–889. doi: 10.1094/PHYTO-96-0885

 Singh, S., Bockus, W. W., Sharma, I., and Bowden, R. L. (2008). A novel source of resistance in wheat to Pyrenophora tritici-repentis race 1. Plant Dis. 92, 91–95. doi: 10.1094/PDIS-92-1-0091

 Singh, P. K., Singh, R. P., Duveiller, E., Mergoum, M., Adhikari, T. B., and Elias, E. M. (2009). Genetics of wheat-Pyrenophora tritici-repentis interactions. Euphytica 171, 1–13. doi: 10.1007/s10681-009-0074-6

 Singh, P. K., Duveiller, E., and Singh, R. P. (2011). Evaluation of CIMMYT germplasm for resistance to leaf spotting diseases of wheat. Czech J. Genet. Plant Breed. 47, S102–S108. doi: 10.17221/3263-CJGPB

 Singh, P. K., Crossa, J., Duveiller, E., Singh, R. P., and Djurle, A. (2016). Association mapping for resistance to tan spot induced by Pyrenophora tritici-repentis race 1 in CIMMYTs historical bread wheat set. Euphytica 207, 515–525. doi: 10.1007/s10681-015-1528-7

 Singh, P. K., He, X., Sansaloni, C., Juliana, P., Dreisigacker, S., Duveiller, E., et al. (2018). Resistance to spot blotch in two mapping populations of common wheat is controlled by multiple QTL of minor effects. Int. J. Mol. Sci. 19, 4054. doi: 10.3390/ijms19124054

 Singh, P. K., Singh, S., Deng, Z., He, X., Kehel, Z., and Singh, R. P. (2019). Characterization of QTLs for seedling resistance to tan spot and Septoria nodorum blotch in the PBW343/Kenya Nyangumi wheat recombinant inbred lines population. Int. J. Mol. Sci. 20, 5432. doi: 10.3390/ijms20215432

 Tekauz, A. (1976). Distribution, severity and relative importance of leaf spot disease of wheat in western Canada in 1974. Can. Plant Dis. Surv. 56, 36–40.

 Van Raden, P. M. (2008). Efficient methods to compute genomic predictions. J. Dairy Sci. 91, 4414–4423. doi: 10.3168/jds.2007-0980

 Wegulo, S. N. (2011). Tan spot of cereals. The Plant Health Instructor. doi: 10.1094/PHI-I-2011-0426-01

 Zwart, R. S., Thompson, J. P., Milgate, A. W., Bansal, U. K., Williamson, P. M., Raman, H., et al. (2010). QTL mapping of multiple foliar disease and root-lesion nematode resistances in wheat. Mol. Breed. 26, 107–124. doi: 10.1007/s11032-009-9381-9



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.

Copyright © 2020 Phuke, He, Juliana, Bishnoi, Singh, Kabir, Roy, Joshi, Singh and Singh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 11 September 2020

doi: 10.3389/fpls.2020.567147

[image: image2]


Application of Genomics Tools in Wheat Breeding to Attain Durable Rust Resistance


Prashanth Babu 1†, Deepak Kumar Baranwal 2†, Harikrishna 1, Dharam Pal 1*, Hemlata Bharti 3, Priyanka Joshi 4, Brindha Thiyagarajan 5, Kiran B. Gaikwad 1, Subhash Chander Bhardwaj 6, Gyanendra Pratap Singh 6 and Anupam Singh 7*


1 Indian Agricultural Research Institute (ICAR), New Delhi, India, 2 Plant Breeding Institute, The University of Sydney, Cobbitty, NSW, Australia, 3 Directorate of Medicinal and Aromatic Plants Research (ICAR), Anand, India, 4 Department of Plant Pathology, Washington State University, Pullman, WA, United States, 5 AC & RI, Tamil Nadu Agricultural University, Coimbatore, India, 6 Indian Institute of Wheat and Barley Research (ICAR), Karnal, India, 7 DCM SHRIRAM-Bioseed Research India, ICRISAT, Hyderabad, India




Edited by: 
Maria Rosa Simon, National University of La Plata, Argentina

Reviewed by: 
Matthew Rouse, United States Department of Agriculture, United States

Sridhar Bhavani, International Maize and Wheat Improvement Center (CIMMYT), Mexico

*Correspondence: 
Dharam Pal
 dpwalia@rediffmail.com
 Anupam Singh
 anupambiotech@gmail.com


†These authors share first authorship


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


Received: 29 May 2020

Accepted: 12 August 2020

Published: 11 September 2020

Citation:
Babu P, Baranwal DK, Harikrishna, Pal D, Bharti H, Joshi P, Thiyagarajan B, Gaikwad KB, Bhardwaj SC, Singh GP and Singh A (2020) Application of Genomics Tools in Wheat Breeding to Attain Durable Rust Resistance. Front. Plant Sci. 11:567147. doi: 10.3389/fpls.2020.567147



Wheat is an important source of dietary protein and calories for the majority of the world’s population. It is one of the largest grown cereal in the world occupying over 215 M ha. Wheat production globally is challenged by biotic stresses such as pests and diseases. Of the 50 diseases of wheat that are of economic importance, the three rust diseases are the most ubiquitous causing significant yield losses in the majority of wheat production environments. Under severe epidemics they can lead to food insecurity threats amid the continuous evolution of new races of the pathogens, shifts in population dynamics and their virulence patterns, thereby rendering several effective resistance genes deployed in wheat breeding programs vulnerable. This emphasizes the need to identify, characterize, and deploy effective rust-resistant genes from diverse sources into pre-breeding lines and future wheat varieties. The use of genetic resistance has been marked as eco-friendly and to curb the further evolution of rust pathogens. Deployment of multiple rust resistance genes including major and minor genes in wheat lines could enhance the durability of resistance thereby reducing pathogen evolution. Advances in next-generation sequencing (NGS) platforms and associated bioinformatics tools have revolutionized wheat genomics. The sequence alignment of the wheat genome is the most important landmark which will enable genomics to identify marker-trait associations, candidate genes and enhanced breeding values in genomic selection (GS) studies. High throughput genotyping platforms have demonstrated their role in the estimation of genetic diversity, construction of the high-density genetic maps, dissecting polygenic traits, and better understanding their interactions through GWAS (genome-wide association studies) and QTL mapping, and isolation of R genes. Application of breeder’s friendly KASP assays in the wheat breeding program has expedited the identification and pyramiding of rust resistance alleles/genes in elite lines. The present review covers the evolutionary trends of the rust pathogen and contemporary wheat varieties, and how these research strategies galvanized to control the wheat killer genus Puccinia. It will also highlight the outcome and research impact of cost-effective NGS technologies and cloning of rust resistance genes amid the public availability of common and tetraploid wheat reference genomes.
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Introduction

During the evolution of agriculture, intense changes in the biology of a wider range of traits of cereals have been documented (Preece et al., 2017). These changes assisted in the domestication of wheat and its cultivation in the Fertile Crescent, 10,000 years ago (Nevo et al., 2013). Wheat is a segmental allohexaploid (2n = AABBDD = 42) accommodating three inter-related diploid genomes (Marcussen et al., 2014). Around seven million years ago, diploid progenitors of the AA genome (Triticum urartu) and BB genome (closely related to Aegilops speltoides) diverged from a common ancestor (Marcussen et al., 2014), and during evolution, both of these genomes combined through a polyploidization event which led to the evolution of emmer wheat (T. turgidum), an allotetraploid (AABB) around half a million years ago (El Baidouri et al., 2017). Around five million years ago, DD genome (Ae. tauschii) evolved from these two diploid progenitors through homoploid speciation (Sandve et al., 2015; El Baidouri et al., 2017; Pont and Salse, 2017). Common wheat (AABBDD) evolved 8,000 to 10,000 years ago through hybridization between T. turgidum and Ae. tauschii. Further, domestication, cultivation, and selection by mankind have refined the agronomical features of common wheat (Kihara, 1944; McFadden and Sears, 1946). Wheat is an extensively cultivated cereal across the globe covering a wide range of altitudes except for lowland tropical regions (Feldman, 1995). As per global grain production statistics, around 734 million tonnes of wheat was produced in the crop year 2018 at 215 million ha around the world which puts wheat second to maize (Zea mays L.) in production among the cereal crops (FAOSTAT, 2020). Common wheat covers around 95% of the total wheat acreage, whereas durum wheat and others occupy the remaining 5% (Shewry, 2009). The world population is projected to reach 9.7 billion by 2050 (Elferink and Schierhorn, 2016), and around 70% in additional production is needed to fulfil the global wheat demand.

Among many biotic stresses which hinder wheat production, rust pathogens are considered as most pressing threats with large economical losses worldwide (Ellis et al., 2014). Stem rust and stripe rust can cause 100% loss, whereas leaf rust can result in 50% loss under severe rust epidemics (Bhardwaj et al., 2019). To minimize the loss incurred by the rust pathogens, there are two effective approaches: 1. chemical control via fungicidal spray and 2. genetic control via breeding for rust resistance (Asad et al., 2012). The International Maize and Wheat Improvement Centre (CIMMYT), Mexico has been rigorously engaged in improving wheat for rust resistance since its inception in the 1940s, and rich dividends up to 27:1 benefit-to-cost ratio have been attributed to the development of resistant cultivars through genetic approach (Kolmer et al., 2009). The worldwide estimated losses caused by wheat rusts were as high as USD 170 million for stripe (Pakistan) (Hussain et al., 1980), AUD 100–200 million for stem (Australia) (McIntosh et al., 1995) 83 and USD 100 million for leaf rust (Pakistan) (Duveiller et al., 2007), and hence the economic value of rust diseases has been a driving factor for research funding. Breeding for rust resistance is an environmentally safe approach adapted by wheat breeders permitting a reduction in the use of pesticides and greater yield stability (Bariana et al., 2013).

Diverse accessions including diploid progenitors, landraces, old cultivars, and synthetic wheat have an inherent ability to restrict the infection induced by the rust pathogens. Such class of resistance is termed as host resistance, and it can be classified into two broad categories, All Stage Resistance (ASR) and Adult Plant Resistance (APR). ASR is active from the seedling to adult plant stages and generally is only effective against specific races of the pathogen. APR is controlled by non-race specific genes with exceptions where some genes provide race-specific resistance such as Lr13 (Ellis et al., 2014), while Lr48 confers hypersensitive response (Bansal et al., 2008). These genes express resistance at post seedling stages when adult plants are close to flag leaf or leaf emergence at boot stage. The effect of each APR gene is partial, not enough to cope up high disease pressure; however, combining APR genes provides high levels of resistance (Singh, 1992). The resistance effect of ASR is neutralized due to selection pressure on the pathogen to evolve or mutate to acquire virulence against resistance genes. Such genes when deployed alone result in boom and bust cycles. The successful breeding for rust resistance requires a deep understanding of evolutionary nature of the pathogen, identification of diverse resistance sources, and judicious deployment of resistance genes in combinations (McIntosh et al., 2001).

Development of gene-specific DNA markers is desirable to expedite pyramiding of rust resistance genes in future wheat varieties. Enormous genome size, complexity, repetitive sequences, and extreme level of similarity between homoeologous genome sequences (95–99% in coding regions), and a higher proportion of repetitive elements (over 80%) have posed a challenge to develop robust DNA markers and draft wheat genome sequences (Borrill et al., 2015). In the last decade, polymerase chain reaction-based markers, including Simple Sequence Repeat (SSR), Sequence Tagged Site (STS), and Cleaved Amplified Polymorphic Sequences (CAPS) were largely explored as promising tools for wheat improvement (Somers et al., 2004; Rosewarne et al., 2013). Wheat genomics has been a witness to the advancement in Next-Generation Sequencing technologies (NGS) from whole-Genome Shotgun (WGS) approach (Brenchley et al., 2012), flow-sorting technology (Vrána et al., 2012), chromosome arm-specific sequencing (IWGSC, 2014; Mayer et al., 2014), long-range sequencing via the WGS approach (Chapman et al., 2015), and de novo whole-genome assembly (Appels et al., 2018). Development of SNP-based breeder-friendly KASP (Kompetitive Allele-Specific PCR) markers is the outcome of these technologies. These cost-effective technologies have been utilized to isolate rust resistance genes via positional cloning and consequently the development of perfect markers for effective ASR and APR genes (Nsabiyera et al., 2020). In this review, we attempt to revisit the nature of rust pathogen resistance sources and available genomic tools useful in gene-specific marker development.



Wheat Rust Diseases and Their Impact on Productivity

Three rust diseases namely leaf rust caused by Puccinia triticina Eriks (Pt), stem rust caused by P. graminis Pers. f. sp. tritici Eriks. & Henn. (Pgt), and stripe rust caused by P. striiformis Westend. f. sp. tritici (Pst) afflict wheat. Rust fungi are obligate plant parasites which include over 7,000 species having agricultural and economic importance (Aime et al., 2018). The genus Puccinia belongs to the Pucciniale order. The genus evolved around 235 million years ago and is characterized by vast genome size ~380Mb (Tavares et al., 2014). Since the evidence of rust spores dating back to 700BC, rust diseases have been a formidable challenge to wheat cultivation. Roman farmers offered dogs, sheep, incense, and wine to the rust god “Robigus” to be propitious (Zadoks, 1985). Individual species of Puccinia require a conducive environment regimes for the proliferation of rust inoculum followed by their dispersal via wind (Singh and Rajaram, 1993). Stem rust is usually favored under warm and humid (≤30°C) conditions. Leaf rust pathogen also prefers humidity but comparatively lower temperatures (20–24°C) Stripe rust proliferates under cooler temperatures (12–20°C) (Singh et al., 2011).

The Puccinia spp. inciting rusts on wheat are obligate parasites having five spore stages viz., spermatia, aeciospores, urediniospores, teliospores, and basidiospores in its complex life cycle (Money, 2016). Wheat is a primary host for rust fungi. Berberis species and Mahonia species are alternate/secondary hosts of Pgt and Pst, while Thalictrum, Anchusa, Isopyrum, and Clematis are the alternate hosts of Pt (Jin et al., 2010; Wang et al., 2015). Teliosori containing teliospores/teleutospores replace urediniosori as wheat crop matures. The thick-walled, bicelled teliospores can resist overwintering on stubbles. During the onset of spring, the teliospores produce a promycelium which bear four uninucleate haploid basidiospores from each cell. These basidiospores infect the Berberis leaves to form pycnial cups/spermagonia containing spermatia/pycniospores and receptive hyphae. Transfer of spermatia (sexual gametes) to receptive hyphae between oppositely charged (+ or −) spermatia and receptive hyphae on barberry leaves with the help of insects completes the sexual reproduction. The resultant dikaryotic spores (aeciospores) are formed on the lower side of the Berberis leaves. Aeciospores are dispersed through the wind to fall on wheat leaves to penetrate the stomata by the formation of an appressorium (Money, 2016). Further, infectious mycelia transform into haustorium that initiates further infection and spread in wheat without affecting its plasma membrane. After a week of infection on wheat, urediniospores are produced in millions on a susceptible variety. During the crop season, rust pathogens can produce numerous cycles of urediniospore production, its dispersal takes place through wind, and lead to build-up of epidemic over a vast region (Aime et al., 2018). In countries like India, alternate hosts are not functional and urediniospores act as repeating spores. The rusts survive on off-season wheat crop or grasses and become active in the season to cause infection on wheat through urediniospores (Bhardwaj et al., 2019).

Among rust diseases, leaf rust is the most common wheat disease worldwide (Huerta-Espino et al., 2011). Due to its wide adaptation, leaf rust fungi can initiate their infection and spread under mild temperatures and moist conditions. Although, yield losses caused by this disease display temporal and geographical variation; the economic significance of the disease is substantial (Figueroa et al., 2016). Devastating nature of the rust pathogen became more apparent after the susceptible response of a North American wheat variety “Thatcher” against leaf rust pathotypes (Pt; Anderson, 1963). This epidemic devastated wheat crop on a large area and forced researchers and policymakers to consider Pt as an alarming pathogen in the USA, former USSR, and China. Higher rate of reproduction, the ability to travel long-distance, the potential to survive on various host species and diverse environments increased aggressiveness and genetic diversity of the pathogen (Watson, 1981; Walter et al., 2016). In India, severe leaf rust epidemics occurred due to susceptibility of green revolution wheat varieties “Kalyansona” and “Sonalika” and, contemporary cultivars K68 and Pbc 306 in the Northwest region of the country during 1971–73. Over one-million-ton yield losses were estimated (Joshi et al., 1975). Similarly, another leaf rust epidemic was evident due to susceptibility of Mexican mega-wheat variety “Jupateco 73” in Northwestern Mexico. It occupied 75 per cent of the wheat acreage in the southern Sonora region within four years of its release (Dubin and Torres, 1981). Another leaf rust epidemic was reported in the eastern Prairies due to gained additional virulence against Lr13 and Lr21 in 1999 (Aboukhaddour et al., 2020).

Significant yield losses in areas with cool and high-altitude climates are commonly inflicted by stripe rust (Roelfs et al., 1992; Singh et al., 2000). In the majority of wheat-growing areas stripe rust have shown regular regional crop losses of up to 0.1–5% and in few exceptions, the losses extend up to 5–25% (Wellings, 2011) besides, severe epidemics due to the breakdown of genes in larger areas may inflict up to 70% yield losses. One-billion USD annual loss is estimated due to the severity and around ninety per cent of the world’s wheat crop is vulnerable to stripe rust (Schwessinger, 2017). Stripe rust infection at early growth stages can cause complete yield losses through a reduction in grain quality, seed vigor and poor germination in susceptible cultivars (Chen, 2005). In Asia, around 46% of yield losses have been due to stripe rust epidemics (Singh et al., 2004a). Tajikistan and Uzbekistan also witnessed widespread epidemics of stripe rust in 2010 (Sobhy Draz, 2019). In India, stripe rust is a serious threat in over ten million hectares of Northern India. Restriction on the cultivation of a mega wheat variety of this region namely PBW343 was imposed due to acquired virulence of Yr9 during 2008–09. The disease pressure was recorded up to 80%, which necessitated the cultivation of stripe rust-resistant wheat varieties (Aggarwal et al., 2018; Bhardwaj et al., 2019).

Stem rust can cause greater damage when susceptible wheat cultivars are grown over wide geographical regions and early infections may lead to large scale epidemics in a short period (Bhavani et al., 2019). Severe stem rust pressure can affect tillering (Rowell and Roelfs, 1976), plant growth by reducing the photosynthetic area, nutrients and water supply, and their transportation in the plant system (Roelfs, 1985). The two most severe epidemics of Europe occurred in Scandinavia (1951) and central Europe (1932) causing nationwide yield losses up to 20–33% (Zadoks and Bouwman, 1985). During, 1948–56 a few severe epidemics were evident in China due to higher than average temperatures and frequent rains which created a conducive environment for the infections. Other historical events of wheat losses due to this disease occurred in Australia during 1973 (AUD 100–200 million loss, McIntosh et al., 1995), United States (North Dakota) during 1919–1923 (1.95 million tons loss, Roelfs, 1978) and 1950–1955 (3.74 million tons, Roelfs, 1978), New Zealand in 1980 (Beresford, 1982), continental Europe, and the Indian subcontinent (Chaves et al., 2013; Singh et al., 2015). The last major stem rust epidemics occurred in Ethiopia in 1993 and 1994 (Shank, 1994). In a major outbreak in 1998, a new race (Ug99) of stem rust pathogen virulent to Sr31 was first reported in Uganda (Pretorius et al., 2000), and its lineages (TKTTF) have caused 100% yield losses on susceptible wheat cultivars during 2013–14 in Ethiopia (Singh et al., 2015). It is still considered to be a potential threat for Kenya, Ethiopia, Yemen, the Middle East, and South Asia. The overall global crop losses associated with Pgt alone were estimated to be approximately USD 53.7 billion per annum (Pardey et al., 2013).



Identification and Mapping of Rust Resistance Genes

Breeding for genetic resistance assists in developing rust-resistant wheat varieties. Genetic resistance can be categorized in three groups: 1. monogenic resistance (resistance governed by a single gene), 2. oligogenic resistance (resistance governed by few genes) and 3. polygenic resistance (resistance governed by many genes with additive effects) (Russel, 1978). Based on the resistance exhibited, individual rust resistance genes have been named as major genes and minor genes (Russel, 1978). In pathological terms, rust resistance could be distinguished as horizontal resistance and vertical resistance. Horizontal resistance is race non-specific resistance and effective against genetic variants of a rust pathogen. Vertical resistance is effective against certain pathogen races, so it is also called race-specific resistance (Van der Plank, 1963). The term durable resistance is frequently used instead of non-race specific or horizontal resistance to describe long-lasting resistance. The durability does not mean that resistance is active against all genetic variants of a pathogen but simply that the resistance was effective for a long time (Johnson and Law, 1975). Durable resistance may be conferred by a single gene or by combinations of many genes (McIntosh and Watson, 1982). The theory of gene-for-gene relationship implies that for each resistance gene in the host, there is a corresponding and specific avirulence gene in the pathogen (Flor, 1956). This relationship shows two reactions: 1. Incompatible reaction and 2. Compatible reaction. The incompatible reaction can be evident when a pathogen carries avirulence alleles corresponding to the host’s resistant alleles which results in a resistance response. Compatible reaction reveals a susceptible response when a pathogen carries virulence alleles to a susceptible host. The pathogen could carry many avirulence genes; each one corresponding to a resistance gene of a cultivar (Person, 1959). The gene-for-gene hypothesis defines existing diversity in physiological races of a pathogen and resistant genes among the relevant host species.

Wild progenitor and related species of wheat constitute an immense reservoir of genetic variation important for several economic traits including resistance to biotic stresses. This had resulted in an opportunity to breeders for transferring resistance genes from wild species to modern wheat cultivars through inter-specific hybridization (Bansal et al., 2017). Over two-hundred twenty rust resistance genes comprising 60 stem rust resistance, 79 leaf rust resistance genes and 83 stripe rust resistance genes have been formally named and catalogued using bi-parental populations in wheat (McIntosh et al., 2017; Li et al., 2020a). During the last decade, discovery and precise mapping of rust resistance genes expedited, and robust breeder-friendly linked-markers have been reported for several genes (Tables 1A, B). This was largely possible due to the availability of high throughput genotyping platforms including DArTSeq (www.diversityarrays.com), i-select 90K SNP Infinium array (Wang et al., 2014) and genotyping-by-sequencing approaches (Poland and Rife, 2012).


Table 1A | Seedling rust-resistant genes and their linked markers.




Table 1B | Adult plant rust-resistant genes in wheat and their linked markers.




Pleiotropic Adult Plant Resistances

Four APRs Lr27/Yr30/Sr2, Lr34/Yr18/Sr57, Lr46/Yr29/Sr58, and Lr67/Yr46/Sr55 harboring multiple pathogen resistance have been identified (McIntosh et al., 1995; Table 1B). These genes resist devastation incurred by three rusts and powdery mildew caused by Blumeria graminis f. sp. tritici. The response of Lr34, Lr46, and Lr67 is well characterized by their partial resistance to each of these pathogens and a phenotypic marker, leaf tip necrosis (Ltn) (Lillemo et al., 2008; Herrera-Foessel et al., 2014b). The pleiotropic APR Lr34 has a comparatively higher level of rust resistance than other APRs (Lillemo et al., 2008; Yang et al., 2013). The APRs Lr34/Yr18/Sr57/Pm38/Ltn1 and Lr46/Yr29/Sr58/Pm39/Ltn2 have expressed additive gene interaction in combination and is frequently used in CIMMYT breeding programs (Lillemo et al., 2008; Lillemo et al., 2013). Unlike ASRs, the class of APR does not rely on a gene-for-gene hypothesis and partial resistance against a range of pathotypes (Dodds et al., 2010). Cloning of Lr34/Yr18/Sr57/Pm38/Ltn1 and Lr67/Yr46/Sr55/Pm46/Ltn3 (Krattinger et al., 2009; Krattinger et al., 2011; Moore et al., 2015) has demonstrated their role in conferring disease resistance in cereals like Sorghum (Schnippenkoetter et al., 2017), Durum wheat (Rinaldo et al., 2017), Rice (Krattinger et al., 2016) and Barley (Risk et al., 2013; Milne et al., 2019). It is also indicated that the resistance response of Lr34res and Lr67res occurs due to gain of resistance function through alteration in two amino acids in each of ATP-Binding Cassette (ABC) transporter and Hexose (sugar) Transporter Protein (STP), respectively (Krattinger et al., 2011; Moore et al., 2015). The molecular mechanism of few of these genes is not well understood as compared to NLR genes, and the mode of action of Lr34 transporter and molecules it transports is completely unknown (Rinaldo et al., 2017). There are three possible scenarios which may explain the mode of action of Lr67res; First, is altered carbon partitioning caused by Lr67res to limit nutrients to the pathogen, secondly, altered hexose/sucrose ratio triggering defense response and thirdly reduced pathogen growth due to unknown mechanism triggered by altered function of Lr67res (Milne et al., 2019).



Bi-Parental Mapping vs Genome-Wide Association Studies (GWAS)

Gene postulation is a classical approach to identify new genes phenotypically, using rust infection type response, multi pathotype test for gene postulation and differential sets. There are two alternative approaches to identify new rust resistance genes. The first approach includes the identification of donor parents expressing a high level of rust resistance and developing bi-parental mapping populations by crossing donor lines with susceptible lines. Genetic studies at F2 and F3 generations help us to estimate the number of genetic factors controlling the trait and their interactions in controlling resistance. Selective genotyping at the early segregating generations and/or advanced stages like F5 and F6 generations assists in identifying genomic region(s) underpinning rust resistance in the population (Bansal and Bariana, 2017). Bulk segregant analysis (BSA) is the most commonly used, efficient, and rapid method to identify markers closely linked to a specific gene or any genomic regions (Michelmore et al., 1991) by genotyping a pool of DNA from selected individuals with two extreme phenotypes and the contrasting parents. Then the allelic frequency differences between the bulks will be analyzed and compared with the phenotype to ascertain the possible linkage between the markers and trait of interest (Kthiri et al., 2018). Earlier, in the decade, SSR markers evenly spanning the wheat chromosomes were very frequently used to screen for polymorphic markers but, it was time-consuming and laborious as it was done manually. In recent times, the integration of next-generation sequencing-based 90K SNP arrays with BSA approach has quickened the identification of polymorphic markers and chromosomal location of major genes or the QTLs (Abe et al., 2012; Ramirez-Gonzalez et al., 2015; Qureshi et al., 2016; Kthiri et al., 2018; Wu et al., 2018; Pakeerathan et al., 2019). The BSA approach has also been combined with RNA-Seq to identify gene associated SNPs, NLR exome capture and sequencing (also called as MapRenSeq) to define NLRs associated with resistant genes (Narang et al., 2020) and NGS-based SLAF-seq to locate the gene of interest/QTL (Yin et al., 2018). However, the mapping of disease resistance genes and quantitative trait loci (QTL) through traditional bi-parental mapping approaches is restricted only to the limited diversity present in the parents and the less number of recombination events which results in low map resolution.

Alternatively, the second approach, Genome-wide association studies (GWAS) is primarily focused on quickly screening germplasm collection for genes of interest and to capture historical recombinations to achieve high-resolution mapping at a specific locus. As an advantage over mapping in bi-parental populations, this approach makes use of already existing natural populations, accounts for greater allelic diversity among the diverse individuals at a given locus and uses the recombination events that occur throughout the evolutionary process of germplasm (Yao et al., 2019). To excel in GWAS analysis, as a prerequisite, this approach would need a diversity panel constituting accessions and/or elite lines with similar photoperiod requirements and adaptation (Yu and Buckler, 2006). It has played a remarkable role in dissecting various complex traits in cereals (Yu et al., 2011; Juliana et al., 2015), and several of major and minor quantitative trait loci (QTL) relying on significant marker-trait associations (MTAs) for rust resistance have been identified through this approach (Rosewarne et al., 2012; Li et al., 2014; Zhang et al., 2014; Maccaferri et al., 2015; Juliana et al., 2018) but, none of the named rust genes has been identified through this approach until now. Moreover, several of these novel QTLs have not been validated and functionally characterized which have limited their use in breeding programs (Juliana et al., 2018). Though advances in statistical analysis and genotyping platforms have facilitated in ruling out the false-positive MTAs and rapid discovery of candidate genes using genome references (Bradbury et al., 2007; Zhang et al., 2010; Tang et al., 2016), population structure is still a critical concern and can be overcome by using mixed models to integrate genetic relatedness.




Application of Genomics Tools in Mining and Isolation of Rust Resistance Genes


DNA Marker Technology in Wheat

DNA markers reveal allelic variations among individual organisms or species. In wheat research, DNA marker technology has been used in tracing targeted genes. This technique is consistent, mostly neutral/free from environmental variations and does not affect the developmental stage of the plant as it is based on variations in DNA sequences (Collard et al., 2005). Some morphological and biochemical markers are also being used to identify lines carrying durable genes, for instance, pseudo-black chaff and high-temperature-induced seedling chlorosis linked with Sr2 (Slinkard and McIntosh, 1998), red-glume gene (Rg1) linked with Yr10 and leaf-tip necrosis (Ltn) linked with Lr34, Lr46, Lr67, and Lr68 (Lagudah et al., 2006; Herrera-Foessel et al., 2012; Herrera-Foessel et al., 2014b). The DNA marker technology offers a major advantage in plant breeding by exploring modern genomics tools. The Polymerase chain reaction (PCR)-based markers have been designed and applied to detect marker-trait association across seven groups of wheat chromosomes. The DNA markers namely Restriction fragment length polymorphism (RFLP), Sequence Characterized Amplified Region (SCAR), Sequence Tagged Site (STS), Simple Sequence Repeat (SSR), and Cleaved Amplified Polymorphic Sequences (CAPS) were widely explored as valuable tools for wheat improvement. Gene mapping in wheat was initiated using conventional genetic markers RFLPs (Anderson et al., 1992) and SSRs (Röder et al., 1998). Later, additional PCR-based markers like RGAP, CAPS, EST, STS, AFLP, and RAPD have been implemented in the mapping of disease resistance genes (Bariana et al., 2001). The consensus map of 2004 SSRs has been used to integrate conventional markers to some extent for drafting an integrated map of the identified gene/loci using cMap (Somers et al., 2004; Rosewarne et al., 2013). Sanger sequencing accelerated the identification of the single base pair variations (Wang et al., 1998) and helped to replace gel-based marker systems with robust and bi-allelic single nucleotide polymorphisms (SNPs). This SNP-based DNA marker has enhanced its implementation to detect allelic variation in targeted DNA fragments. The advantage of MAS (Marker Assisted Selection) is not only rapid detection assays for the presence of the gene but also enables gene pyramiding strategies wherein it is difficult to detect gene combinations due to epistatic/masking effect if race-specific genes.



Next-Generation Sequencing (NGS) Platforms

The NGS platforms have revolutionized genetics and genomics studies in crop plants. Several NGS-based approaches played a significant role in allele discovery and genotype-by-sequencing (GBS) through thousands of markers simultaneously to precisely cover the entire crop genome (Davey et al., 2011; Liu H. et al., 2014). In wheat, NGS technology enables detecting the abundance of DNA markers within a short period. The size of the wheat genome is huge (~16GB—around five times bigger than the human genome), more complex, and contains a high percentage of repetitive elements. Several marker development methods have been reported, including RRLs (reduced-representation libraries), CRoPS (complexity reduction of polymorphic sequences), RAD-seq (restriction-site associated DNA sequencing), SBP (sequence-based polymorphic marker technology), MSG (low coverage multiplexed shotgun genotyping), and GBS (genotyping-by-sequencing) to reduce the complexity (Yang et al., 2012). Additionally, GBS pipeline was also developed to reduce the complexity of the wheat genome. The RAD-seq and GBS were explored to target cutting sites after restriction digestion to avoid further redundancy in the genome (Poland et al., 2012). High throughput genotyping platforms including DArT-Seq, SNPs, GBS markers, and population-specific tGBS (targeted genotyping-by-sequencing) have expedited the precise mapping of genomic regions underpinning rust resistance (Qureshi et al., 2018b; Nsabiyera et al., 2020).



Discovery of SNPs Using a Genotyping Array

Discovery of single nucleotide polymorphisms (SNPs) in wheat has been expedited through the advances in genomics resources. Cavanagh et al. (2013) developed a high-throughput SNP genotyping array called i-select 9K SNP Infinium Bead chip Assay using 2,994 worldwide wheat accessions. Later, a high-density SNP map was developed after incorporating the first map and customized as i-select 90K SNP Infinium array covering seven groups of wheat chromosomes (Wang et al., 2014). These linked SNPs would facilitate to overcome, a major bottleneck associated with the application of DNA markers to characterize a wide range of germplasm (Yang et al., 2012). This high-density SNP map comprises nearly 90,000 gene-linked SNPs to characterize genetic variability in tetraploid and hexaploid wheat (Wang et al., 2014). Similarly, the GBS approach was utilized to characterize over 40,000 CIMMYT wheat germplasms as part of Seeds of Discovery (SeeD) initiative (Li et al., 2015). A consensus map of GBS markers was constructed to detect potentially new APR linked with stripe rust, leaf rust, and stem rust resistance and validate known genes/QTL through aligning them on wheat genome reference (IWGSC Refseq v 1.0; Appels et al., 2018). Identified trait-linked SNPs can be converted into Kompetitive allele-specific PCR assay (KASP) using PolyMarker, an automated bioinformatics pipeline (http://www.polymarker.info). The same SNPs are available in different wheat chromosomes at various positions due to its evolutionary nature and diploidization phenomenon. PolyMarker can design SNP-based KASP of the known genome-specificity using IWGSC RefSeq v1.0 (Ramirez-Gonzalez et al., 2015). Developing KASP markers cannot be guaranteed their utility in marker-assisted selection. Mendelian inheritance of individual KASP in a bi-parental mapping population and linkage with phenotypic data can ensure their application in the wheat breeding program.



Challenges to Draft Consensus Maps of Rust Resistance Genes

Several new resistance loci and robust markers of reported genes were developed and explored in gene pyramiding (Bariana et al., 2007; Wessels and Botes, 2014; Randhawa et al., 2019). High level of redundancy in these identified loci and common MTAs was evident among different mapping studies. A consensus map using public database was drafted for stripe rust resistance on wheat chromosomes with the help of flanking markers to highlight around 140 stripe rust resistance loci and project redundant loci identified in over 30 bi-parental studies (Rosewarne et al., 2013). This study reduced the number of genomic regions conferring stripe rust resistance and laid a platform for further works. Later, Maccaferri et al. (2015) developed an integrated map of stripe rust resistance regions after incorporating significant QTLs identified in ten experiment-wise GWAS studies, 56 YR genes and 169 mapped QTLs. An “iterative maps compilation” tool in Biomercator v4.2 was explored to integrate the consensus map of SSRs (Somers et al., 2004), Synthetic × Opata ITMI BARC SSR map (Song et al., 2005), i-select 90K SNP Infinium array, Synthetic × Opata DH GBS map (Saintenac et al., 2013a) and Diversity Array Technology (DArT) map (http://www.diversityarrays.com) to create an integrated map (Maccaferri et al., 2015). This consensus map facilitated in the integration of different marker systems like RFLP, DArT, SSR along with flanking robust SNPs and align them together using published genetic map. This information is available on the GrainGenes webpage (https://wheat.pw.usda.gov/GG3/). Similar approaches have been adapted to develop stem rust resistance loci consensus map of detected in 24 bi-parental mapping populations, three association panels, two backcross populations (Yu et al., 2014), and QTL conferring leaf rust and powdery mildew resistance in wheat (Li et al., 2014).

Several genomic loci are well known to harbor more than one gene, but these integrated maps did not allow further delineation of these regions. For instance, wheat chromosome 5A carries two genes Yr34 and Yr48 which were later confirmed as allelic or the same (Qureshi et al., 2018a). Gao et al. (2015) attempted to enrich region of SrCad (source- Canadian wheat cultivar AC Cadillac) and Sr42 (Norin 40) using GBS and 90K SNP array approach which placed both these genes at the same locus on chromosome 6DS. Moreover, both genes shared a common donor, BW553 and resistance to TTKSK isolate which also suggested that both genes are the same or allelic. Differential expression of AC Cadillac to non-TTKSK Pgt races compared to Norin 40 is due to the existence of background genes like Lr34. Cloning of Rph15 in barley confirmed that Rph15 and Rph16 are allelic or the same (Chen C. et al., 2020).

Integrating wheat genome reference (IWGSC RefSeq v 1.0) with the previously published genetic map of rust resistance loci was a major challenge; however, the new genetic map viewing software, Pretzel, was designed to fix the issues. This software is currently being explored to align trait-linked SNPs, DArTseq, and GBS markers with multiple SNP platforms of available wheat and related genomic resources like Triticum dicoccoides, T. turgidum, Aegilops tauschii, T. urartu, Brachypodium_distachyon, Hordeum vulgare, and Oryza sativa (Keeble-Gagnere et al., 2019; http://plantinformatics.io/mapview). It assists in the positioning of various genomic regions of the different populations using IWGSC RefSeq v1.0. It would be a milestone achievement in differentiating rust resistance genes/MTAs underlying in similar genomic regions.



Rapid Rust Resistance Gene Cloning Methods

In plants, most of the disease resistance genes are race-specific and contain the Nucleotide-binding site (NBS) and LRR (Leucine-rich repeat) domains. These genes are believed to be regulated by NBS domains through signal transduction, and specific sites of corresponding pathogen virulence genes are recognized by LRR domains (Gill et al., 2015). Six stripe rust resistance genes, Yr5/YrSP, Yr7, Yr10, Yr15, Yr36, and YrAS2388R (Fu et al., 2009; Liu H. et al., 2014; Klymiuk et al., 2018; Marchal et al., 2018; Zhang et al., 2019), four-leaf rust resistance genes Lr1, Lr10, Lr21, and Lr22a (Feuillet et al., 2003; Huang et al., 2003; Cloutier et al., 2007; Thind et al., 2017), and nine major stem rust resistance genes, Sr33, Sr35, Sr50, Sr22, Sr45, Sr13, Sr46, Sr21, and Sr60 (Periyannan et al., 2013; Saintenac et al., 2013b; Mago et al., 2015; Steuernagel et al., 2016; Zhang et al., 2017; Arora et al., 2018; Chen et al., 2018; Chen S. et al., 2020), and two pleiotropic APR (Lr34/Yr18/Sr57 and Lr67/Yr46/Sr55) (Krattinger et al., 2009; Moore et al., 2015) have been cloned (Table 2).


Table 2 | List of cloned rust resistance genes in wheat.



Map-based cloning includes fine mapping of an individual gene, discovery of candidate genes followed by validation of these genes using mutants and available genomics resources (Jander et al., 2002; Thind et al., 2017; Zhang et al., 2019). The first study towards the map-based cloning of Rpg1 and Rpg4 using rice as an inter-genomic mapping vehicle was reported in Barley (Kilian et al., 1997). Many genes of economic importance in cereal crops, most notably, chloronerva, a gene involved in the uptake of iron in higher plants encoding Nicotianamine synthase (Ling et al., 1999), beta and old-gold (og) color mutations in tomato (Ronen et al., 2000), Rf-1 in rice (Komori et al., 2004), Soybean Maturity Locus E3 (Watanabe et al., 2009), TTG1 homolog in Brassica (Zhang et al., 2009), and AvrLm6 avirulence gene in Leptosphaeria maculans (Fudal et al., 2007), Lr10 (Feuillet et al., 2003), Lr21 (Huang et al., 2003), and Lr1 (Ling et al., 2003) were isolated using this strategy. The main problem associated with map-based cloning is lack of sufficient DNA markers to create a fine map in different crops (Drenkard et al., 2002). Besides, it was essential to construct a physical map, identify markers, and reach close to the gene through chromosome walking. It was then followed by isolation, transformation, complementation, and determination of the sequence of the entire region of interest in the absence of any reference sequence of the wild-type DNA (Jander et al., 2002).

In crops with large genomes like wheat, complexity reduction is very important to clone target genes more quickly and efficiently. A recently developed molecular tool, MutChromSeq (Mutgenesis Chromosome flow sorting and short-read Sequencing), works based on mutagenesis followed by flow sorting of chromosomes and their sequencing to identify the possible induced mutations. This approach does not require a similar gene in bait library and hence enables reference-free forward genetics to open up the pan-genome to functional genomics (Sanchez-Martin et al., 2016; Zhang et al., 2020). This rapid cloning approach which would need 18–24 months for mutagenesis and screening, approximately one month for chromosome flow sorting, sequencing and bioinformatics were successfully described for cloning of barley Eceriferum-q gene and wheat Pm2 gene (Sanchez-Martin et al., 2016). The first leaf rust resistance gene Rph1 (Rph1.a) on chromosome 2H from cultivated barley (Hordeum vulgare) cv Sudan was also rapidly cloned by combining this approach with genetic mapping. The successful application of this approach would need prior information on, chromosome location of the target gene (Dracatos et al., 2019; Zhang et al., 2020), large mutant populations to identify the target genes among five to six mutants (Mago et al., 2017; Dinh et al., 2020) and isolation of individual chromosomes (Periyannan, 2018).

As an alternate approach to MutChromSeq, TACCA makes use of flow sorting of chromosomes, next-generation sequencing, and cultivar specific de-novo chromosome assembly. Using this approach a broad-spectrum leaf-rust resistance locus Lr22a (encodes an intracellular immune receptor homologous to the Arabidopsis thaliana RPM1 protein) was cloned with molecular marker information and ethyl methanesulfonate (EMS) mutants (Thind et al., 2017).

There are other cloning strategies like MutMap (mutational mapping) which involve mutagenesis, sequencing, and mapping to identify SNPs between wild-type and homozygous mutants and then to narrow down to the region having gene of interest (Li et al., 2020b). Until recently, this approach was considered to be applicable only in crops with small genomes like rice (Abe et al., 2012), but it was demonstrated to successfully map and clone Ms1 from allohexaploid bread wheat using F2 plants derived from the progeny of heterozygous ms1e mutants (Wang et al., 2017). Still, this is a better choice when the genome is small, and high-quality reference genome is available.

A three-step pipeline including chemical mutagenesis (Mut), exome capture and sequencing (RenSeq) techniques was developed for the rapid isolation of genes (Steuernagel et al., 2016). Here, ‘Mut’ confers mutagenesis that is a technique to produce random mutations or nucleotide substitutions in the DNA sequence by treating the parent material with mutagens like EMS (Ethyl Methane Sulfonate CH3SO3C2H5) or Sodium Azide (NaN3). This substitution results in GC to AT transition and can cause loss of function of the resistance gene. An initial kill-curve analysis is used to decide the optimum dose of mutagen to render 50% mortality and reduced growth (Periyannan et al., 2013). The ‘RenSeq’ technique relies on the sequence information of known resistance genes and uses as bait to capture similar gene fragments in closely related crops and species (Jupe et al., 2013; Steuernagel et al., 2016). In plants, most of the known disease resistance genes belong to NLRs, kinases (receptor-like kinase, receptor-like proteins, wall-associated kinase etc) and/or transporters families (Klymiuk et al., 2018). Two stem rust resistance genes (Sr22 and Sr45) were cloned using this technique. In MutRenSeq, NLR gene families are targeted, as it is the major class of R gene family conferring disease resistance in plants. The procedure includes: (1) Bait library construction containing RNA probes with more sequence identity with predicted NLR genes, (2) Preparation of template DNA from the accessions or germplasm conferring disease resistance, (3) Gene capture/hybridization using bait library in PCR based hybridization reaction, (4) Next-generation sequencing of captured and enriched fragments to predict NLR gene structures, (5) Assembly of NBS-LRR reads and their comparison and (6) Validation of candidate genes. MutRenSeq is a rapid and accessible to several organisms including wheat (Steuernagel et al., 2016). The major limitations of this technique are its restriction to discover only the NLR gene, a reference pan-genome and vital changes due to mutagenesis (Dinh et al., 2020).

AgRenSeq (Association genetics with R-gene enrichment sequencing) or speed cloning has been developed to align GWAS platform (to utilize diverse genome-wide natural variation) and the RenSeq. Unlike map-based cloning and MutRenSeq, this approach does not rely on bi-parental mapping populations or mutagenesis. For instance, AgRenSeq approach was successfully demonstrated to clone R gene, Sr46 and to identify the candidate gene sequence for SrTA1662 using a diverse panel of Ae. tauschii ssp.strangulata (Arora et al., 2018). It explores a pool of diverse wild relatives carrying many resistance genes as a result enabling the cloning of multiple genes at the same time (Dinh et al., 2020).




Breeding Strategies to Develop Rust-Resistant Wheat Varieties

Relentless efforts to enhance modern wheat cultivars for rust resistance is of primary importance to many breeding programs which come with a challenge of, not to compromise with yield and quality traits. A rust-resistant hard wheat variety, “Marquillo” developed in 1918 (Hayes et al., 1920) had considerable resistance to rust, but it lacked the flour quality, so it could not become popular in North Dakota (Stoa, 1945). Similarly, a highly rust-resistant line named, “Hope” (McFadden, 1930) which had poor yield potential under drought and heat stress conditions. However, the popular rust-resistant wheat cultivar, “Thatcher” released in 1934 (Hayes et al., 1936) carried multiple stem rust resistance genes and provided useful resistance against stem rust in North America (Singh et al., 2004b) occupying 60% of the area during that period under hard red spring wheat in North Dakota. Being a most preferred strategy of rust control, systematic breeding for genetic resistance in wheat started when the inheritance of yellow rust resistance was demonstrated following Mendelian principles of heredity (Biffen, 1905). The resistance controlled by a single locus was considered to be sufficient for complete control of the rust pathogens, until the discoveries of Flor (1956), when the incompatibility of host and pathogens was entirely said to be based on corresponding gene present in the organism and the resistance governed by a single gene need not be always durable. In the 20th century, though, breeders were aware of possible single mutations in pathogens’ Avr genes, could result in new virulent pathotypes, still most of the breeding programs adopted single gene pyramiding into cultivars as major “breeding strategy”. This could be due to ease in the screening of breeding materials at the seedling stage and high heritability and clear phenotype of the resistance expressed by major genes (Pink and Hand, 2002).

There are multiple approaches, conventional and/or molecular, singly or in combination, being considered to develop wheat varieties with durable rust resistance around the globe. Traditionally, using conventional approaches, the available germplasm and breeding materials are screened at seedling and adult plant stage, to phenotypically identify resistant wheat lines and then to involve them in hybridization programs as one of the parents. Till today, there are several breeding teams with no access to advanced MAS tools have successfully adopted this approach to breeding future rust-resistant wheat varieties. This makes the best use of shuttle breeding, wherein, the breeding lines are grown in one or more off-season locations with congenial environments for all the three individual rust diseases. Due to the cultivation of host crops throughout the year, these offseason environments become the evolution hubs for the new races, which helps them to prolifer and multiply continuously. Besides, these environments will also assist breeder to carefully select wheat lines which show consistent resistance across the years and locations with a large number of naturally occurring pathotype mixtures in the environment.

Breeding strategies to improve wheat for seedling and adult plant resistance may vary usually due to their mode of inheritance which is either qualitative and/or quantitative. Among the many breeding methodologies available to improve a particular trait in crop plants, pureline selection, modified pedigree method, bulk breeding, recurrent selection, backcross breeding, mutation and single seed descent methods of breeding are applied to breed wheat for rusts resistance. Pureline selection improved the agronomical feature of several landraces resulting into popular wheat varieties namely Sharbati, White Pissi, Chandausi and Lal Kanak in India. The wheat variety Marquis was developed as a selection from hybridization between an early ripening Indian wheat “Hard Red Calcutta” and “Common Fife” in 1909. Due to early ripening, it escaped the injury caused by heat and rust to become a prominent variety for several years in Western North Dakota (Stoa, 1945). Breeding through a modified pedigree method would be more successful when resistance is governed by a major gene, while it does not give much improvements in combining minor genes in the population. While, single back cross-selected bulk breeding approach (Singh and Trethowan, 2007) can be used to transfer multiple minor resistance genes into a well-adapted and higher-yielding backgrounds (Singh et al., 2014). We have enlisted a few of popular Indian wheat varieties developed through conventional introgression of resistance genes for all three kinds of rusts (Table 3).


Table 3 | List of popular Indian wheat varieties and their known rust resistant source.




Genomics Assisted Improvement of Rust Resistance

Most of the breeding programs with rust resistance as a major focus, work on identification, mapping, isolation, and introgression of diverse resistant genes into agronomically potential but, rust susceptible wheat lines. Though conventional breeding methods are effective, they are very time consuming, need laborious efforts to develop improved versions of crop plants for any target trait/s. In the last two decades, several genomic interventions have become possible which provide tremendous capabilities to characterize and manipulate wheat genome and to accelerate breeding. Though rust resistance has clear-cut phenotype to select for, the advent of molecular marker systems like SNPs and high-throughput genotyping platforms like SNP arrays have enabled precise estimation of marker-trait associations and hence, to select for the trait of interest without the greater involvement of environmental effects and to combine multiple genes at the same time.

To identify and map novel rust resistance genes, the biparental and genome-wide association based mapping are most widely followed, with the latter having the ability to localize multiple genes and/or QTLs. Rust resistance based on a single dominant gene is generally considered to be leading to genetic changes in pathogen virulence (Wilcoxon, 1981) and when incorporated singly into cultivars, it may become ineffective within a few years of cultivation. Hence, it is always recommended to use combinations of major and minor genes (Roelfs et al., 1992) which could confer broad-spectrum resistance. Here, MAS may be incorporated into backcross breeding to simultaneously introgress several rust resistant genes against a wider range of pathogens. Rapid generation advance protocols like doubled haploids (DH) and Speed breeding combined with marker-assisted breeding, would also assist in developing resistant cultivars in a very short period. Although MAS is a very efficient breeding strategy, its implementation is limited due to unavailability of tightly liked markers and can only identify few large effect QTLs.

In recent years, GS, an advanced version of MAS, is being largely used to increase the selection efficiency and to dissect complex polygenic traits with lower heritability. GS has the power to capture small individual effects of thousands of genes through whole genome prediction models, to estimate breeding values for the complex traits and hence overcome the problems associated with the MAS. Breeding for race nonspecific minor gene resistance is one way to minimize genotype and environment interaction of resistance, which in turn leads to stability in resistance and yield (Bekele et al., 2019). Breeders have already preferred to go for many minor gene based resistance instead of major genes, where GS is considered to be the best molecular breeding approach in place of MAS. The integration of GS with selected bulk, recurrent selection, and back cross breeding is being explored to maximize the genetic gain for quantitative traits like APR through selection. Transgene-free genetic engineering through genome editing with sequence specific nucleases has paved a way for manipulating any specific genomic sequence superseding random mutagenesis (Wang et al., 2018). Among the four types of nucleases used in genome editing, CRISPR/Cas9 has a higher success rate in gene modification and requires less know-how. The application of genome editing for disease resistance would be much feasible; due to the better understanding of the molecular mechanisms underlying resistance, modification of a single gene may lead to resistance phenotype, and targeted mutagenesis is well applicable to knockout susceptible genes (Borrelli et al., 2018).



Deployment of Adult Plant Genes Delaying the Evolution of Pathotypes

Race-specific APRs which can be screened at the greenhouse level at two or third-leaf stage like Lr13 and Yr49 (McIntosh et al., 1995) are more vulnerable to succumb matching virulence in rust pathogens. Race-specific APR Lr13 expresses at the seedling stage (two-leaf stage) in a greenhouse as well as at field conditions against avirulent pathotypes. Due to their expression at an early stage, some researchers have cited these genes as seedling resistance genes (Chen and Kang, 2017). APR Lr22a confers leaf rust resistance under field conditions and rendered resistance against 22 leaf rust pathotypes at flag leaf stage (Sawhney et al., 1982). Lr34 was reported to be partially effective against leaf rust pathotypes in India (Sawhney and Sharma, 1990) and it expresses enhanced resistance along with other resistance genes (German and Kolmer, 1992). APR Lr34 carrying genotype reduced the yield losses up to 18% and genotype lacking Lr34 revealed 60 to 84% of losses (Singh et al., 1994). Slow rusting characters of Lr34 and its interaction with other genes have made it useful for rust resistance (Nayar et al., 1999). Similarly, Lr46/Yr29/Pm39 gene complex was identified in “Pavon76” and conferred a slow rusting to leaf rust, stripe rusts, and powdery mildew in wheat (William et al., 2003; Lillemo et al., 2008; Singh et al., 2013). The leaf rust resistance genes Lr48 and Lr49 were reported in wheat cultivars CSP44 and VL404, respectively as hypersensitive adult plant resistance genes (Saini et al., 2002). Another gene Lr67/Yr46/Sr55 also confers slow rusting to leaf and stripe rusts (Hiebert et al., 2010; Herrera-Foessel et al., 2011). An Australian Pst pathotype 239 E237 A- 17 + 33+ has changed the rust rating of Australian cultivar “Axe” carrying Yr75 (Cuddy and Hollway, 2018). Previous studies showed the susceptible nature of Yr49 against Chinese Pst races (Ellis et al., 2014). Several stripe rust APRs have been overcome by newly detected Pst races in Europe and North America, so those APRs were tentatively classified as race-specific APRs (Hao et al., 2011; Sthapit et al., 2012; Sørensen et al., 2014). An accession HS628 expressed broad-spectrum resistance to Pt, Pst, and Pgt pathotypes in India (Pal et al., 2018). Developing wheat varieties possessing these diverse gene combinations could be a feasible approach to delay the evolution of pathotypes with matching virulence genes.




Concluding Remarks

Breeding for rust resistance is an integral part of wheat improvement. APRs Sr2, Lr34, Lr46, Lr67, and Lr68 have been found durable and non-race specific. These APRs can offer only partial resistance which is insufficient to address food insecurity threat. Deployment of both durable rust resistance genes along with major R genes has been reported as a sound breeding strategy to avoid rust epidemics worldwide. Development of gene-specific DNA markers is essential to introgress the rust resistance gene in the desired wheat background and avoid linkage drag. Positional-cloning and MutRenSeq approach along with available genomics resources were explored to develop gene-specific marker of around twenty rust resistance genes including four APRs (Lr34, Lr67, Yr36 and Lr22a). Stacking of five cloned resistance genes in modern wheat variety is underway via cis-genic approach. In future, this approach will be fruitful to develop resistant wheat against three rusts. Rust pathogen has been continuously evolving to shrink the number of effective rust resistance genes. The high-quality reference genome of over ten wheat varieties (10+ genome project) will assist in the cloning of additional major genes and APR. The major future challenge would be to identify effective resistance genes and their deployment to attain durable rust resistance.
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Wheat stem rust caused by the fungus Puccinia graminis f. sp. tritici (Pgt), is regaining prominence due to the recent emergence of virulent isolates and epidemics in Africa, Europe and Central Asia. The development and deployment of wheat cultivars with multiple stem rust resistance (Sr) genes stacked together will provide durable resistance. However, certain disease resistance genes can suppress each other or fail in particular genetic backgrounds. Therefore, the function of each Sr gene must be confirmed after incorporation into an Sr-gene stack. This is difficult when using pathogen disease assays due to epistasis from recognition of multiple avirulence (Avr) effectors. Heterologous delivery of single Avr effectors can circumvent this limitation, but this strategy is currently limited by the paucity of cloned Pgt Avrs. To accelerate Avr gene cloning, we outline a procedure to develop a mutant population of Pgt spores and select for gain-of-virulence mutants. We used ethyl methanesulphonate (EMS) to mutagenize urediniospores and create a library of > 10,000 independent mutant isolates that were combined into 16 bulks of ~658 pustules each. We sequenced random mutants and determined the average mutation density to be 1 single nucleotide variant (SNV) per 258 kb. From this, we calculated that a minimum of three independently derived gain-of-virulence mutants is required to identify a given Avr gene. We inoculated the mutant library onto plants containing Sr43, Sr44, or Sr45 and obtained 9, 4, and 14 mutants with virulence toward Sr43, Sr44, or Sr45, respectively. However, only mutants identified on Sr43 and Sr45 maintained their virulence when reinolculated onto the lines from which they were identified. We further characterized 8 mutants with virulence toward Sr43. These also maintained their virulence profile on the stem rust international differential set containing 20 Sr genes, indicating that they were most likely not accidental contaminants. In conclusion, our method allows selecting for virulent mutants toward targeted resistance (R) genes. The development of a mutant library from as little as 320 mg spores creates a resource that enables screening against several R genes without the need for multiple rounds of spore multiplication and mutagenesis.
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Introduction

Wheat stem rust is a destructive disease caused by the fungus Puccinia graminis f. sp. tritici (Pgt) that is resurging due to the evolution of virulent isolates that have overcome several stem rust resistance (Sr) genes (Pretorius et al., 2000; Olivera Firpo et al., 2017). Currently, 80% of the world’s wheat cultivars are vulnerable to infection (Singh et al., 2008; Lewis et al., 2018) and worldwide yearly grain losses attributed to the disease are estimated at 6.2 million tonnes, equivalent to ~1% of the annual wheat yield (valued at USD 1.12 billion; (Beddow et al., 2013). However, this masks crop losses at local or regional levels, which can reach 40% or more (Schumann and Leonard, 2000; Saunders et al., 2019).

Many plant pests and pathogens, including Pgt, deliver effector molecules into host cells to facilitate successful parasitism. These effectors serve to suppress host defenses by inhibiting immune response-signaling following pathogen invasion. Effectors can also regulate host gene expression (Ahmed et al., 2018) and play a role in nutrient acquisition during rust infection (Sohn et al., 2000; Thara et al., 2003). Some effectors can be detected by the products of host R genes encoding either extracellular or intracellular immune receptors, leading to effector triggered immunity (Dodds and Rathjen, 2010; Lo Presti et al., 2015). Such effectors are termed avirulence (Avr) effectors and are often associated with a macroscopic hypersensitive cell death response.

The deployment of a single R gene in a disease hotspot leads to a large selection pressure which typically results in the rapid emergence of resistance-breaking strains of the pathogen (Johnson, 1961; Vale et al., 2001; Hovmøller and Justesen, 2007). However, the judicious stacking of multiple R genes would, from first principle, maximize the durability of resistance as there would be no selective advantage to a pathogen isolate which has overcome just a single R gene in the stack (Huang et al., 2006; Zhang et al., 2009; Fukuoka et al., 2015). To functionally test R genes in such stacks on a one-to-one basis first requires the identification of their corresponding Avr effectors. Certain R genes can interfere with each other (Hurni et al., 2014), do not work in certain backgrounds (Hiebert et al., 2020), or risk being silenced when delivered as transgenes (Anand et al., 2003; Li et al., 2005). Thus, it is essential to test the individual function of each R gene in a stack. As pathogens deliver multiple effectors, disease resistance cannot always be used to test the function of every gene in the stack (Vleeshouwers and Oliver, 2014; Wulff and Moscou, 2014; Chen et al., 2017; Salcedo et al., 2017). Therefore, Avr effectors can be used as probes to confirm the function of R genes in the absence of the pathogen (Upadhyaya et al., 2014; Vleeshouwers and Oliver, 2014; Bouton et al., 2018; Saur et al., 2019). This property makes cloned Avr genes useful tools in both fundamental and applied research. For example, effectors have been used extensively to study R gene structure/function relationships (Wulff et al., 2009; Maqbool et al., 2015; Ortiz et al., 2017; Seto et al., 2017) and to assist in the engineering of R genes with novel specificities (Harris et al., 2013; Segretin et al., 2014; Kim et al., 2016; De La Concepcion et al., 2019).

To date, several major dominant Sr genes have been cloned. Examples include Sr13 (Zhang et al., 2017), Sr21 (Chen et al., 2018), Sr22 (Steuernagel et al., 2016), Sr33 (Periyannan et al., 2013), Sr35 (Saintenac et al., 2013), Sr45 (Steuernagel et al., 2016), Sr46 (Arora et al., 2019), Sr50 (Mago et al., 2015) Sr60 (Chen et al., 2019), and SrTA1662 (Arora et al., 2019), with many more underway. These provide an excellent foundation for engineering multi-Sr gene stacks. In contrast, the cloning of their corresponding Avr genes has lagged behind. Most wheat rust (Puccinia) Avr gene cloning strategies have used genome sequencing followed by bioinformatics screens to shortlist candidate genes based on presence of a signal peptide, absence of a transmembrane domain, being cysteine-rich and size (< 300 amino acids), followed by subsequent transient heterologous expression assays to test function (Saunders et al., 2012; Upadhyaya et al., 2015; Anderson et al., 2016). Such strategies have been successful for other pathogens such as Blumeria graminis (Pedersen et al., 2012; Ahmed et al., 2015) Phytophthora sp. (Vleeshouwers et al., 2008), Bremia lactucae (Stassen et al., 2012), and Magnaporthe oryzae (Chen et al., 2013). However, for most rust fungi these approaches have been hampered by the lack of specific conserved sequence features for classifying effector genes and the absence of reproducible, genotype-independent and high-throughput transient assays for testing function. Moreover, conventional bi-parental genetics and positional cloning is impractical due to the difficulties in generating controlled sexual crosses and managing large numbers of segregating progeny (Johnson, 1954).

Mutagenesis followed by sequence-comparison of multiple independently-derived mutants presents an altogether different and promising approach, which has been successfully applied to identify genes from a wide array of organisms including worms, flies, and plants (Wang et al., 2010; Ashelford et al., 2011; Steuernagel et al., 2016; Addo-Quaye et al., 2017; Kawamura and Maruyama, 2019). Pgt work in the 1960s and 1970s showed that it is possible to mutagenize rust spores and select mutants that have lost the function of defined Avr genes (Teo and Baker, 1966; Luig, 1978). With the advent of genome sequencing, the first Pgt Avr effectors (AvrSr35 and AvrSr50) were cloned by comparing induced or natural mutants to their wild type parents (Chen et al., 2017; Salcedo et al., 2017). The mutagenesis and screening methods described in these historical and recent studies, however, are lacking in detail and hence difficult to reproduce without significant investment in method optimization.

In the present study, we optimized procedures for generating mutant libraries of Pgt isolate UK-01, race TKTTF, using the chemical mutagen ethyl methanesulphonate (EMS) (Figure 1). We provide a detailed protocol on how to perform mutagenesis, identify the optimal concentration of EMS, select virulent mutants toward defined Sr genes, purify mutants, confirm their specificity and multiply purified spores for DNA extraction. We demonstrate this with screens against Sr43, Sr44, and Sr45 in wheat. In order to accurately identify EMS-induced mutations, we generated a draft genome assembly of the wild type Pgt isolate UK-01 and conducted whole-genome resequencing of eight EMS-derived monopustule mutants to calculate mutation density. Using these data, we make theoretical predictions on the number of independent virulence mutants that would require resequencing to identify causative mutations.




Figure 1 | Overview of the development, screening and analysis of Pgt ethyl methanesulphonate (EMS) mutants. Development of a Pgt mutant library starting with mutagenesis of the wild type (A.I), inoculation of 16 pots each containing seven susceptible wheat plants per EMS treatment (A.II), selection of two single pustule samples per treatment for spore increase, DNA extraction and sequencing (A.III), followed by spore harvesting from each separate pot resulting in 16 mutant spore bulks per treatment (A.IV). The 16 bulks were pooled to make four master bulks per EMS treatment (B.I) and each bulk was inoculated on eight pots containing seven plants of the Sr line of interest along with the Pgt wild type control. Virulent pustules were isolated (B.II), reinoculated onto the Sr line they were identified from (B.III), and pure, single pustules were isolated for bulking up for downstream experiments (B.IV) and sequencing (B.V). Sample pustules from each EMS treatment were sequenced to determine single nucleotide variant (SNV) rates, while virulent mutants can be sequenced and analyzed to identify Avr candidate genes (C.III).





Materials and Methods


Selection of Aegilops tauschii Lines Carrying Only Sr45, Sr46, or SrTA1662

The three genes, Sr45, Sr46, and SrTA1662, used to screen the mutant population were cloned from Ae. tauschii species (Steuernagel et al., 2016; Arora et al., 2019). To select the lines carrying only Sr45, Sr46, or SrTA1662, we inferred the presence of these genes by BLAST search (using a ≥ 99.8% identity and > 90% query coverage cut-off) in a panel of 151 Ae. tauschii accessions which had their NLR repertoires sequenced (Arora et al., 2019). In this way, we identified accessions carrying only one of the three genes – TOWWC0191 for Sr45, TOWWC0152 for Sr46 and TOWWC0017 for SrTA1662. These accessions were then screened with Pgt UK-01 and all lines were found to be resistant, indicating that Pgt UK-01 is avirulent toward Sr45, Sr46, and SrTA1662. These accessions are available from the Germplasm Resource Unit at the John Innes Centre, UK.



Identifying Wheat-Alien Sr Introgression Lines Resistant to Pgt UK-01

Wild type Pgt UK-01 (race TKTTF) urediniospores were harvested 28 days after inoculation (see below) of cv. Vuka following single pustule isolation. The freshly harvested spores were placed in vials plugged with cotton wool and dried for four days using silica beads at room temperature and then stored at −80°C until use.

Seedlings of wheat or Aegilops lines containing the Sr genes Sr22, Sr25, Sr33, Sr40, Sr43, Sr44, Sr45, Sr46, Sr51, Sr53, SrTA1662, Sr1644-1Sh, Sr2020, recurrent parents, and the universal susceptible control wheat cvs Vuka and Chinese Spring (Table 1) were prepared by sowing two pots per line, each containing eight seeds. The seedlings were grown in a controlled environment room in a 23°C, 16 h light/15°C, 8 h dark cycle. Upon emergence of the coleoptile at approximately six days after germination the plants were treated with 0.2 g/L Maleic hydrazide solution (Supplementary Table 1) which was applied as a 50 ml pot drench. This stunted plant growth and enhanced leaf width.


Table 1 | Pgt UK-01 infection types on Sr introgression lines and their recurrent parents, and Aegilops accessions predicted to carry single Sr genes.



For inoculations, urediniospores were taken from cold storage and “heat shocked” in a water bath at 45°C for 10 min. Each wheat or Aegilops line had three pots containing seven seedlings. The inoculum was applied to the leaves of the seedlings with an airbrush at a rate of 8 mg in 10 ml of 3 M™ Novec 7000™ Engineered Fluid (Novec) (Supplementary Table 1) for every eight pots (56 plants). Following inoculation, misting was conducted in the dark for 24 h at room temperature by placing the seedling pots in plastic bags and adding water to cover the bottom at a depth of about 5 cm. The open ends of the bags were sealed with cable ties. After 24 h, the pots were removed from the misting bags, re-bagged in breathable cellophane cross bottom bags fastened to the pots by elastic bands, and then transferred to the growth room with the previously described conditions. Phenotyping was conducted at 14 dpi using the Stakman Pgt phenotyping scale (Stakman et al., 1962).



Mutant Library Creation

We prepared sixteen pots of 12- to 14-day-old wheat seedlings of the universally susceptible cultivar Chinese Spring by sowing seven wheat seeds per 9 × 9 cm pot. The seedlings were grown in a controlled environment room as described above. For each EMS mutagenesis experiment, 200 mg of Pgt UK-01 urediniospores were “heat shocked” in a water bath (Supplementary Table 1) at 45°C for 10 min. Solutions of four EMS concentrations—0.015 M, 0.025 M, 0.05 M, 0.075 M plus a water control—were prepared in the fume hood with sterile H2O containing 0.01% Tween 20 in 50 ml Greiner tubes (Supplementary Table 1). We added 40 mg of urediniospores to each tube and gently shook the suspensions by hand every 20 min over 1 h and 20 min at room temperature. The spore suspensions were collected separately by gravity filtration through a Whatman cellulose filter paper (Supplementary Table 1). The spores on each filter paper were washed with 500 ml of water with 0.01% Tween 20. After the water had drained, the urediniospores were washed off the filter paper using sterile water with 0.01% Tween 20 into 30 ml Nalgene™ Oakridge tubes (Supplementary Table 1). All EMS contaminated apparatus was immersed in EMS inactivation solution (0.1 M NaOH + 10% w/v Na2S2O3) for at least 24 h in the fume hood.

We then proceeded to inoculate cv. Chinese Spring plants in a Class 2 biological safety cabinet using the mutagenized and control urediniospores suspended in water with 0.01% Tween 20. All 30 ml of the inoculum were used for each set of 16 pots containing a total of 112 plants (Figure 1). The procedures for misting and onward growth of the plants was as described above. At 12 dpi, three single pustules per treatment were randomly selected for bulking up and sequencing to determine mutation frequencies. After this, the cellophane bags (Supplementary Table 1) were bent sideways to allow the spores to collect in the bags, except for four randomly selected pots per treatment which were kept aside for conducting pustule counts at 14 dpi. At 35 dpi, the spores were collected from the cellophane bags. Spores were dried and stored as described above.



DNA Extraction and Whole-Genome Shotgun Sequencing

Sample pustules were harvested, diluted with Novec, and then inoculated onto four pots containing seedlings of cv. Vuka. The mono-pustule isolations were conducted twice. In the third cycle, 70–100 mg of urediniospores per sample were used for a CTAB DNA extraction. Urediniospores were mixed with 50 mg of glucose/sucrose mix and 50 mg sand and ground to a fine powder in a pestle and mortar. Prewarmed CTAB buffer (Supplementary Table 1) (50°C) was added to the ground mix followed by 10 µl proteinase K (20 mg/ml) and incubated at 50°C for 2 h with intermittent shaking. Another 10 µl proteinase K (20 mg/ml) was added followed by incubation at 50°C for 1 h. After this, 1 volume (V) chloroform:isoamyl alcohol (24:1) was added and the mix shaken vigorously and centrifuged at 5,000 g for 10 min. A total of 20 µl RNase (0.1 mg/ml) (Supplementary Table 1) was then added and incubated at room temperature for 1 h. A second chloroform:isoamyl extraction and centrifugation step was then conducted. DNA was precipitated from the aqueous phase using 1 V chilled (−20°C) isopropanol and left overnight in a −20°C freezer. DNA was pelleted by centrifugation at 16,000 g for 10 min. The DNA pellets were washed twice with 1 ml of 70% chilled ethanol and centrifuged at 16,000 g after each wash. The DNA pellets were dried and then suspended in 70 µl 1% TE buffer. DNA quantification and quality analysis was carried out using a Nanodrop™ spectrophotometer (ThermoFisher Scientific) and agarose gel electrophoresis and comparison to known concentrations of Lambda phage DNA. Illumina 350 bp insert library preparation and 150 bp paired-end whole genome shotgun sequencing was conducted at Novogene, Beijing or Genewiz.



MinION Library Preparation, Sequencing and Assembly

High molecular weight genomic DNA was obtained from Pgt UK-01 using a protocol developed by Nagar and Schwessinger (2018). All steps were followed with the following minor changes: Firstly, the mixture of the lysis buffer and ground spores was left to stand for 30 min before adding Proteinase K. Secondly, after recovering the aqueous phase from the first chloroform:isoamyl alcohol (24:1) step, 0.1 V of 3 M sodium acetate (pH 5.2) was added before DNA was precipitated using 1 V isopropanol, followed by pelleting at 16,000 g for 5 min, followed by washing the DNA pellet with 70% ethanol, drying and elution in 500 µl 10 mM Tris HCl. Thirdly, RNase digestion for 1 h followed by Proteinase K digestion was conducted according to the protocol before the second (final) chloroform:isoamyl alcohol (24:1) (Supplementary Table 1) step followed by DNA precipitation using 1 V isopropanol, pelleting, ethanol washing, DNA pellet drying as previously described and elution in 200 µl TE buffer. The DNA was then prepared for sequencing on the MinION sequencer (Oxford Nanopore Technologies, Oxford, UK). The DNA concentration was measured using a Qubit fluorometer (Thermo Fisher Scientific). A total of 305 ng of DNA was used as input for library preparation using the 1D Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies) carried out as per the manufacturer’s instructions. The resulting library had a total mass of 67 ng and was sequenced on the MinION using a FLO-MIN106D flow cell (Oxford Nanopore Technologies) with 1,378 pores available for sequencing, following the manufacturer’s instructions, for a total of 48 h.

Basecalling of the MinION reads was performed using Guppy v3.0.3 (https://community.nanoporetech.com) on CPU mode using the default parameters. Following basecalling, only reads longer than 1 kb were taken forward for genome assembly using Canu v1.8 (Koren et al., 2017) using the default parameters and an estimated genome size of 170 Mbp. Genome completeness was assessed using BUSCO v3. (Waterhouse et al., 2018) for the Basidiomycota fungal lineage on genome mode with Ustilago maydis as the reference species for gene prediction using Augustus v3.2.1 (Stanke and Morgenstern, 2005).



Polishing of the Nanopore Assembly

In order to polish the draft assembly, we generated PCR Illumina data by sequencing 250 bp paired-end Illumina reads with average insert size of 450 bp. We obtained three data sets containing a total of 19.7 Gbp which we aligned to the contigs of the Nanopore assembly using BWA-MEM 0.7.15 (Li and Durbin, 2009). The alignment results were sorted and duplicates marked using Picard 2.18 (Broad Institute, 2009) as the data were generated from PCR libraries. The alignment data were then used to improve the draft assembly using Pilon 1.23 (Walker et al., 2014) with the diploid setting and the default fix list: attempting to correct individual base errors, indel errors and local misassemblies, as well as fill gaps. This polishing workflow was repeated five times until the number of changes applied to the draft assembly plateaued. The resulting polished genome was re-assessed using BUSCO v3 (Supplementary Table 2) and used as the reference for downstream analysis.



Determining EMS Mutation Rates

Whole genome resequencing data from eight EMS-derived mutants consisting of 150 bp paired-end Illumina reads were aligned to the polished Pgt UK-01 genome assembly using BWA-MEM 0.7.15. As with other Illumina alignments, the results were sorted and duplicates marked using Picard 2.18. The GATK 3.8 (McKenna et al., 2010) IndelRealigner tool was then used to create the final BAM alignment files for each of the mutants. Variant calling was then carried out using two different tools, GATK 3.8 HaplotypeCaller and bcftools 1.6 within Samtools (Danecek et al., 2011), yielding two sets of results per sample. The results were filtered with a basic GATK hard filter, removing low-quality or low-depth calls using the filtering parameters Quality of Depth (QD) < 2 and Mapping Quality (MQ) < 40. The entire pipeline was carried out for each of the eight mutant samples separately.

Seven of the eight samples (B1, B2, C2, D1, D2, E1, E3) in both sets of variant calls were then passed through a filtering pipeline aimed at identifying EMS-induced SNVs. The eighth sample (A1) was the control not treated with EMS, therefore any variants called for it were assumed to represent heterozygous variants already present in the genome prior to applying the mutagen, and thus most likely shared with the other samples. Tersect 0.12 (Kurowski and Mohareb, 2020) was used to remove A1 variants from the other seven variant sets. Variants appearing in three or more of the samples were also removed, as identical mutations are unlikely to have been induced independently. Finally, the variants were filtered to remove all except SNVs known to be preferentially induced by the EMS mutagen, that is G to A and C to T transitions.

To eliminate likely false positives the two sets of variant calling results were then intersected, retaining only SNVs called by both GATK HaplotypeCaller and bcftools to create “high confidence” sets of SNVs for each mutant. These high confidence sets were then used to estimate the EMS mutation rate related to different concentrations of EMS used for each sample.



Calculating the Minimum Number of Independently Derived Pgt Mutants to Confidently Identify Candidate Avrs

For an unannotated genome to be used for comparative mutational genomics, every contig has to be treated as if it contains a potential gene candidate. If all the contigs in a given genome assembly are of length l, have the same GC content, and the canonical EMS mutations are distributed randomly across the assembly with a mutation density m, then, following the principles of binomial distribution, the probability (P) of a contig in such a genome assembly having mutations in n number of mutants by chance alone is:

	

where, l = length of the gene (number of bases)

m = mutation density (number of SNVs per base of the genome)

n = number of mutants

If the number of contigs of length l in such a genome assembly is G, then the number of contigs that are likely to have mutations in all n mutants by chance alone, i.e., the number of false positive candidates, F, is:

	

where, G = number of contigs in the assembly

P = probability of a contig in the assembly having mutations in all the surveyed mutants by chance alone.

Or, F = G × (lm)n

Given that the contigs of the UK-01 assembly have a uniform GC-content (Supplementary Figure S1), and assuming that the EMS SNPs are distributed evenly (Farrell et al., 2014; Shirasawa et al., 2016) the probability of a false positive candidate is therefore a function of the length of the contig.

Analyses of previously sequenced stem rust genomes have estimated that every 10 kb of the genome contains ~2 genes (Duplessis, 2011; Li et al., 2019). Thus, contigs of 10 kb or more can potentially complicate the search for candidate genes with mutations in all the mutants, as some of the mutants could have mutations in one gene within the contig while the other mutants could have mutations in the other gene. Therefore, to make our calculations, we chopped the contigs that were larger than 5 kb into smaller 5 kb contigs. The resultant chopped assembly contained contigs ranging from 1.001 - 5.999 kb. Since the equation for false positive number calculations only holds for contig lengths of roughly equal sizes, the UK-01 assembly contigs were divided according to their sizes into bins of 100 bp range, i.e., 1,000–1,100 bp, 1,100–1,200 bp, 1,200–1,300 bp and so on. The number of false positives within each bin was calculated using the formula for determining the value of F, where l = average length of contig in that bin, and G = number of contigs in that bin, and n = 1. In this way, the number of false positives was calculated for each bin and then these values were summed up to give the overall number of false positives from the whole assembly. If the number of false positives equalled a number greater than or equal to 1, then the value of n would be increased by 1 and the exercise repeated until the value of F was less than 1. The value of n for which F equals less than 1 is thus considered as the minimum number of mutants required to identify a candidate gene through comparison of re-sequenced mutant genomes. The calculation of the GC content of the contigs, division of the assembly into contig-length bins and iterative calculations of false positives were performed using custom code.



Screening for Gain-of-Virulence on Sr44, Sr43, and Sr45

We conducted the screen for gain-of-virulence pustules sequentially on each Sr line and per mutant batch and bulk. For each treatment, the sixteen vials of independent mutants were pooled into four bulks (a total of 16 bulks for all mutants across treatments) (Figure 1). Seedlings of introgression lines were prepared as eight pots per mutant bulk using the same Maleic hydrazide treatment as described above. For inoculations, 8 mg of spores for each Pgt bulk and the wild type control were weighed and then heat-shocked. Following this, the spores were suspended in Novec at a rate of 8 mg of spores in 10 ml Novec per eight pots (56 plants) using an airbrush. Misting, bagging and plant growth conditions were as described above. Gain-of-virulence pustules were recovered at 16 dpi, dried for four days using silica beads and stored at −80°C and then used to inoculate the lines on which they were identified. Pustules that maintained their phenotype were then isolated and bulked up on the lines they were identified on for further experiments.



Race Typing of Sr43 Gain-of-Virulence Mutants

Virulent pustules were purified, multiplied and inoculation of the stem rust differential set was conducted as described above in the Pgt mutant screen for virulent candidates. Race phenotyping was carried out at 16 dpi.




Results


Identification of Sr Genes Which Provide Effective Resistance to the Pgt Isolate UK-01

To select Pgt mutants with induced mutations in a defined Avr gene requires a wheat line in which the corresponding Sr gene has been genetically isolated in a background which is susceptible to the Pgt isolate chosen for mutagenesis. To identify such Sr gene stocks for the Pgt isolate UK-01 which was designated race type TKTTF according to the North American nomenclature (Lewis et al., 2018), we inoculated: (i) ten wheat lines with chromosome segments carrying defined Sr genes from wild wheats (wheat-alien introgression lines), (ii) the wheat recurrent parents used for Sr introgression, (iii) two Ae. tauschii accessions predicted to carry only Sr46 or SrTA1662 (Arora et al., 2019), one Ae. sharonensis accession carrying Sr2020, and (iv) the respective susceptible and resistant control wheat cultivars Vuka and Kavkaz/Federation4 (Sr31) (Table 1, Supplementary Table 3). The comparison of infection types between an introgression line and its recurrent parent provided a basis for selection of the Sr genes most effective against UK-01 and a reference for the expected infection type of gain-of-virulence Pgt mutants (i.e., an infection type close to or equal to that of the recurrent parent). The phenotypes were assessed using the 0 to 4 scoring scale (Stakman et al., 1962). Scores from 0 to 2+ were considered avirulent, while scores from 3 to 4 were considered virulent. In total, ten Sr introgression lines and three Aegilops accessions exhibited a resistance response of 2+ or less (Figure 2). The resistance conferred by Sr44 fully suppressed pustule development resulting in a fleck (;) infection type (IT) whereas its recurrent parent cv. Angus had an IT of 4. The lines Sr22 (IT 1+2), Sr33 (IT 22+), Sr40 (IT ;1–), Sr43 (IT 1+), Sr44 (IT ;), Sr45 (IT 1–), Sr53 (IT 1), Sr2020, and SrTA1662 (IT 1–), were considered suitable for selecting virulent mutant pustules because of their low IT compared to lines not carrying the respective Sr gene (Table 1). In contrast, Sr1644-1Sh (IT 1–) and Sr25 (IT ;1) were not shortlisted as their recurrent parents Zahir and Louise, respectively, both exhibited ITs of ;1– and 1– to Pgt isolate UK-01 (Figure 2). In conclusion, we identified eleven Sr gene lines that exhibited sufficient resistance against the wild type Pgt isolate utilized to allow detection of gain-of-virulence mutant Pgt pustules.




Figure 2 | Infection types (Stakman et al., 1962) of Pgt UK-01, race TKTTF against nine Sr genes. Pgt UK-01 infection types scored at 14 dpi on a panel of wheat recurrent parents and their wheat-alien introgression progeny carrying single defined Sr genes, plus resistant Sr31 (cv. Kavkaz/Federation4) and susceptible (cv. Vuka) control lines. Sr40 exhibited strong resistance as opposed to its recurrent parent Westonia, which was susceptible. Sr33 exhibited moderate resistance, while Sr43, Sr45, and Sr53 displayed strong resistance as opposed to their recurrent parent Chinese Spring, which was susceptible. Although Sr25 showed strong resistance, its recurrent parent Louise also exhibited strong resistance. Sr44 and its recurrent parent Angus displayed distinct resistant and susceptible ITs. Both Sr1644-1Sh and its recurrent parent Zahir were resistant. Sr22 was resistant while its recurrent parent Schomburgk (not shown) was susceptible. Pgt UK-01 was avirulent on the resistant control Sr31. Introgression lines are grouped in the same box with their recurrent parents except for Sr22 and Sr31. The scale bar represents 1 cm.





Development of the Mutagenesis Procedure

We conducted two Pgt mutagenesis experiments by incubating urediniospores in 0 M, 0.015 M, 0.025 M, 0.05 M, and 0.075 M EMS and inoculating the mutagenized spores onto 12 to 14-day old seedlings of the susceptible host cv. Chinese Spring (Figure 1A, I–IV). To determine the effect of EMS mutagenesis on spore viability, we counted the number of pustules appearing on seven seedlings from each EMS treatment as well as the water control at 13 days post inoculation (dpi) (Supplementary Tables 4 and 5). Analysis of pustule count as a function of EMS concentration revealed a clear decline in pustule survival as the EMS concentration increased (Figure 3).




Figure 3 | Pustule survival as an effect of different concentrations of the chemical mutagen ethyl methanesulphonate. Spores of Pgt UK-01 were subjected to different concentrations of ethyl methanesulphonate (EMS) and inoculated onto leaves of 12-day-old wheat seedlings of the susceptible cultivar Chinese Spring. For each EMS treatment, 4 of 16 pots were picked at random. Each pot contained seven plants. Pustules were counted at 14 dpi. The results from two independent experiments are displayed in [A, (EMS experiment 1)] and [B, (EMS experiment 2)]. Asterisks indicate significant differences between treatments and null control according to Fishers LSD test (A, P=0.001; B, P=0.000).



Five weeks after inoculation, the resultant spores were harvested separately for each pot of seven seedlings. In each of the two EMS experiments, 16 pots were harvested per EMS concentration making a total of 128 mutant harvests (2 EMS experiments × 4 EMS concentrations × 16 pots = 128 harvests). The 16 mutant collections from each EMS concentration were then combined into four bulks to give a final set of 32 bulks—16 from each experiment. Based on the pustule counts at 14 dpi, we estimate that we obtained a total count of 10,520 and 2,496 mutant pustules in mutagenesis experiments 1 and 2, respectively (Supplementary Tables 4 and 5). Following this, the mutant population consisting of ca. 13,016 pustules was screened against selected Sr genes to identify candidate Avr genes.



Sequencing and Assembly of the Wild Type UK-01 Reference Genome

We performed long-read sequencing of genomic DNA extracted from urediniospores of the wild type Pgt UK-01 isolate using the Oxford Nanopore MinION platform. We obtained 5.22 Gb of raw data, equivalent to an estimated 30-fold coverage of the ~170 Mbp dikaryotic Pgt genome (Li et al., 2019). The average read length was 2.58 kb, while the minimum and maximum read lengths were 0.08 and 51 kb, respectively (Supplementary Table 2). Only reads of a length greater than 1 kb were taken forward for assembly. We also generated 19.7 Gb of Illumina short read data from one 450 bp insert library with 250 bp paired-end reads. We first assembled the MinION reads with Canu and obtained an assembly size of 163.4 Mbp with 4,902 contigs and an N50 of 53.3 kbp (Supplementary Table 2). Assessment of genome completeness revealed that the Nanopore-only assembly contained over 93% of conserved fungal BUSCO genes (Supplementary Table 2). We then improved the assembly by incorporating the Illumina reads. Following polishing, the final assembly size was 164.3 Mbp. We therefore estimate that we assembled 96.6% of the ~170 Mbp dikaryotic Pgt genome.



EMS-Induced Mutation Frequency in the Pgt Genome

To determine the genome-wide mutation density, we collected eight random pustules from the first EMS population (one to two pustules per EMS treatment) for mono-pustule isolation (Figure 1A, III) and sequencing (Figure 1C, I–III),. We aligned the raw reads for each of the mutants to the final wild type genome assembly and called single nucleotide variants (SNVs). To reduce the false discovery rate, we filtered the SNVs to (i) remove those SNVs which occurred in the nonmutated control, (ii) remove those SNVs that occurred in three or more mutants, and (iii) keep only the G:C to A:T transition mutations which typically account for around 98% of EMS-induced mutations (Lebkowski et al., 1986; Krasileva et al., 2017). The number of SNVs called by GATK (McKenna et al., 2010) per mutant genome ranged from 1,490 to 2,289, reflecting a G/C to A/T transition density per treatment of 1 per 103 kb for 0.015 M, 1 per 97 kb for 0.025 M, 1 per 87 kb for 0.05 M, and 1 per 80 kb for 0.075 M, which was similar in number to those called by SAMtools (Li et al., 2009) (Table 2). We then looked for overlap in the SNVs determined by GATK and Samtools to identify high confidence SNVs. This provided a high confidence SNV density of 1 per 404 kb for 0.015 M, 1 per 393 kb for 0.025 M, 1 per 239 kb for 0.05 M, and 1 per 182 kb for 0.075 M. The SNV densities were positively correlated with the EMS concentration (r2 = 0.9, in the case of the high confidence SNV densities) (Supplementary Table 6). The density of total, nonreduntant SNVs per treatment (i.e., high and low confidence SNVs identified by either program) ranged from 1 SNV per 56 kb to 1 SNV per 44 kb.


Table 2 | Mutation frequency per ethyl methanesulphonate (EMS) treatment.



We calculated the minimum number of independently derived gain-of-virulence mutants required for sequence comparison with each other in order to identify the causative mutations and clone an Avr gene with confidence. We considered (i) a 5 kb window for contigs larger than 5 kb given that there is on average 1 gene per 5 kb in Pgt (Duplessis, 2011; Li et al., 2019), (ii) an observed mean GC content of 42.9% (with a standard deviation of 3.8%) per contig/window in Pgt UK-01 (Supplementary Figure S1), and (iii) the density of the SNV overlap determined by GATK and Samtools (Table 2). The total number of false positives (i.e., 1–5 kb windows with mutations in all compared mutants by chance alone) was then calculated for analysis using from 1 up to 10 gain-of-virulence mutants according to the principle of a binomial distribution. As a result, we determined the minimum number of independently derived Pgt mutants required to reduce the probability of calling false positives to zero was three across all EMS treatments (Table 2). This number was five when identifying causal gene Avr mutations using low confidence SNVs (Table 2). The higher number based on the total SNVs across both GATK and Samtools (i.e., nonreduntant SNVs) sets the minimum target for identification of gain-of-virulence mutants during Pgt mutant screens.



EMS Mutagenesis of Pgt UK-01 Allows Recovery of Mutants With Stable Virulence to Sr43 and Sr45, but Not Sr44

We screened the Pgt mutant population from Experiment 1 comprising 10,520 independent pustules on the wheat-Th. intermedium Sr44 introgression line. We identified four weakly virulent mutant pustules which displayed an IT of 1+ at 21 dpi (Figure 4A, mutants M-1 and M-2; Supplementary Table 7). However, the IT of these mutants reverted to wild type (;) after multiplication and re-inoculation onto Sr44. We then proceeded to screen both mutant libraries, i.e., 13,016 Pgt mutants, on the wheat-Th. ponticum Sr43 line. Here we obtained nine gain-of-virulence mutants at 16 dpi (Figure 4B). Each virulent mutant had an IT of at least 3 or 4 while the IT of the wild type Pgt isolate UK-01 on Sr43 was 1+ (Figure 4B, Supplementary Table 7). The mutant ITs became distinguishable from that of the wild type at 12 dpi with the pustules reaching full size at 16 dpi. Finally, we screened the 13,016 mutant pustules against Sr45 (either the wheat-Ae. tauschii Sr45 stock, or the Ae. tauschii lines predicted to only contain Sr45) and identified fourteen virulent mutants with ITs ranging from 2 to 4 (Figure 4C, Supplementary Table 7). The avrSr43 and avrSr45 mutants maintained their virulence after multiplication and re-inoculation onto the Sr43 and Sr45 stocks, respectively. When inoculated onto the cv. Chinese Spring recurrent parent the virulent mutants did not show any change in pustule color or morphology compared to that of the wild type, Pgt isolate UK-01. However, some of the mutants grew more slowly and produced fewer spores than the wild type likely due to background mutations affecting fitness.




Figure 4 | Pgt UK-01 EMS mutants with virulence to Sr44 [A], Sr43 [B] and Sr45 [C]. Virulent Pgt UK-01 mutant pustules obtained on Sr44, Sr43, and Sr45 were visually assessed at 16 dpi. Each mutant within a series was obtained from different mutant bulks and they were only selected if the pustule size was significantly larger than that of the wild type Pgt UK-01 control. Pustule infection type on the controls indicate resistance, Sr44 IT ; [A], Sr43 IT +1 [B] and Sr45 1- [C]. Scale bar represents 1 cm.





Pgt Mutants Virulent on Sr43 Maintain the Same Virulence Profile as the Wild Type on the International Standard Differential Set

To test virulence specificity, we selected eight mutants with a gain-of-virulence on Sr43 and inoculated them (alongside the Pgt UK-01 wild type control) onto the stem rust international differential set consisting of twenty lines with single defined Sr genes (Stakman et al., 1962). Infection types were observed between 14 and 16 dpi (Supplementary Table 8). Wild type Pgt UK-01 had low infection types on three (Sr11, Sr24, and Sr31) of the 20 lines, and the ITs of the nine mutants were indistinguishable from the wild type. Thus the mutants had the same race designation of TKTTF as defined by their virulence profile on the differential set. The mutants showed no additional virulence compared to the wild type on the 20 lines, apart from differing in Sr43.




Discussion

The rapid advance of next-generation sequencing and computational technologies has enabled the cloning of several major dominant Sr genes and many more are in the process of being cloned (Keller et al., 2018; Periyannan, 2018). This has made the engineering of multi-Sr gene stacks for durable stem rust resistance a possibility. In contrast, the cloning of corresponding Pgt Avr genes has lagged behind as they do not have defined sequence signatures (unlike the R genes) making sequence analysis to identify Avrs difficult. To circumvent this and accelerate Pgt Avr gene cloning, we have outlined a procedure to generate mutant populations of Pgt spores and select for multiple gain-of-virulence mutants toward targeted Sr genes. Our work builds on historical studies from the ‘60s and ‘70s where chemical mutagens were used to obtain rust isolates virulent against R genes in oat and wheat (Teo and Baker, 1966; Luig, 1978). We innovated the development of bulks of mutant Pgt spores, creating a resource which enables screening against several R genes without the need for multiple rounds of spore bulking and mutagenesis.


Identification of Effective Sr Gene Lines to Clone Corresponding Avr Genes

We tested 13 Sr genes for their efficacy in controlling wild type Pgt UK-01 in order to identify Sr gene targets suitable for Pgt gain-of-virulence screens. The ITs of the Pgt UK-01 isolate on the 13 lines predicted to carry single Sr genes of interest that met the cut-off criteria ranged from necrotic fleck (;) to intermediate resistance (2+) (Stakman et al., 1962). However, two of these 13 Sr genes, Sr1644-1Sh and Sr25, were not shortlisted because their recurrent parents Zahir and Louise had an IT of 1+2– indicating the presence of background resistance. Additional resistance in the recurrent parents would significantly reduce the probability of obtaining gain-of-virulence Pgt EMS mutants because it would require the rare simultaneous loss of more than one Avr.

Some of the shortlisted introgression lines carry Sr genes which have been previously cloned, including Sr22, Sr45 (Steuernagel et al., 2016), Sr33 (Periyannan et al., 2013), and Sr46 (Arora et al., 2019). These present an opportunity for faster functional validation of the genetic interaction of corresponding Sr-Avr pairs by transient coexpression in wheat protoplasts (Saur et al., 2019), by virus-induced overexpression in leaves of seedlings (Bouton et al., 2018) or in a heterologous system like Nicotiana benthamiana (Salcedo et al., 2017). Furthermore, with the exception of Sr22, these Sr genes have not yet been deployed and provide resistance to races that are predominant in areas where Pgt is prevalent. Examples include: Sr33 (Periyannan et al., 2013), Sr43 (Yu et al., 2017) and Sr45 (Steuernagel et al., 2016). In summary, 11 Sr gene lines which displayed a stronger resistance than their respective recurrent parent background were identified as suitable for selecting gain-of-virulence mutants.



Creation of Pgt Mutant Libraries for Screening on Target Sr Introgression Lines

We present a robust and detailed step-by-step method for creating mutant Pgt libraries which can be returned to again and again as a resource for multiple mutant screens. We introduced a step where we inoculated mutagenized spores onto a susceptible cultivar, Chinese Spring, for propagating large amounts of mutant spores. Bagging of individual pots containing inoculated Chinese Spring plants prevented cross contamination and the spores from each pot were harvested separately. Creating a population of Pgt mutants allowed us to screen multiple Sr lines sequentially in a confined containment space, reduced the need for multiple rounds of mutagenesis and made extended use of the limited starting material of 400 mg of wild type urediniospores (including the control) in both experiments.

In previous Pgt EMS mutagenesis studies, freshly mutagenized spores were directly inoculated onto resistant plants carrying defined Sr genes (Teo and Baker, 1966; Luig, 1978; Salcedo et al., 2017). This requires a large amount of initial inoculum and generation of a new mutant library at the start of any new screen. In contrast, a mutant urediniospore library can be aliquoted and stored for long periods of time in a −80°C freezer or liquid nitrogen. We harvested mutant spores separately from each of the 16 pots per EMS treatment and pooled them into batches of four per EMS treatment (to create 16 bulks per experiment). This strategy allowed us to select independently derived gain-of-virulence mutants on either Sr43 or Sr45 as only one virulent pustule was selected per mutant bulk. This is an important consideration as multiple independent mutants are required to identify causative mutations through identification of a gene which is mutated in all or most individuals (Sánchez-Martín et al., 2016).

During mutant library creation, we observed a decline in pustule numbers with increasing EMS concentration (Figure 3) concomitant with a slight increase in high confidence SNV density from 1 SNV per 484 kb at the lowest EMS concentration to 1 SNV per 165 kb at the highest concentration (Table 2). This suggests a potential increase in deleterious mutations with increasing G/C to A/T mutation densities. The average mutation rate of 1 SNV per 258 kb for high confidence SNVs gave us the assurance that the mutagenesis had worked and screening for candidate loss of effector function mutants would be possible. In the previous Pgt mutagenesis screen which led to the cloning of the AvrSr35 effector, the mutation density ranged from 1 SNV per 2,152 kb to 1 SNV per 10 kb with the average mutation rate being 1 SNV per 77 kb (Salcedo et al., 2017). Our mutation density for the nonredundant SNVs was slightly higher, but fell within the previously observed range between 1 SNV per 44 kb and 1 SNV per 54 kb. This 1.3-fold increase in the nonredundant SNV mutation density that we observed between the lowest and highest EMS concentration resulted in a 5 to 8-fold decrease in pustule number. However, there was no discernable difference in the frequency of obtaining gain-of-virulence mutants between the different EMS concentrations (expressed as number of mutants obtained per 106 SNVs screened, Supplementary Tables 4 and 5). Therefore, the lower EMS concentrations used here are ideal for use in Pgt forward genetic screens because these concentrations maximize spore survival against only a minor decrease in mutation density.

We proceeded to screen the mutants on Sr43 and Sr45. From these screens, we identified multiple gain- of-virulence mutants on introgression lines carrying Sr43 (11 mutants) and Sr45 (14 mutants). This suggests that the Pgt UK-01 isolate is likely heterozygous for the corresponding effectors. In contrast, we did not obtain any bona fide mutants for Sr44, suggesting that Pgt UK-01 may contain two functional copies of AvrSr44 or that the introgressed Th. intermedium segment carries more than one Sr gene effective toward Pgt UK-01. Based on the average mutation rates within the Pgt genome, we calculated that at least three independently derived mutants would be required to clone a candidate Avr gene when considering high confidence SNVs, while five mutants are the minimum number when considering the high and low confidence SNVs. This assumes a “gene-for-gene” Avr-Sr interaction (Flor, 1955) whereby the change in Pgt phenotype in all the mutant gain-of-virulence individuals identified per Sr line can be attributed to a mutation in the corresponding Avr (rather than a second site suppressor of an Avr gene function) (Melania et al., 2020). The phenotypes of the gain-of-virulence mutants had no distinct differences from wild type Pgt UK-01 on Chinese Spring, the recurrent parent for both the Sr43 and Sr45 introgression lines. Teo and Baker (1966) observed a small number of EMS mutants of P. graminis f. sp. avenae on resistant lines, which developed teliospores early, while (Luig, 1978) obtained some Pgt pustules that were yellow or orange. Such phenotypes were not reported in Pgt mutants by Salcedo et al. (2017), nor in the present study.

Race typing of the Sr43 gain-of-virulence mutants on the stem rust international differential set containing lines carrying 20 single Sr genes confirmed that the mutants retained the same TKTTF race designation of the wild type. This indicated that the gain-of-virulence observed was likely due to loss of a single effector gene (AvrSr43) rather than contamination from other isolates – as Pgt UK-01 was the only isolate used in the area where our experiments were conducted and Pgt UK-01 is the only isolate present in the UK (Lewis et al., 2018) – or gross genetic aberrations taking out multiple Avr genes. In this study, the general conservation in virulence profiles between the Pgt wild type isolate and mutants also provides further support to these being genuine derived mutants rather than potential contaminants.

We observed (but did not quantify) that some virulent mutants did not sporulate well during multiplication of pure spores for additional experiments. This did not correlate with the EMS dosage used to generate the mutants. In the example of mutants identified on the line with Sr43, mutant M-7 was derived from a bulk developed using 0.075 M EMS and was more prolific in spore production than M-3, derived from 0.025 M EMS. Thus, M-3 required two or three rounds of multiplication to produce the equivalent amount of spores. This is likely due to second-site mutations in M-3 which reduced fitness.

In summary, we have developed a detailed protocol for obtaining Pgt gain-of-virulence mutants. We demonstrate this by obtaining gain-of-virulence mutants toward either Sr43 or Sr45. This work, coupled with the ability to obtain and analyze whole genome sequence data of multiple virulent mutants (Salcedo et al., 2017) presents an opportunity to clone the Avrs corresponding to Sr43 and Sr45. Beyond this work, this method can be applied to obtain mutants in other Avr genes of Pgt as well as for other fungal pathogens with haploid genomes that can be propagated using asexual spores. With time, we expect the near complete pan-genome complement of Pgt Avrs to be cloned. This will facilitate large-scale sequence-based monitoring of Pgt virulence in the field and predictive breeding, including the creation and deployment of efficient stacks to control this important pathogen.
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Foliar fungal diseases may cause important losses on yield and quality of wheat (Triticum aestivum L.). They may impact crop growth rate differently, modifying nitrogen (N) dynamics and carbohydrate accumulation in the grain. The relationship between N and carbohydrates accumulation determines the grain protein concentration, which impacts the gluten concentration and rheological properties of the wheat flour. In addition, types of fungicides and N fertilization can influence the intensity of foliar diseases and have an effect on the milling and end-use quality, depending on the bread-making aptitude of the genotypes, the nutritional habit of the pathogen involved, the amount and time of infection, environmental factors, and interactions between these factors. In that way, N fertilization may modify the severity of the diseases according to the nutritional habit of the pathogen involved. Some fungicides, such as strobilurins and carboxamides, produce high levels of disease control and prolong the healthy leaf area duration, which translates into important yield responses, potentially compromising the grain protein concentration by additional carbohydrate production, with consequences in the bread-making quality. Furthermore, infections caused by biotrophic pathogens can be more damaging to N deposition than to dry matter accumulation, whereas the reverse has been generally true for diseases caused by necrotrophic pathogens. The time of infection could also affect yield components and N dynamics differentially. Early epidemics may reduce the number of grains per area and the N remobilization, whereas late epidemics may affect the thousand kernel weight and mainly the N absorption post-flowering. A review updating findings of the effects of infections caused by foliar fungal pathogens of different nutritional habits and the incidence of several factors modifying these effects on the above-ground biomass generation, N dynamics, protein and gluten concentration, milling, rheological properties, loaf volume, and other quality-related traits is summarized. Three main pathogens in particular, for which recent information is available, were taken as representative of biotrophic (Puccinia triticina), necrotrophic (Pyrenophora tritici-repentis), and hemibiotrophic (Zymoseptoria tritici) nutritional habit, and some general models of their effects are proposed. New challenges for researchers to minimize the impact of foliar diseases on end-use quality are also discussed.
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INTRODUCTION

Meeting the growing demand for food and increasing the nutritional quality of crops over the next 30 years will be challenging, given the rapid population growth (FAO, IFAD, UNICEF, WFP, and WHO, 2019). Bread wheat (Triticum aestivum L.) is an important portion of the standard diet for many people in most countries where it is consumed regularly as a main source of calories. Wheat also provides a number of components that are essential for health, notably protein, vitamins (mainly B vitamins), dietary fiber, and phytochemicals (Shewry and Hey, 2015). Yield potential and attainable yield in wheat, which are affected by biotic and abiotic stresses, must dramatically increase in future years to meet the forecasted world demand; this increase should be accompanied by improved nutritional quality.

Wheat quality is a complex concept. It is defined in terms that represent value to a specific end-user, i.e., wheat quality is perceived differently, depending on the stakeholders of the wheat value chain. Farmers will value a wheat variety that produces high yields and allows them to allocate the harvested grain at the highest price in the market, whereas millers will focus on getting high flour yields during milling. For their part, manufacturers will put emphasis on (i) processing quality, which is the aptitude of a particular variety to be processed at a low cost to obtain a constant result, and (ii) the end-use quality, which is the ability to produce a specific product that meets consumer requirements. For millers, grain hardness and density (test weight) are important parameters of milling quality (Guzmán et al., 2016), whereas for processing as well as end-use quality, grain hardness, grain protein concentration (GPC), gluten quality, and quantity affecting rheological properties are important. Furthermore, nutritional quality, which is important for physical health, is becoming a priority for food producers (Köpke, 2005).

The main components of the endosperm of grain wheat are starch and protein. Starch, which is composed of amylose and amylopectin, is the key factor determining wheat yield, accounting for 65 to more than 80% of grain weight (Hurkman et al., 2003). The starch physicochemical properties are influenced by the ratio of amylose to amylopectin (about 25–30% to 70–75%) which are essential for the end-use quality. Carbohydrates in the grains mainly come from photosynthesis during the grain filling (Blum, 1998). The other important storage compound of the wheat grain is protein-related with the nitrogen (N) dynamics and accounts for 10–15%, whose composition is essential for flour quality (Li et al., 2018). The deposition and redistribution of N are crucial processes regulating grain yield and grain quality in wheat (Gaju et al., 2014). High uptakes of N are critical for obtaining high grain yields or high grain quality (Barraclough et al., 2014). Nitrogen grain yield is mainly derived from (i) the amount of N accumulated in the plant previous to anthesis and remobilized to the filling grains (N remobilization; NREM); (ii) the N uptake from the soil after anthesis (N post-anthesis absorption; NPA), and (iii) the redistribution during grain development (Masclaux-Daubresse et al., 2010; Gaju et al., 2014). An important amount of N in mature grains (50–95%) comes from the NREM (Palta and Fillery, 1995; Kichey et al., 2007), the main sources of which are stems and leaves (Critchley, 2001). Furthermore, NPA can provide between 5 and 50% of grain N (Van Sanford and MacKown, 1987; de Ruiter and Brooking, 1994), depending on the N available in the soil, environmental conditions, and the effect of abiotic-biotic stresses during this period (Palta et al., 1994; Barbottin et al., 2005).

Prolamins consisting of gliadins and glutenins account for 70–80%, while the non-prolamin part, including albumins and globulins, accounts for 20–30% (Tasleem-Tahir et al., 2012). Prolamins are the main storage proteins and condition the viscoelasticity of dough. In contrast, non-prolamins, called metabolic proteins, are important in cellular metabolism and contain more essential amino acids important for human health, such as aspartate, threonine, lysine, and tryptophan compared to prolamins (Tasleem-Tahir et al., 2012). Nonetheless, some studies have also reported high-molecular-weight albumins and certain globulins having a storage function (Gao et al., 2009; Dong et al., 2012). Albumins and globulins are accumulated first, during the first 10 days after the anthesis (Gupta et al., 1991; Stone and Nicolas, 1996). Although they accumulate through the whole grain-filling development stage, they represent a low percentage of the total protein amount at physiological maturity. This is because, after that, the accumulation of reserve proteins accounting for the highest percentage of the total amount at maturity starts (Stone and Savin, 1999; Triboi et al., 2003). There are suggestions in the literature about the influence of certain albumins on rheological properties of wheat flour dough, especially those associated with water absorption and resistance to extension (Osipova et al., 2012; Tomić et al., 2015). However, gluten proteins are primarily responsible for the viscoelastic properties of dough and ultimately the processing and end-use quality of wheat. Gluten is mainly composed of gliadins, soluble in alcohol, and glutenins, insoluble in alcohol–water solutions. Gliadins are the first reserve proteins deposited, around 5–10 days after fertilization, whereas glutenins are detectable 20 days after fecundation; both accumulate at the end of grain-filling (Panozzo et al., 2001; Figure 1). Gliadins provide the extensibility and viscosity of the dough, while glutenins contribute to elasticity and dough strength (Wieser, 2007). Equilibrium between gliadins and glutenins is advantageous to attain dough that does not need excessive mixing energy to reach peak development (Stone and Savin, 1999). Therefore, any factor affecting the length and rate of the grain-filling period may alter protein composition and reduce the GPC, thus modifying the dough properties (Jamieson et al., 2001).
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FIGURE 1. General scheme of protein fractions (A) and dry matter accumulation (B) in the wheat grain as a function of the days after anthesis (Phase 1: cell division, Phase 2: cell enlargement, and Phase 3: dehydration and grain maturation). Reproduced from Stone and Nicolas (1996) with permission from CSIRO Publishing.


The gluten constitution of a wheat-flour sample is set by the genotype, due to the configuration of the three high-molecular-weight glutenins (HMW-GS) subunits, the three low-molecular-weight glutenins subunits (LMW-GS), and six gliadin-coding loci (Wrigley et al., 2006). The gluten quantity is generally correlated with the GPC that is more influenced by growing conditions determined by temperature, rainfall, and soil fertility, as well as harvest, storage, and transport. Interactions between genotype and environment also have significant influence on wheat quality as some cultivars are more affected by growing conditions than others (Wrigley, 2009).

The interaction between different components of the wheat grain determines the processing and end-use quality. The growth of wheat grain is sigmoidal, beginning with a short lag phase when cells in the endosperm divide rapidly with little increase in dry weight, which determines the potential size of the grain (Brocklehurst, 1977; Hunt et al., 1991). During this lag phase, the sites where starch and proteins will accumulate are formed, and the first traces of starch and protein, mainly metabolics and gliadins, appear. This phase is followed by a longer and more rapid filling period when dry weight increases as a linear function until a maximum dry weight is attained (Brocklehurst, 1977; Jenner, 1991), at the end of which the rate of dry matter accumulation slows until physiological maturity when no further addition is made to grain weight (Figure 1).

Although considerable attempts have been made to further understand abiotic stresses, including N nutrition on milling, processing, and end-use quality of wheat (Triboi et al., 2000; Nuttall et al., 2017), there is less known about the effect of biotic factors, such as genotypic resistance to fungal diseases and their interaction with N fertilizers and fungicides on crop N dynamics, GPC, gluten content, milling, and dough properties, which have been only partly addressed in recent years.

Wheat diseases are responsible for 10–28% of yield losses worldwide (Bockus et al., 2001; Figueroa et al., 2018; Savary et al., 2019). Among them, foliar diseases have crucial importance. Foliar diseases caused by fungi-like rusts [stripe (yellow) rust Puccinia striiformis f. sp. tritici Westend., leaf rust Puccinia triticina Eriks], Septoria leaf blotch (Zymoseptoria tritici P. Crous), and powdery mildew (Blumeria graminis f. sp. tritici (DC. Speer) are ranked among the most important ones worldwide (Dean et al., 2012). Other important foliar wheat diseases are tan spot (Pyrenophora tritici-repentis (Died.) Drechs, anamorph Drechslera tritici-repentis (Died), spot blotch (Cochliobolus sativus S. Ito & Kurib., anamorph Bipolaris sorokiniana (Sacc.) Shoemaker), and Septoria nodorum blotch (Phaeosphaeria nodorum (Müller) Hedjar, anamorph Parastagonospora nodorum (Berk.) Quaedvl., Verkley & Crous).

Foliar diseases may influence the dynamics of carbohydrates and N, which determine grain yield and quality (Gaju et al., 2014). In addition, management practices such as N fertilization, genotypes, and fungicides may impact these effects in a differential way. Nitrogen fertilization may influence the severity caused by fungal diseases, generally increasing grain yield and modifying N dynamics and end-use quality (Castro et al., 2018; Schierenbeck et al., 2019a,b,c). Furthermore, fungicide applications can increase yield and cause a differential effect on the N remobilization, processing, and end-use quality parameters, depending on the nutritional habit of the pathogen (Fleitas et al., 2018a,b; Schierenbeck et al., 2019a,b,c). Moreover, the effects of fungicides on NREM and end-use quality can be different according to the type of fungicides used, due to their variable effects on leaf senescence and grain yield. Triazoles, which are characterized by a lively inhibitor of ergosterol, are one of the foremost groups of fungicides available to control foliar diseases in wheat. They are usually utilized in combination with strobilurins, which are synthetic derivatives produced by the Basidiomycete fungus Strobilurus tenacellus (Pers.), with a wide antifungal spectrum. Bayles (1999) mentioned that strobilurins could cause substantial yield increases, higher than those produced by conventional fungicides, because they have an ethylene-synthesis-inhibition property, which can cause a delay in leaf senescence. Furthermore, the incorporation of carboxamides (succinate dehydrogenase inhibitors) in triazole-strobilurin mixtures has resulted in better control of some foliar wheat diseases, such as tan spot and leaf rust (Fleitas et al., 2018a,b). On the other hand, the effects of fungal diseases and consequently of fungicides used to control them on GPC may vary according to the end-use quality of genotypes used (Puppala et al., 1998; Dimmock and Gooding, 2002c; Castro and Simón, 2016).

A review of the effects of fungal foliar diseases with different nutritional habits on crop dynamics, protein and gluten concentration, milling, and end-use quality in wheat is presented. The interaction among the diverse nutrition strategies of foliar pathogens with different N schemes, genotypes, and fungicide applications is also summarized. Controversial results, drawbacks, and gaps in research areas, and new insights and strategies to solve them and minimize the impact of those diseases on quality variables are discussed.



THE INTERACTION OF NITROGEN FERTILIZATION WITH FOLIAR WHEAT DISEASES CAUSED BY PATHOGENS OF DIFFERENT NUTRITIONAL STRATEGIES

Effects of foliar wheat diseases on yield and N dynamics and consequently on milling and end-use quality depends on several factors, including the severity of the diseases and the growth stage at which they occur. It has been reported that the nutritional habit of the pathogen and its interaction with N fertilization affect the severity of the diseases (Olesen et al., 2003) impacting N dynamics (Schierenbeck et al., 2019a,b,c).

According to their nutritional habit, pathogens can be classified as biotrophs, necrotrophs, or hemibiotrophs (Oliver and Ipcho, 2004). Necrotrophs (such as P. tritici-repentis, Phaeosphaeria nodorum, Cochiobolus sativus) are non-obligate parasites that kill host tissues as they colonize and grow on the contents of dead or dying cells (Stone, 2001). When a spore of P. tritici-repentis comes in contact with a leaf of a susceptible host, it germinates by forming a germ tube that penetrates the epidermal cells through an appressorium or stomates and forms a vesicle. Fungal growth proceeds intercellularly within the mesophyll layer. Three pathogenic toxins have been identified beyond the advancing hyphae within the infection process. Ptr ToxA induces the necrosis symptom. The other two toxins, Ptr ToxB and Ptr ToxC, induce chlorosis but on different host lines and cultivars (Wegulo, 2011). Conversely, biotrophs (such as P. striiformis f. sp tritici, P. triticina, B. graminis f. sp. tritici) are obligate parasites that acquire nutrients for growth and sporulation from living cells, and hence the pathogen must maintain host viability (Voegele and Mendgen, 2011) modifying source–sink ratio within the leaf, deriving host nutrients to the fungal mycelium (Scholes and Rolfe, 2009; Bancal et al., 2012; Ney et al., 2013), and secreting a limited amount of lytic enzymes (Cooper, 1984). The host response to biotrophs, which colonize the intercellular space using structures, namely haustoria, which takes in nutrients without disrupting the cell wall, tends to be more complex (Mendgen and Hahn, 2004). This response often results in rate depletion of photosynthesis, a loss of chlorophyll from the infected leaf, and an increase in the respiration rate (Scholes and Rolfe, 1995; Robert et al., 2005; Carretero et al., 2011). Furthermore, hemibiotrophs, such as Z. tritici, shift from an early biotrophic phase to a late necrotrophic phase. This term is applied to species that have an extended (4–14 days) asymptomatic phase taking nutrients from living cells at the beginning. For Z. tritici, two stages with five phases are documented (Ponomarenko et al., 2011). The whole asexual cycle lasts a minimum of 2–3 weeks without physically penetrating host cells, indicating an exchange of cell surface–localized molecules. The first phase occurred 0–24 h after contact: initial growth of the hyphae on the leaf surface. The second occurred 24–48 h after contact: host penetration via stomata. The third occurred 2–12 days after contact: intercellular biotrophic phase as hyphae extending within mesophyll tissue and obtaining nutrients from the plant apoplast (Ponomarenko et al., 2011). During this early phase of colonization, the fungus grows slowly, and it is very difficult to detect increases in fungal biomass (Keon et al., 2007). However, after that, for reasons that are unclear, wheat cells start to die, likely generated by the increased apoplastic nutrient availability due to the loss of the plasma membrane within the host. During this second stage, called necrotrophic growth, two phases were identified. The primary occurred 12–14 days after contact: a rapid change to necrotrophic growth consisting of the appearance of lesions on the leaf surface and collapse of the plant tissues. The second phase, which occurred 14–28 days after contact, is the further colonization of mesophyll tissue and formation of pycnidia with conidia in substomatal cavities of senescent tissue. Involvement of a toxin during the switch from biotrophic to necrotrophic growth is suspected but has not yet been proven (Ponomarenko et al., 2011). This classification of Z. tritici as a hemibiotroph has been discussed recently as detailed analyses of the asymptomatic phase show that the pathogen does not affect host growth, calling into question the biotrophic nature of this asymptomatic phase (Sánchez-Vallet et al., 2015). However, Precigout et al. (2020) also considered Z. tritici a hemibiotroph because it shows a long latent period, which is characteristic of other hemibiotrophs. It is possible to say that at least during the first phases of development, Z. tritici does not physically penetrate host cells as do necrotrophics, and the presence of toxins that can quickly induce necrosis in necrotrophic pathogens is not proved. Figure 2 shows the main foliar diseases representing biotrophic (a, leaf rust), necrotrophic (b, tan spot), and hemibiotrophic (c, Septoria leaf blotch) pathogens in this review.
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FIGURE 2. Disease symptoms caused by (A) Puccinia triticina (leaf rust), (B) Pyrenophora tritici-repentis (tan spot), and (C) Zymoseptoria tritici (Septoria leaf blotch).


In early N fertilization, the tillering increases, modifying the crop structure and affecting the disease severity (Savary et al., 1995). In addition, high N rates increase the green leaf area index (GLAI) and N concentration and prompt a delay in senescence due to a higher radiation interception and radiation use efficiency (RUE) (Walters and Bingham, 2007; Hawkesford, 2014). Moreover, Snoeijers et al. (2000) reported that N nutrition status of wheat plants could induce contrasting effects on the expression of different foliar diseases depending on the cultivar, environment, and type of pathogen. On the one hand, a high N supply may cause a greater susceptibility of wheat to fungal diseases, by creating a positive crop microclimate due to an enhancement on aboveground biomass (Neumann et al., 2004; Devadas et al., 2014) or increasing the N compounds necessary to pathogen growth (Hoffland et al., 2000). Conversely, N can also enhance plant defense (Solomon et al., 2003; Tavernier et al., 2007).

The impact of a high N status of wheat plants on disease susceptibility was proved for biotrophic pathogens like P. triticina as they benefit from increased metabolite pools within the host cells (Jensen and Munk, 1997; Hoffland et al., 2000; Gerard et al., 2015; Fleitas et al., 2018a) increasing their severity under high N rates (Figure 3). This increased susceptibility at high N rates has been ascribed to the anatomical and biochemical modifications caused by N, together with the increase in organic N compounds, which are used as substrates by biotrophic pathogens (Dordas, 2008). In contrast, necrotrophic pathogens showed a more variable response to N (Hoffland et al., 2000; Long et al., 2000; Carignano et al., 2008; Fleitas et al., 2018a), probably because necrotrophs are ready to break down plant cell elements, allowing them to use a wider range of N sources (Solomon et al., 2003). Several researchers (Jones et al., 1990; Talbot et al., 1997; Hoffland et al., 1999; Snoeijers et al., 2000; Krupinsky et al., 2007; Carretero et al., 2010; Simón et al., 2011; Castro et al., 2018) have shown that tan spot severity (caused by a necrotrophic pathogen) decreased when N rates increased as low N availability results in weaker plants that are unable to defend themselves (Figure 3). For hemibiotrophic pathogens (such as Z. tritici) several investigations (Gheorghies, 1974; Prew et al., 1983; Broscious et al., 1985; Howard et al., 1994; Leitch and Jenkins, 1995; Simón et al., 2002, 2003) reported that N inputs increased the severity of the disease (behaving as a biotroph) (Figure 3). However, Johnston et al. (1979); Gooding and Davies (1992), and Fleitas et al. (2017) documented a decrease in the severity with increased N input with a differential response among genotypes, indicating a preponderance of the necrotrophic phase (Figure 3).
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FIGURE 3. General diagram of the effect of nitrogen fertilization on three main foliar diseases of wheat in the same inoculated experiments. The nutritional habit of each pathogen causing disease is also indicated (AUDPC, area under disease progress curve; N, kg nitrogen/ha). Data indicated the most common response for biotroph and necrotroph pathogens and the different possible responses for hemibiotrophs.


Controversial results, particularly for the specific case of a hemibiotrophic pathogen such as Z. tritici, can be mainly attributed to differences in total available N, different sources of N, or the possibility of an optimum N concentration for the development of this pathogen. The likelihood of an optimum N concentration in host plants for the development of Z. tritici was reported by Ishikawa et al. (2012). Furthermore, it should be considered that the hemibiotrophy of Z. tritici has been discussed (Sánchez-Vallet et al., 2015) due to the absence of alteration in the host growth during the asymptomatic phase. A question would be if under specific conditions some alterations in the host growth during that phase could emerge. These findings demonstrated that more research on the influence of N applications on the incidence of foliar diseases is needed. Joint experiments carried out recently with several pathogens separately inoculated in the same experiments already helped answer some questions (Fleitas et al., 2017, 2018a,b, Figure 3). Those experiments allowed us to determine that under the same environmental conditions and under artificial inoculations, P. triticina increased with N fertilization, whereas P. tritici-repentis and Z. tritici decreased, indicating behavior similar to a necrotrophic pathogen.



IMPACT OF FOLIAR WHEAT PATHOGENS WITH DIFFERENT NUTRITIONAL HABIT ON CROP GROWTH AND BIOMASS GENERATION

Foliar diseases produced effects on the milling and end-use quality through modifications on the ratio N/carbohydrates in the grains. They may cause impacts on crop growth, reducing the number of grains and/or thousand kernel weights, impacting the N accumulation in the grains as a consequence.

In that way, the damage that foliar diseases produce depends not only on the severity of the pathogen but also on the incidence on the attributes responsible for the assimilation of carbon in the crop (Johnson, 1987; Waggoner and Berger, 1987). Foliar wheat diseases affect the GLAI and the healthy area duration (HAD) (Castro et al., 2018; Schierenbeck et al., 2019a,b,c) and consequently may have effects on dry matter losses, N accumulation in the grain, and GPC. More information is available on the effect of foliar diseases on dry matter yield losses (Bastiaans, 1993; Robert et al., 2004; Savary et al., 2006; Serrago et al., 2009; Carretero et al., 2010; Schierenbeck et al., 2016) than on N yield and GPC. As a general response, fungal foliar diseases decrease the crop growth rate (CGR) through reductions in HAD caused by foliar necrosis and accelerated death of tillers, reducing the ability of the crop to intercept and accumulate photosynthetically active radiation, and as a result, reducing the above-ground biomass accumulation and grain yield (Bancal et al., 2008; Serrago et al., 2009; Carretero et al., 2010; Ney et al., 2013). Wheat genotypes under standard practices in farmers’ fields (including N rates high enough to achieve yield goals and without fungicides) and under intensified practices (high N rates and fungicides) were recently compared. Results indicated that with a prevalent natural inoculum of Z. tritici, P. tritici-repentis, and B. graminis early in the season and P. triticina and P. striiformis late in the season, biomass response to intensified management was the driver for the yield increase, and that yield response was determined by the grain number but not by the grain weight (de Oliveira Silva et al., 2020). Within the same genotype, the biomass during the growing cycle, the rate of dry matter accumulation, and the grain-filling period duration may vary according to the date of sowing. Although no information is available, it is possible to speculate that likely within the same cultivars, a higher effect of pathogens could be evident in late sowing when phases are shorter.

Inoculations of P. tritici-repentis generated more significant reductions in radiation absorption compared to P. triticina. By contrast, P. triticina reduced more RUE and CGR than P. tritici-repentis, implying that the photosynthetic system of the remaining healthy tissues infected by P. triticina is more negatively affected than under P. tritici-repentis infections (Schierenbeck et al., 2016). The negative effect of leaf rust on RUE and CGR could be associated with the nutritional habit of the fungus that generates major changes in the physiology of the host, reducing leaf N concentrations and enhancing assimilates consumed by leaf respiration. Increases in inoculum concentration decreased biomass generation, mostly conditioned by decreases in HAD and depletion on radiation absorption, with more significant reductions when the crop was inoculated with P. tritici-repentis than with P. triticina (Schierenbeck et al., 2016). Reductions in HAD were also found under Z. tritici inoculations (Castro and Simón, 2016; Figure 4).
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FIGURE 4. General diagram of the effect of three main foliar diseases of wheat, tan spot (Ts), Septoria leaf blotch (Sb), and leaf rust (Lr) on ecophysiological components of grain yield. AUDPC, area under disease progress curve; H, healthy (control treatment); TLAI, total leaf area index; GLAI, green leaf area index; HAD, healthy area index duration; ARAD, absorbed radiation; RUE, radiation use efficiency; CGR, crop growth rate; RUEI, Intercepted radiation use efficiency; RUEA, absorbed radiation use efficiency.


Effects on the attributes related to the aboveground biomass production explain the yield losses that fungal leaf pathogens generate in wheat, leading to variations in the carbon/N balance in the grain that have an impact on flour quality. In this sense, yield can be expressed as the amount of biomass produced and the proportion derived to the reproductive organs (van der Werf, 1996). Another approach for yield determination considers the product of its numerical components, grain number/m2 and grain weight. Indeed, the yield is reduced predominantly through effects on the HAD and limitations on the number of grains per spike and grain weight (Cornish et al., 1990; Parker et al., 2004; Robert et al., 2004; Blandino et al., 2009; Serrago et al., 2011).

In wheat, the period between the beginning of the active growth of the spike and the brief period immediately after flowering, in which the stem and spike grow together, is crucial for yield determination because its main component, the grain number/m2, is being defined (Fischer, 1985). During this period, the crop is strongly limited by the photosynthetic capacity, so the maintenance of HAD is essential in order to maximize the CGR and provide assimilates to the spike (Miralles et al., 2000; Serrago et al., 2008). Taking this into account, the presence of foliar diseases during the critical period will cause (depending on GLAI reduction level) reduced grain yield due to its effect on different yield components (Yang and Zeng, 1989) and consequently, impacting milling and end-use quality. Depending on the growth stage when the fungal infection occurs, foliar diseases can affect the spikes/m2 (Leitch and Jenkins, 1995; Simón et al., 2002) generally associated with early epidemics of pathogens that survive on stubble and/or due to favorable conditions for the progress of these diseases during the early stages, mainly in susceptible cultivars. In addition, the grain number per spike (Madden and Nutter, 1995) and thousand kernel weights may be also commonly affected (Simón et al., 1996, 2011; Wang et al., 2004; Ishikawa et al., 2012; Castro and Simón, 2016), the latter associated with post-flowering infections. However, in some late infections, thousand kernel weight is not reduced for several reasons as compensation between thousand kernel weight and the number of grains when the latter is reduced, originating a higher accumulated absorbed radiation/number of grains ratio or due to compensation caused by other organs as spikes when the foliar area is affected by disease (Serrago et al., 2011; Carretero et al., 2011).

Furthermore, Rozo Ortega (2019) found that foliar diseases before flowering increased the source/sink ratio, whereas during the grain-filling period the source/sink ratio declined, consequently impacting the end-use quality. Moreover, it has been reported that foliar diseases also induce the crop to use the reserves of soluble carbohydrates stored in the stem to compensate the thousand kernel weight due to limitations in the source during the grain filling development stage (Bancal et al., 2007; Rozo Ortega, 2019).



PHYSIOLOGICAL EFFECTS OF FUNGICIDES TO CONTROL FOLIAR DISEASES ON CROP GROWTH

The impact of different fungicide molecules on physiological mechanisms involved in the green leaf area duration is a field of study of great interest that has received little attention in recent years. Different types of fungicides may exert a differential effect on crop growth and grain yield. In this sense, Wu and von Tiedemann (2001) reported that a mix of strobilurin and triazole molecules were able to delay canopy senescence due to an improved enzyme superoxide dismutase activity and high H2O2 levels that protected the plants from active oxygen species compared to untreated leaves. For their part, Ajigboye et al. (2014) documented that fungicides containing carboxamides and triazoles increased photosystem II efficiency in the flag leaf below, a response that showed a linear correlation with grain yield and biomass production even in the absence of disease. Positive effects of carboxamides and triazoles on photosynthetic activity due to HAD extensions and decreases in leaf temperature that led to a delay in leaf and ear senescence were also documented by Berdugo et al. (2012) under controlled conditions. Effects on photosynthesis efficiency, stomatal aperture, and plant transpiration were also reported following strobilurin applications in wheat (Kuznetsov et al., 2018). Another mechanism that would play a role in the senescence-delaying is the reduction in ethylene production reported by Gerhard et al. (1998) under strobilurin and triazole treatments. Furthermore, the chemical control of saprophytic fungi that are not able to attack plants but cause leaf senescence and grain yield reductions due to the energy cost of defense reactions were also reported as a beneficial effect of different types of fungicides (Bertelsen et al., 2001).



IMPACT OF THE NUTRITIONAL HABIT OF FOLIAR WHEAT PATHOGENS ON NITROGEN DYNAMICS

The evaluation of the impact of foliar diseases on NREM and end-use quality faces several problems including the following: 1-Assesments under natural infections implies that the individual consequence of each pathogen is not easily determined. 2-The use of artificial inoculations allows us to determine the effect of the prevalent inoculated pathogen, which usually competes with other pathogens due to natural infections, but the latter is not completely eliminated. Several experiments have been carried out under natural infections and a few under artificial inoculations with specific pathogens. Nitrogen inputs may also interact with diseases and the fungicides used to control them, causing differential effects on N dynamics and consequently on GPC and gluten concentration.

Accumulation and N redistribution are important processes determining yield and grain quality (Simpson et al., 1983; Gaju et al., 2011). As mentioned previously, N in grains mainly comes from N accumulated before anthesis, and the amount of NREM is dependent on the N accumulated in anthesis (Gaju et al., 2014). Therefore, an early high N availability or late N supply can increase N in grains and, consequently, GPC.

In addition, several researchers have mentioned that NREM is involved in the control of leaf senescence (Masclaux et al., 2001; Uauy et al., 2006). At the beginning of grain development, N accumulation is source and sink regulated; however, during the grain filling, N accumulation was always limited by the source supply from vegetative tissues, even when soil N was non-limiting (Martre et al., 2003). The increase in N remobilization efficiency to slow down senescence may be critical for maintaining a longer photosynthesis period during grain-filling to achieve higher yields, but in bread-making cultivars this may not be beneficial due to the negative impact on N in the grain and consequently in GPC. The onset of post-anthesis senescence was negatively correlated to NREM under low N availability, but not under high N supplies (Gaju et al., 2014). Furthermore, NREM variations in N yield depend not only on NREM but also on both NPA and biotic and abiotic stresses during the grain-filling period (Barbottin et al., 2005).

Earlier reports about the effect of pathogens with differential nutritional strategies on the host have mainly been carried out under natural infections of a complex of pathogens or addressing the effect of single pathogens (Gooding et al., 2005; Bancal et al., 2008; Devadas et al., 2014). Hence, the individual effects of necrotrophic, biotrophic or biotrophic pathogens on crop N dynamics and grain quality traits are not easy to discriminate. However, it has been reported that when biotrophic pathogens affect wheat plants, the infection can be more disturbing to N deposition and partitioning to the grain than to dry matter partitioning and deposition (Dimmock and Gooding, 2002c). On the other hand, necrotrophic and hemibiotrophic pathogens have been reported to affect primarily the carbohydrates accumulation (Puppala et al., 1998; Gooding et al., 2007), while fungicides reverse this response (Fleitas et al., 2017), causing an increase in GPC.

The severity caused by the biotrophic pathogen P. triticina has greater effects on GPC than in dry matter partitioning and deposition in the grain, increasing protein concentration in leaves and stems and reducing GPC (Caldwell et al., 1934; Greaney et al., 1941). Although biotrophic pathogens also affect most N accumulation in the grain, they also reduce GLAI, radiation interception, and RUE, and cause premature senescence, reducing photosynthesis and translocation (Bryson et al., 1995; Lucas, 1998; Schierenbeck et al., 2016). Sugar and amino acids retention in diseased leaves and pustules of P. triticina leading to restrictions on the normal remobilization of assimilates to developing grains and decreases on N harvest index and N remobilization efficiency have also been reported (Walters, 1989; Dimmock and Gooding, 2002c; Schierenbeck et al., 2019a,c). Furthermore, Debaeke et al. (1996) determined that leaf rust, water shortage, and high temperatures affected dry matter deposition during grain-filling, generating a high GNC, indicating that environmental factors can also influence the differential effects of pathogens with distinctive nutritional habits. They also found that GNC was related to N absorption when N availability was the main restricting factor and to the N harvest index when drought or foliar diseases limited wheat yield.

Furthermore, it is also important to consider the time of infection. On the one hand, Bastiaans (1993) determined that when epidemics of foliar diseases occur before flowering in cereals, they reduce the absorption of N, but rarely affect the NPA. On the other hand, when infections occur after flowering, Barbottin et al. (2005) found that the impact of the environmental factors on the association between N uptake at flowering and NREM varied according to NPA, genotype, and disease pressure. They also reported that disease-resistant genotypes keep N remobilization efficiency more stable under high disease pressure. Moreover, Bancal et al. (2008) determined that although NPA accounted for a third of N yield and NREM for two thirds in healthy and diseased crops affected by late epidemics, variations in N yield were more correlated with NPA than with NREM, and they suggested that the latter is not associated with N yield in healthy crops. In addition, extending HAD through adequate climatic conditions, genetic resistance, or fungicide applications can be directly related to increases in N stored in grains (Gooding et al., 2005).

Under separated artificial inoculations with a necrotrophic (P. tritici-repentis) and a biotrophic (P. triticina) pathogen in the same experiment, NREM was more reduced by leaf rust infections through reductions in HAD and CGR compared to tan spot. Furthermore, P. triticina reduced N remobilization efficiency, GNC, and N stored in grains, whereas P. tritici-repentis increased GNC (Schierenbeck et al., 2019a,c; Figure 5). This higher impact of P. triticina on N dynamics, caused by the retention of N in green tissues, pustules, and mycelium of the pathogen that act as a secondary sink, has been found in other biotrophs and hemibiotrophs (Walters, 1989; Gooding et al., 2005; Ney et al., 2013). In inoculated experiments, Z. tritici also reduced NREM significantly, whereas NPA was less affected, producing lower GNC (Castro et al., 2015; Figure 5). Inconveniences in the nutrient balance of the crop reducing photosynthesis and remobilization of assimilates also have been reported as one of the main consequences of leaf rust (Lucas, 1998).
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FIGURE 5. Regression between healthy area duration (HAD) and grain yield (A), N remobilization (NREM) (B), N post-anthesis uptake (NPA) (C), grain N concentration (GNC) (D), and N accumulated in grains (NG) (E); N accumulated in grains (NG) and NPA (F), NREM (G) in wheat inoculated with P. tritici-repentis (×), Z. tritici (□), and P. triticina (○). Each data point represents the means of each cultivar for three replications, regression fitted to data for each pathogen and three levels of inoculations. Reproduced from Schierenbeck et al. (2019a) with permission from Elsevier.


Negative effects exerted by foliar fungal pathogens on crop N dynamics could be reverted by management practices such as N fertilization, fungicide applications, and genetic resistance. Fungicide applications, mainly including specific mixtures of triazoles and strobilurins, extended the HAD and the duration of N filling in the grain, improving variables of N dynamics (Ruske et al., 2003; Barbottin et al., 2005; Gooding et al., 2005; Bancal et al., 2008; Ishikawa et al., 2012). Recently, Schierenbeck et al. (2019c; 2019b) documented that interactions between N applications and fungicide mixtures, including triazole + strobilurin and triazole + strobilurin + carboxamide, can reverse the detrimental impact caused by P. tritici-repentis or P. triticina infections on NREM, NPA, GNC, and N stored in grains. The triple fungicide mixtures produced greater increases in HAD and area under disease progress curve reductions, increases in grain yield, NREM, NPA, and N stored in grains with respect to triazole + strobilurin fungicides under high N rates and P. tritici-repentis infections (Schierenbeck et al., 2019b). Similarly, combinations of triple fungicide mixtures and high N rates surpassed double mixtures at high N rates in the effects on NREM, NPA, N stored in grains, GNC, and grain yield and caused significant increases on N remobilization efficiency and N harvest index under P. triticina inoculations (Schierenbeck et al., 2019c). These results showed that the use of new fungicidal molecules in combination with N fertilization could be a key tool to increase the efficiency of N utilization in wheat, reduce the incidence of disease, and improve grain quality parameters with differential responses, depending on the nutritional strategies of the main pathogen present.

A broad genotypic variation on NREM has been reported by Cox et al. (1985a; 1985b), Gooding et al. (2005), Kichey et al. (2007) and also by Barbottin et al. (2005) evaluating NREM against infections of P. triticina and P. striiformis, while Castro et al. (2015) did not find differences in the NREM in genotypes inoculated with Z. tritici as it may depend on the genotypes used. Additionally, variations in NPA among genotypes were reported (Cox et al., 1985a,b; Kichey et al., 2007; Bahrani et al., 2011). For instance, Schierenbeck et al. (2019a) found genotypic variations in NREM, NPA, N stored in grains, and GNC under separate inoculations with P. triticina and P. tritici-repentis.

Regarding the effect of combinations of fungicide applications and N doses in different genotypes, Mascagni et al. (1997), Ruske et al. (2003); Brinkman et al. (2014), and Schierenbeck et al. (2019c; 2019b) reported that the highest responses in crop N dynamics were detected in genotypes with greater susceptibility to diseases, allowing better discrimination of the effects of pathogens with different nutritional strategies under increases in N fertilization. In the same way, the application of foliar fungicides has shown variable responses for yield (Roth and Marshall, 1987), but in general, it has been beneficial when it was used for cultivars susceptible or intolerant to diseases and with high yield potential (Kelley, 2001; Olesen et al., 2003).

As mentioned previously, necrotrophic pathogens such as P. tritici-repentis reduces HAD and the absorbed radiation, which decreases the CGR (Serrago et al., 2009; Schierenbeck et al., 2016). If these effects occur during the grain-filling stage, given that almost 65–80% of the N was already accumulated at anthesis, the GPC may increase due to a concentration effect. Conversely, biotrophic pathogens such as P. triticina, in addition to reducing the absorbed radiation (Bryson et al., 1995), affect the RUE (Schierenbeck et al., 2016), which limit their remobilization to grains and N harvest index, generally causing a reduction in GNC (Dimmock and Gooding, 2002c; Schierenbeck et al., 2019a; Figure 6).
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FIGURE 6. General diagram of the effect of three main foliar diseases of wheat, tan spot (Ts), Septoria leaf blotch (Sb), and leaf rust (Lr), on ecophysiological components of grain yield and N dynamics. H, healthy (control treatment); NG, N accumulated in grains; NREM, nitrogen remobilization; NPA, N post-anthesis absorption; GNC, grain N concentration.


Results showed that pathogens with different nutritional habits impact N dynamics differentially. Particularly in recent years, important contributions have been made with pathogens inoculated separately in the same experiments, allowing better discrimination of individual microorganisms. New fungicide molecules in combination with N applications have reduced the effect of biotrophic pathogens on the N dynamics. These data deserve to be incorporated in simulation models, increasing possibilities for the management of those diseases.



THE EFFECT OF FOLIAR WHEAT DISEASES ON MILLING, PROCESSING, AND END-USE QUALITY


Effects on the Balance Between N and Carbohydrate Accumulation

The balance between N and carbohydrate accumulation in the grain may produce variation in thousand kernel weight, affecting milling and GPC. Both components are accumulated independently, starting with metabolic proteins and gliadins and then glutenins and starch deposition. The increase in the grain mass, mainly due to a high carbohydrate accumulation, may cause a dilution in GPC, whereas the reduction in thousand kernel weight, in addition to producing shriveled grains, may concentrate GPC. As mentioned previously, the N accumulated in the grains mainly comes from the N deposition in vegetative tissues before anthesis and is remobilized to the grains during the grain-filling period (Palta and Fillery, 1995). The accumulation of carbohydrates depends mainly on the current photosynthesis during grain development (Blum, 1998). The effect of foliar diseases on the N/carbohydrates ratio in the grains depends on the magnitude of the reduction they generate on each component in the vegetative organs, the nutritional habit of the pathogens being a key factor. It also depends on the ability of the crop to compensate shortfalls of carbon generated from current photosynthesis by translocation of carbohydrates to the filling grains (Robert et al., 2002).

Abiotic and biotic stresses during the grain filling inhibit current photosynthesis, generating a reduction in post-anthesis carbohydrates assimilation but increases in the remobilization of reserves. For that reason, the relative contribution of stem reserves as soluble carbohydrates to the grain mass fluctuates according to the growing conditions, biotic stresses, and genotypes (Palta et al., 1994; Blum, 1998). Furthermore, when grain filling depends on those reserves, the rate of remobilization and the duration of grain development are very important to determine the grain weight (Blum, 1998). Some tolerant wheat genotypes did not reduce the thousand kernel weight under epidemics of Z. tritici, which can be attributed to a compensation through carbohydrates supply from healthy tissues to the grains (Zilberstein et al., 1985).

Early sowing dates where Z. tritici was the predominant pathogen caused a low reduction in soluble carbohydrates, whereas late sowing dates where P. graminis was the main pathogen implied important reductions in soluble carbohydrates likely attributed to the strong demand due to the grain filling. Biotrophic pathogens caused reductions in photosynthesis as necrotrophics but also a direct consumption of photoassimilates, causing higher reductions in soluble carbohydrates (Serrago et al., 2011). Additionally, differences in the growth duration of the whole cycle and the duration of the grain-filling period can cause differential effects on the accumulation of soluble carbohydrates determining different concentrations in the grain. The date of sowing of the cultivars may also cause variation in the accumulation of carbohydrates, causing different N/carbohydrates balances in the grain, although no information is available using the same genotypes.

Managing foliar diseases helps grain-filling, reducing the phenomenon of grain shriveling, which is related to low flour extraction rates in milling. In general, fungicides applied at flag leaf stage have the greatest effect on carbohydrates accumulation, yield, thousand kernel weight, and test weights when severe diseases are controlled. For instance, MacLean et al. (2018) noted that fungicide application at anthesis to control leaf spotting diseases resulted in yield benefits, and improved grain quality measured as test weight and thousand kernel weights; however, it may dilute GPC. Ultimately, foliar diseases might also affect processing and end-use quality of wheat as the behavior of the dough is associated with the type and amount of protein present in the flour (Simón et al., 2013). Strong evidence suggests that the effect of disease control on milling, processing, and end-use quality interact with the genotype, climate and agronomic practices, pathogen type, time and intensity of infection, among other factors discussed here. Several investigations of these variables have been conducted under natural infections caused by fungi, where, in some cases, prevalent pathogens in the field are not specified. Only a few investigations have been carried out under artificial inoculations with specific pathogens.



The Effect of Foliar Diseases and Their Control of Milling Quality and Alpha-Amylase Activity of Wheat

Milling quality of bread wheat is referred to as the aptitude of a cultivar to produce high levels of flour (Guzmán et al., 2016). As mentioned previously, the most important traits associated with milling quality are the grain morphology, thousand kernel weight, grain hardness, and grain density (test weight). Millers prefer sound, large grains, well filled and without shriveling, with absence of sprouted grain (Carson and Edwards, 2009).

Test weight is the weight of 100 liters of wheat evaluated with the Schopper chondrometer. It is a measure of the density and compactness of the grain (Carson and Edwards, 2009; Edwards, 2010). With larger grains, the endosperm/bran ratio is greater, and therefore the potential yield of flour as well. On the other hand, grain hardness refers to the texture of the wheat grain endosperm. Hard grains require more power consumption in the mill to fracture and mill a selected weight of the sample. Additionally, the harder the grain, the more damaged the starch granules in the flour, which is a source of fermentable sugar during baking but also will determine the water absorption of the flour. Thus, grain hardness significantly affects milling along with processing and end-use quality (Morris, 2002; Pasha et al., 2010).

Foliar diseases affect milling quality through less dry matter accumulation in the mature grain that results from decreases in the photosynthetic area of leaves, through reductions of the radiation intercepted and RUE, but also increases in the respiration rate, interfering with photosynthates translocation (Figure 4). Herrman et al. (1996) documented premature senescence of the flag leaf in rusted plants, which shortened the grain-filling and restricted N remobilization to the grains.

Regardless of the pathogen nutritional habit, diseased plants may generate fewer tillers and set fewer and smaller grains per spike, usually shriveled and with lower milling quality than healthy plants. Shriveled grains occur because the time available for the grain to fill is shortened (i.e., the dry matter assigned to the grain is reduced) but also because the disease leads to earlier maturity of the plant (Agrios, 2005). Shriveled grains have low test weights, contribute to impurities in the flour, have lower flour yield, higher ash content, lower metabolizable energy content (Gaines et al., 1997; Gooding and Davies, 1997), and increased hardness (Buendía-Ayala et al., 2019) compared to well-filled kernels. They may also have inferior baking qualities (decreased cookie diameter) despite their greater grain and flour protein content compared to well-filled grains (Gaines et al., 1997).

The starch composition (amylose/amylopectin ratio) may have an influence in milling properties as well as rheological dough characteristics and may be affected by foliar diseases. The amylose/amylopectin ratio has been found negatively correlated with vitreous kernels, wet gluten, and flour protein content in some experiments and positively correlated with flour yield, test weight, and (sodium dodecyl sulfate) sedimentation test or farinograph water absorption in some others. In a combination of three environments, starch content played a more important role in quality than amylose/amylopectin ratio. Starch content was positively correlated with single kernel diameter, test weight, and thousand kernel weight and negatively correlated with loaf volume, alveograph strength, wet gluten content, flour protein, and farinograph absorption (Labuschagne et al., 2007), due to a reduction in the N/carbohydrates ratio. Genotypes and environment affected the starch content, and a high content sometimes caused lower bread-making quality. Although the information is scarce, it has been found that some foliar pathogens, such as B.graminis, caused a decrease in amylopectin content (Li et al., 2018) and a decrease in the ratio of amylose/amylopectin and grain fullness (Morris and Rose, 1996).

Fungicide applications significantly increased both grain yield and milling quality, on the order of 10–32% compared to the control without fungicide according to the type of active ingredient, the growth stage of the application, genotype, and disease controlled (Castellarín et al., 2004). In general, when the severity of disease is significant, effects on test weight and/or thousand kernel weight are coincident. Varga et al. (2007) found that the test weight increased after triazole application, mainly for disease-susceptible genotypes at high N rates, although no information about the prevalent diseases is indicated. When predominant diseases were recorded, losses in thousand kernel weight and test weight, reducing milling yield under P. triticina and P. graminis natural infections (Keed and White, 1971) or P. striiformis infections were found (O’Brien et al., 1990). Several experiments under triazole applications reported that thousand kernel weight and test weight were improved in crops affected by P. tritici-repentis and Z. tritici (MacLean et al., 2018) or Z. tritici (Ruske et al., 2003) or Z. tritici, P. tritici-repentis and P. triticina infections (Puppala et al., 1998). More recently, long-term field experiments under natural infections with a predominance of Z. tritici, P. striiformis, and B. graminis found that different carboxamides, strobilurins, and sterol-demethylation inhibitors increased thousand kernel weight, test weight, and grain starch content (Matzen et al., 2019).

An additional important test in the milling industry to determine the acceptability of a wheat grain lot is the Hagberg falling number (HFN) analysis, which quantifies the level of alpha-amylase activity in the grain. Under rainy conditions before harvest, wheat seeds may germinate within the spike, and associated enzymes activate. This phenomenon, known as “pre-harvest sprouting” (Carson and Edwards, 2009), causes an increase in alpha-amylase activity that is undesirable for bread production. The HFN can be measured through a rapid test, by timing the descent of a stirrer through a hot suspension of ground wheat in water (Hagberg, 1961). The greater the amount of alpha-amylase, the faster the stirrer will fall, determining low values of HFN. An additional cause for high alpha-amylase activity is late maturity alpha-amylase, which is a genetic defect existing in some genotypes related to rapid temperature change after flowering (Newberry et al., 2018).

It has been suggested that the alpha-amylase level is affected by agronomic practices, such as fungicide applications to control foliar diseases (Gooding et al., 1987; Kettlewell, 1999; Matzen et al., 2019). Extending HAD in wheat with fungicides may increase alpha-amylase activity and/or reduce HFN associated with increased grain size and weight (Gooding, 2017). The mechanism by which fungicide affects alpha-amylase activity, and consequently HFN, has yet to be clearly defined, but in the absence of sprouting, alpha-amylase activity seems to be increased by slow grain drying (Gale et al., 1983; Kettlewell, 1997). Fungicide interactions that increase predisposition to late maturity alpha-amylase may also cause a hormonal effect. Numerous studies have reported HFN reductions after triazole and/or strobilurin applications under the prevalence of several pathogens (Ruske et al., 2003, 2004; Wang et al., 2004); however, values often remain above the 250 seconds, which are required standards for bread-making (Draper and Stewart, 1980). Dimmock and Gooding (2002a) found that although HFN was reduced by fungicide applications, this effect depended on the cultivar, fungicide type, and the prevalent pathogen, as controlling severe rust did not affect HFN. More recently, Gooding (2017) stated that the effect of fungicides on HFN does not seem to depend on the type of pathogen controlled or the mode of action of the protectant. One possible explanation is that the effect of fungicides may depend on how much the thousand kernel weight increase causes a dilution in the alpha-amylase activity. Clearly, the information available is scarce, and further investigations to elucidate how fungal diseases impact HFN, particularly with different genotypes and N fertilization rates, are necessary.



The Effect of Foliar Diseases and Their Control on Processing and End-Use Quality of Wheat


Main Variables of Processing and End-Use Quality Affected by Foliar Diseases

Foliar diseases may affect grain protein and gluten concentration, with consequences on processing and end-use quality variables. Among those variables, the alveograph estimates the gluten strength of dough by means of the Chopin® Alveograph measuring (i) dough tenacity (AlvP), which is the force necessary to blow a bubble of dough; (ii) dough extensibility (AlvL), which is the extensibility of the dough before the bubble breaks; (iii) the AlvP/L ratio, which is the relationship between dough tenacity and dough extensibility; and (iv) dough strength (AlvW), which is the area under the curve and is proportional to the energy required to cause the dough bubble to break. A farinograph determines the resistance of dough to mixing. It is measured by the Brabender® Farinograph, evaluating (i) flour water absorption (FarA), which is the amount of water necessary to center the farinograph curve on the 500-Brabender unit (BU) line and is related to the amount of water required for a flour to be optimally processed into end products; (ii) dough development time (FarB) (peak time), which is the time from water added to the flour until the dough maximum consistency, providing an indication of optimum mixing time under standardized conditions; (iii) dough stability time (Far D), which is the time difference between the point where the top of the curve first intercepts the 500 BU line and the point where it leaves the 500 BU line. Dough stability time indicates the time the dough maintains the maximum consistency and is a good indication of dough strength. Finally, (iv) dough softening degree or departure time (FarE) is the time when the top of the curve leaves the 500 BU line, indicating the time when the dough is beginning to break down and dough consistency starts falling below optimum during kneading.

Another end-use quality test is Zeleny sedimentation, which is based on the ability of gluten-forming proteins to soak in water, indicating the gluten strength and baking potential. The mixing tolerance index is the difference in BU between the top of the curve at peak time (FarB) and the top of the curve 5 min later, indicating the degree of softening during mixing. The extensograph determines the resistance and extensibility of the dough by evaluating the force required to stretch the dough with a hook until it breaks. The resistance to extension is a measure of dough strength and the extensibility determines the amount of elasticity in the dough and its ability to stretch without breaking. Finally, the loaf volume gives end users information on flour quality traits. It is determined by measuring the volume of bread obtained after the bread-making process by means of a rapeseed displacement using a volume-meter.



Effect of Foliar Diseases Caused by Biotrophs on Processing and End-Use Quality of Wheat

As mentioned previously, biotrophs can produce greater effects on N accumulation in the grain than on carbohydrates (Caldwell et al., 1934; Keed and White, 1971; Park et al., 1988; Herrman et al., 1996; Dimmock and Gooding, 2002c; Rozo Ortega, 2019), and thus, GPC increases by fungicide applications (Figure 7). More recently, artificial-inoculated experiments also showed that the control of leaf rust increased grain protein and gluten concentration, even when thousand kernel weight increased, indicating that there was no evidence of protein dilution (Fleitas et al., 2015, 2018b; Figure 7).
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FIGURE 7. General diagram of the effect of three main foliar diseases of wheat, tan spot (Ts), Septoria leaf blotch (Sb), and leaf rust (Lr), on grain yield and bread-making quality. H, healthy (control treatment); AlvW, dough strength; AlvP/L, dough tenacity/dough extensibility ratio; GPC, grain protein concentration; GC, gluten concentration; HI, harvest index.


Although the tendency of the impact of biotrophic pathogens is clearly toward a decrease in GPC as N is generally more affected than assimilated carbohydrates, some controversial results have been reported. O’Brien et al. (1990) documented that when P. striiformis was predominant, GPC increased due to the concentration effect generated by shriveled grains and Matzen et al. (2019) under natural infections generated by Z. tritici, P. striiformis, and B. graminis found that disease control reduced GPC, also due to a dilution effect. Furthermore, different responses depending on the genotype have been found (Everts et al., 2001; Buendía-Ayala et al., 2019), sometimes varying with the resistance level (Conner et al., 2003).

Results indicate that in some experiments a high reduction in thousand kernel weight due to biotrophic pathogens could be decisive for causing a concentration in GPC. In other cases, several diseases are present together, causing inconsistent effects, mainly under natural infections. The end-use quality of genotypes can also play a role, as those with higher bread-making aptitude tend to maintain higher GPC values. In addition, N availability may influence the results as a high N availability can increase the incidence of some biotrophs, such as rusts, but also tends to increase GPC. Furthermore, Robert et al. (2004) observed an N threshold from which the N fertilization impact is more important on GPC than on leaf rust severity. In addition, in “modern” cultivars, mainly affected by P. triticina but also by P. tritici-repentis, the reduction in protein and gluten concentration was higher than in “old” cultivars due to a greater number of grains determining less N available for each grain, causing a dilution effect (Rozo Ortega, 2019). Under different stresses, the remobilization of reserves from the stem to the grains can increase, although some contradictory effects have been reported in genotypes affected by P. graminis and P. striiformis (Chang et al., 2013) due to the susceptibility of the genotypes. In that way, biotrophic pathogens may affect translocation of N into the grains but also the accumulation of soluble carbohydrates due to reductions in the HAD and the increase in senescence (Dimmock and Gooding, 2002c; Matzen et al., 2019). Therefore, the effect on the GPC may depend on the magnitude to which N and soluble carbohydrates are affected.

Recently Fleitas et al. (2018b), in inoculated experiments with P. triticina, reported that rusted plants had shorter grain-filling periods and reduced gluten concentration with respect to protected plots with different fungicide mixtures (Figure 7). Even though gluten concentration followed the same tendency as GPC, the effects of leaf rust in the untreated plots compared to healthy plants were more important on gluten concentration than on GPC, particularly under higher N status, indicating that the disease may alter the GPC composition, likely reducing the proportion of insoluble protein fractions.

On the other hand, the effect of biotrophic pathogens in dough rheology is not as consistent or as marked as that observed on GPC, and the magnitude and direction of those effects have been understood less clearly. It has also been reported that under P. triticina artificial inoculations, the alveogram parameter AlvP was more decreased than AlvL, resulting in a minor AlvP/L ratio (Fleitas et al., 2018b; Rozo Ortega, 2019), and loaf volume was also affected (Fleitas et al., 2018b). O’Brien et al. (1990) reported that under P. striiformis epidemics, the dough development time from the farinograph (FarB) was shorter and mixing tolerance and extensograph maximum resistance were lower for susceptible varieties, whereas the loaf volume was not affected. Conversely, Feng et al. (2014) addressed the influence of powdery mildew infection and found that rheological variables of the dough, such as extensograph and farinograph parameters, increased in diseased plants, whereas Buendía-Ayala et al. (2019) found that the dough kneading time following fungicide applications to control yellow rust decreased.

Interactions between different types of fungicides and N fertilization for gluten concentration, rheological properties, and loaf volume were also found in experiments inoculated with P. triticina. Fungicide treatments reduced wet gluten content at low N rates, but this effect was reverted at the highest N dose, where the treatment with triazole + strobilurin + carboxamides evidenced higher values compared to the control and the triazole + strobilurin treatment (Fleitas et al., 2018b). Furthermore, AlvP and AlvW augmented more under N applications when experiments were treated with the triple fungicide mixture compared to the double mixture and the untreated plots. Values of AlvL increased independently of the fungicide type and N rates. Additionally, farinograph parameters FarA and FarB increased under the triple fungicide mixture and FarE under all fungicide treatments at rising N rates. Moreover, fungicide applications generated greater increments of loaf volume with increasing N rates (independently of the fungicide type) than the untreated plots (Fleitas et al., 2018b). Blandino and Reyneri (2009) reported that AlvW increased under N application treatments following a triazole-only and a triazole + strobilurin fungicide application and a tendency to increase the AlvP/L under fungicide treatments compared to the unprotected treatments.

The literature available on the effects of the diseases on rheological parameters is characterized by many inconsistencies, and more research is necessary. For instance, many of these studies have a limited number of genotypes, and hence the lack of distinction in the response of the genotypes according to their bread-making aptitude could have led to the inconsistent results (Dimmock and Gooding, 2002c). In addition, gluten composition may influence these discrepancies as the effect of foliar diseases on gliadins/glutenins ratio has not been addressed. Gliadins fraction, which tends to accumulate earlier in the grain, affect the AlvL values, whereas glutenins (which accumulate later) affect AlvP values; thus the effect of diseases could be different, depending on which phase of grain development is more affected. This fact has been also confirmed under inoculations with P. triticina as the decrease in AlvP/L and consequent reduction in loaf volume compared to the protected treatments could be attributed to changes in gluten composition (Fleitas et al., 2018b). Furthermore, the ratio between gluten fractions with different molecular weight can be modified. In that sense the leaf rust decreased high-molecular-weight glutenins, increasing dough extensibility (Fullington and Nityagopal, 1986).

Knowledge is even more limited regarding the effect of foliar diseases on albumin and globulin accumulation in wheat grains, which may affect some rheological properties. Gao et al. (2018) studied the expression pattern of non-prolamins at specific growth stages under powdery mildew stress in five susceptible Chinese wheat cultivars and reported that globulin concentrations changed dynamically and significantly, especially at 25 days after anthesis when disease indices were the highest. However, the authors did not observe variations of grain albumin accumulation in any treatment with increasing powdery mildew severity.



Effect of Foliar Diseases Caused by Necrotrophs or Hemibiotrophs on Processing and End-Use Quality of Wheat

A different effect of necrotrophic pathogens with respect to biotrophics has been reported. An early report of effects of the necrotroph P. tritici-repentis causing increases in GPC (Rees et al., 1982) was confirmed by later results (Fleitas et al., 2018a; Castro et al., 2018; Figure 7). Conversely, Z. tritici usually either had no effect or increased GPC and/or gluten concentration (Gooding et al., 1994; McKendry et al., 1995; Puppala et al., 1998; Ishikawa et al., 2001; Dimmock and Gooding, 2002c; Ruske et al., 2003; Gooding, 2007; Blandino and Reyneri, 2009; Rodrigo et al., 2015; Castro and Simón, 2016, 2017; Fleitas et al., 2017; Castro et al., 2018; MacLean et al., 2018). However, there are situations when Z. tritici reduced GPC. For instance, Arabi et al. (2007) found that GPC reductions caused by Z. tritici depended on the susceptibility of the genotype with no GPC changes in resistant cultivars but significant decreases for the susceptible genotypes. Differences in the magnitude of modifications in the N/carbohydrates ratio in the different experiments probably cause these discrepancies. But in addition, reports where the GPC increased by the effect of Z. tritici suggest that the necrotroph stage of this pathogen is the main contributor for these effects or the lack of effect of this pathogen on the host growth during the asymptomatic phase as was reported by Sánchez-Vallet et al. (2015).

Nitrogen and fungicide treatments may show combined effects with respect to GPC. Ruske et al. (2003) found that, in some cases, reductions in GPC due to applications of fungicides to control Z. tritici were compensated by applications of foliar urea at anthesis. Penny et al. (1978) found a positive complementary effect between fungicide and liquid N applications at ear emergence on GPC under S. nodorum and B. graminis epidemics. However, Kelley (1993) reported that only under topdress N supply, GPC increased and foliar fungicide had no effect. Reductions of GPC for Z. tritici with triazole + strobilurin fungicides tended to decrease as N increased, whereas for inoculations with P. tritici-repentis no differences in GPC were evident among fungicide and untreated plots at the highest N rates. Conversely, under lower N rates, GPC decreased when fungicides were applied, mainly with the triazole + strobilurin + carboxamide treatment (Castro et al., 2018). Under high N rates, although fungicides may reduce grain shriveling due to a higher carbohydrates accumulation in the grains, N uptake and N translocation to the grains may generate this lower reduction in GPC.

Regarding the effect of necrotrophic and hemibiotrophic pathogens on rheological properties, results are not consistent. In the particular case of hemibiotrophic pathogens, the results are expected to be not as consistent or as marked as those observed for a pure necrotrophic organism because of the first biotrophic-like behavior. Therefore, responses between a necrotrophic and biotrophic pathogen can be expected (Figure 7). Thus, increases or no effect of Z. tritici in AlvW with the use of fungicides containing triazole-strobilurin have been reported. Discrepancies were also found for the AlvL and the AlvP/L ratio (Cátedra-Cerón and Solís Martel, 2003; Blandino and Reyneri, 2009; Castro and Simón, 2017). Differences between experiments may be partly due to the effect of several pathogens affecting bread-making quality at the same time under natural infections, in addition to the different bread-making aptitude of the genotypes. It has been reported that GPC increases in those cultivars with high bread-making quality (i.e., suitable for leavened-bread production) but tends to decrease in those cultivars with poor bread-making quality (Dimmock and Gooding, 2002c; Castro and Simón, 2017). The protein quality (gliadin/glutenin ratio) is essentially determined by the genotype. That is why positive conditions for the deposition of proteins and increments in the gluten concentration in “modern” varieties do not always correspond to AlvW increases or other gains in bread-making quality. Although GPC and gluten concentration can be estimated reciprocally, none of these parameters showed a significant association with AlvW (García et al., 2001). For instance, when GPC increased in cultivars with high bread-making aptitude, the AlvW improved, while in cultivars of lower bread-making aptitude, the AlvW values increased more slowly (Renzi et al., 2007).

In addition, the effect of pathogens in the gliadins/glutenins ratio may play a role in these discrepancies. It is likely that, when no alteration of rheological properties by specific pathogens was observed, protein composition was not modified. It has been demonstrated that in some cases, despite modifications in GPC, protein composition is not altered (Arabi et al., 2007). The effects of the diseases in the duration of phases in which gliadins and glutenins are formed is probably involved in these apparent contradictions. As stated previously, gliadins are the first storage proteins accumulated in the grain, while glutenins are synthesized later in the grain-filling stage. Under stressed conditions, glutenin synthesis and accumulation are the first protein fraction being interrupted, whereas gliadins generally continue. Therefore, the final gliadin/glutenin ratio in the grain changes, which causes weak glutens and doughs with less development time (Blumenthal et al., 1993). As other pathogens Z. tritici infections reduce the grain-filling development (Dimmock and Gooding, 2002b; Pepler et al., 2006); hence there might be proportionally more gliadins, as glutenins are the most affected and the gliadin/glutenin ratio increases, affecting the rheological properties (Stone and Savin, 1999). Related to this, Castro and Simón (2017) found that cultivars with the lowest flag leaf green area duration showed the highest decrease in AlvP and the highest AlvL, AlvW, and loaf volume values when affected by Z. tritici, which can be associated with a high gliadin/glutenin ratio.



GENERAL DISCUSSION: CHALLENGES AND AREAS FOR FURTHER RESEARCH

In addition to the need to increase the wheat yield to meet world demand, the international market also has increasing quality requirements for the industry, and milling and end-use quality are essential to determine its worth in the market. In many countries, this value is determined according to standards based on milling properties and GPC. In addition, dough rheological properties determining end-use quality are of crucial importance for millers. The increases in grain yield in recent years have caused a reduction in the end-use quality, which is determined genotypically but also affected by abiotic and biotic stresses. Although there is much information about abiotic stresses determining N dynamics, milling characteristics, and end-use quality, the incidence of biotic stresses, among them those caused by foliar fungal diseases, is less understood, and results found in the literature are sometimes inconsistent. This review critically summarizes the available information on the subject, discussing fundamental findings and concepts, interactions among diseases with N fertilization schemes, and fungicide applications. Controversial results, possible explanations through ecophysiological models, drawbacks and gaps in the information available, and further research needed to minimize the impact of the foliar diseases on wheat quality are also discussed.

Several important foliar diseases affect wheat worldwide. Some controversial results of the impact of such diseases on wheat quality are partly due to the different nutritional habits of the pathogens involved and their interactions with N fertilization. This review summarizes findings of the incidence of several foliar fungal diseases on milling and end-use quality. Three pathogens that are among the most important and for which there is recent information available were taken as representative of biotrophic (P. triticina), necrotrophic (P. tritici-repentis), and hemibiotrophic (Z. tritici). In recent years, the impact of these diseases on ecophysiological variables affecting yield and end-use quality has been addressed.

The effect of foliar wheat diseases on GPC and end-use quality depends on several factors, among them the intensity and growth stage when diseases develop. The effect of N availability on the severity of the diseases with different nutritional habits has shown controversial results. As mentioned previously, while it is generally accepted that the severity of biotrophic pathogens increases under high N rates (Jensen and Munk, 1997; Hoffland et al., 2000), the severity of necrotrophic pathogens shows a variable response with a tendency to decrease (Hoffland et al., 2000; Long et al., 2000; Carignano et al., 2008), and for hemibiotrophic pathogens such as Z. tritici, an increase (Gheorghies, 1974; Simón et al., 2002) or decrease (Johnston et al., 1979). Several factors, such as N availability in the soil, weather conditions that can promote the growth of the crop or the pathogen in a differential way, the type and amount of N applied, and specific N concentration for a given pathogen can modify these results. Furthermore, experiments under natural infections do not allow to discriminate pathogens precisely. In addition, the severity of the diseases may be different and could have been assessed in different ways when comparing different studies. Experiments considering only the area under the disease progress curve caused by the pathogens and its relation to yield, GPC, and end-use quality do not provide information on the absolute size of the canopy. This canopy may vary among different genotypes, sites, and seasons, and the remaining healthy tissue could be of different magnitude across experiments. Ecophysiological approaches assessing the HAD as was done in the joint experiments presented in this review are more appropriate to quantify GPC modifications. In addition, quantification of variations in GPC and end-use quality related to source/sink ratio and thousand kernel weight will help elucidate some questions.

As indicated, in recent years, joint inoculation experiments with several pathogens inoculated separately at the same time, with different N rates and fungicide types under defined N availability, allowed us to elucidate some of the questions (Castro et al., 2018; Fleitas et al., 2018a,b). These kinds of experiments are extremely laborious as many (and large) plots need to be inoculated and assessed. However, they are able to avoid differences in environments, the inoculated pathogen is dominant, and the genotypes and N availability in the soil are fixed. Those experiments also enable us to explore how pathogens of different nutritional habit impact differentially on crop growth at different growth stages. Despite their limitations, attempts to carry out more inoculated experiments assessing the effect of individual pathogens in different environments is necessary. The use of some recent specific fungicides that act mainly on biotrophic or on necrotrophic pathogens will be useful to better discriminate the prevalent pathogens when specific inoculations are carried out.

In fact, there are carboxamides that control primarily rusts whereas other carboxamides better control necrotrophic pathogens. In this sense, it has been reported that carboxamides such as benzovindiflupyr are more effective against leaf rust epidemics in comparison to another carboxamide molecules, such as fluxapyroxad and pydiflumetofen, which are widely used against necrothroph pathogens. Although scientific reports about this behavior are scarce (Gosling, 2018) there is already a commercial company promoting a fungicide with benzovindiflupyr and fluxapyroxad for specific control of rust and necrotrophic foliar diseases, respectively. These specific fungicides, used separately, would be able to better discriminate different types of pathogens in research experiments, although for wheat production it is usual to use fungicide brands composed of different modes of action. This allows expanding the control of pathogens and reducing the possibility of resistance development. In recent years more experiments have been carried out using ecophysiological approaches to analyze the impact of foliar diseases on wheat growth according to its nutritional habit (Serrago et al., 2009; Schierenbeck et al., 2016) and its consequences in yield and/or N dynamics and end-use quality (Castro and Simón, 2017; Fleitas et al., 2018a,b; Schierenbeck et al., 2019a).

The effect of foliar diseases on N dynamics, milling, and end-use quality depends not only on the intensity and nutritional habit of the prevalent pathogen but also on the time of infection, consequently determining whether the number of grains per unit area (early infection) or the thousand kernel weight (late infection) is most affected. As mentioned previously, how the relationship between carbohydrates and N is modified and how the crop is able to compensate for those modifications is critical for determining milling, processing, and end-use quality in wheat.

In addition, the effects of foliar diseases on protein composition have not been investigated. Aside from the effects on the GPC, the gliadin/glutenin ratio could affect the impact of the diseases on the rheological properties. Cultivars with the lowest flag leaf green area duration showed the highest decrease of AlvP and the highest AlvL, AlvW, and loaf volume values (Castro and Simón, 2017) when affected by Z. tritici, which can be related to the gliadin/glutenin ratio. As mentioned previously, these proteins accumulate in the grain asynchronously influencing dough rheological properties (Stone and Savin, 1999) and ultimately bread-making quality. More research needs to be done in this area.

Further research is also necessary on how a low source/sink ratio or a lower translocation of reserve stored on the stems can affect the reduction of thousand kernel weight or test weight, increasing grain protein and gluten concentration under late epidemics. A high source/sink ratio could reduce the use of soluble carbohydrates stored, whereas a low ratio could increase its translocation (Serrago et al., 2011). Experiments should be expanded to different environments and genotypes under infections with foliar pathogens with different nutritional habit.

In addition, although it has been demonstrated that soluble carbohydrates represent about 40% of dry matter in the stems at the beginning of the grain-filling stage (Reynolds et al., 2009), differences have been observed on its contribution to the grain yield (Foulkes et al., 2007; del Pozo et al., 2016) as its translocation can be affected by abiotic and biotic factors in a differential way. Genotypes have been found with a different concentration of soluble carbohydrates in the stems (Dreccer et al., 2009) which might exhibit a higher tolerance to foliar diseases during the critical period, although this hypothesis has not been confirmed. However, these genotypes may reduce the GPC due to a higher thousand kernel weight (Rozo Ortega, 2019).

Another area that warrants further research is how foliar diseases and fungicides to control them affect HFN. Large genotypic variability is observed in this variable in preliminary studies, and how genetic and environmental factors can influence its value has been studied. However, although it is known that fungicides can increase this problem affecting the baking industry, the physiology behind this phenomenon has not been investigated and should be addressed.

The end-use quality of each genotype will also determine how the pathogens will affect it, whereas the type of fungicide applied and the N fertilization rate could reverse negative effects caused mainly by biotrophic pathogens. Farmers should take into account the nutritional habits of the prevalent diseases to take management actions not only to increase grain yield but also end-use quality.
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Seasonal disease risk prediction using disease epidemiological models and seasonal forecasts has been actively sought over the last decades, as it has been believed to be a key component in the disease early warning system for the pre-season planning of local or national level disease control. We conducted a retrospective study using the wheat blast outbreaks in Bangladesh, which occurred for the first time in Asia in 2016, to study a what-if scenario that if there was seasonal disease risk prediction at that time, the epidemics could be prevented or reduced through prediction-based interventions. Two factors govern the answer: the seasonal disease risk prediction is accurate enough to use, and there are effective and realistic control measures to be used upon the prediction. In this study, we focused on the former. To simulate the wheat blast risk and wheat yield in the target region, a high-resolution climate reanalysis product and spatiotemporally downscaled seasonal climate forecasts from eight global climate models were used as inputs for both models. The calibrated wheat blast model successfully simulated the spatial pattern of disease epidemics during the 2014–2018 seasons and was subsequently used to generate seasonal wheat blast risk prediction before each winter season starts. The predictability of the resulting predictions was evaluated against observation-based model simulations. The potential value of utilizing the seasonal wheat blast risk prediction was examined by comparing actual yields resulting from the risk-averse (proactive) and risk-disregarding (conservative) decisions. Overall, our results from this retrospective study showed the feasibility of seasonal forecast-based early warning system for the pre-season strategic interventions of forecasted wheat blast in Bangladesh.
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INTRODUCTION

Wheat blast, caused by Magnaporthe oryzae Triticum pathotype (MoT) (anamorph Pyricularia oryzae), is one of the most devastating wheat diseases with near complete yield loss (Couch and Kohn, 2002; Mottaleb et al., 2019b). Since the disease was first identified in Brazil in 1985 (Igarashi et al., 1986), it was known to present only in South America. In February 2016, however, wheat blast was detected for the first time in Asia with reports of a severe outbreak in Bangladesh. The outbreak was particularly worrisome because wheat blast could spread further to major wheat-producing areas in neighboring South and East Asian countries (e.g., India, China), thus threatening food security across the region. As a result, the wheat blast affected nearly 15,000 ha (3.5% of the total 0.43 million ha of wheat area in Bangladesh) in eight southwestern districts, viz., Pabna, Kushtia, Meherpur, Chuadanga, Jhenaidah, Jessore, Barisal, and Bhola (Fig. 1 of Islam et al., 2016) with an average yield loss of 24.5% in the affected fields, equivalent to USD 1.6 million when valuing wheat at USD 149/ton (Mottaleb et al., 2018).

The most promising and long-term strategy for the mitigation of wheat blast is the development of resistant varieties against wheat blast. Although there is no proven wheat blast-resistant commercial variety, however, promising results have been achieved by many researchers during resistance assessment of wheat genotypes/lines against the blast fungus, such as BARI Gom 33 (Islam et al., 2019; Mottaleb et al., 2019a). Because development of a resistant wheat variety through conventional breeding program takes a long time, the application of chemical fungicide seems to be the most feasible, cost-effective way to apply in a short-term manner. At the moment, seed treatment to eliminate the seed-borne infection or application on the spikes using fungicides combining triazoles with strobilurins has been suggested to control the disease (Kohli et al., 2011).

Weather conditions are critical factors for the development of wheat blast disease (Farman et al., 2017). There are several wheat blast epidemiological models that correlate the weather condition to wheat blast epidemics to come up with the potential epidemiological risk of wheat blast (Cardoso et al., 2008; Fernandes et al., 2017). The models use climate data, such as temperature, relative humidity, rainfall, and solar radiation, and calculate risk values contributing to the development of wheat blast [inoculum potential (IP), spore cloud (SPOR), and infection). Such prediction based on climate data can be an efficient way to determine times and locations for surveillance and monitoring and to estimate the magnitude of climate-driven disease pressure for the season.

Recent temperature increases in Bangladesh due to global warming under climate change, especially during the winter season, indicate its potential positive impacts on the occurrence and development of wheat blast disease (Hossain and da Silva, 2012). Average winter temperatures in Bangladesh have gradually increased over the last decades (Miah et al., 2014). Since this fungal pathogen favors a temperature ranging from 20 to 30°C, the occurrence of wheat blast was expected to increase, leading to increased yield loss of wheat (Cardoso et al., 2008). In South America, severe epidemics occurred primarily in humid and warmer regions, such as Bolivia, Paraguay, and north-eastern Argentina (Kohli et al., 2011). Unusual humid and warm weather in Brazil also triggered the outbreak of wheat blast disease (Farman et al., 2017). Analysis of weather data collected from the Bangladesh Meteorological Department showed that the minimum temperature at night in 2016 increased by 1.8–6.5°C compared with 2011–2015 (Islam et al., 2019). Such warming up coupled with frequent rainfall (up to 35 mm) in February likely contributed to the outbreak of the epidemics in the wheat blast affected districts.

Seasonal disease risk prediction using disease epidemiological models and seasonal climate forecasts (SCFs) has been actively sought over the last decades, as it has been believed to be a key component in the disease early warning system for the pre-season planning of local or national level disease control. In fact, dynamic global circulation models (GCMs) have become mainstream tools to deliver SCFs, due to their promising predictive skills (Syktus et al., 2003; Power et al., 2007). Unlike weather forecasts, SCFs can be predicted with a longer lead time for an upcoming season (i.e., 3–6 months). A longer forecast lead time enables mid- to long-term decisions in agricultural farming, such as planting date selection, management of water resources and infrastructure, determination of labor recruitment, selection of crops and varieties, and determination of optimal cultivation areas and cropping systems. However, to influence the operational decision-making in a practical manner, it is important that forecasts be appropriately “contextualized” before they can positively influence decision-making (Meinke and Stone, 2005). This is because decision makers in agriculture are interested in the consequences of seasonal climate variability, rather than in the climate variability itself that the SCF implicates. One such way to contextualize forecasts is to link them with impact models, e.g., agriculturally relevant information (such as crop yield or crop loss), to strengthen the potential impacts of the forecasts when presenting them to decision makers.

Here, we conducted a retrospective analysis using the wheat blast outbreaks in Bangladesh, which occurred for the first time in Asia in 2016, to study what-if scenarios that if there was seasonal disease risk prediction at that time, the epidemics could be prevented or reduced through prediction-based interventions, and what will be the potential benefits out of adopting the SCF-based early warning service. To prove this objective, we used a wheat blast epidemiological model (Fernandes et al., 2017) and a simple wheat growth model (Zhao et al., 2019) to simulate potential wheat blast disease risk and wheat yield, separately. SCFs were bias-corrected and downscaled to hourly and daily scale weather data to be used as input variables for both models. The predictability and potential value of the resulting early warning information were evaluated against observation-based model simulations, respectively.



MATERIALS AND METHODS


Wheat Blast Epidemiological Model and Wheat Growth Model

We adopted a wheat blast model, developed for the wheat blast epidemics in South America (Fernandes et al., 2017), to simulate the wheat blast epidemics in Bangladesh. Based on Fernandes et al. (2017), the model takes into account three major epidemic processes: survival, dispersal, and infection. Briefly, IP is defined by potential propagation of fungal inoculum on alternative hosts prior or early in the season under favorable weather conditions. As the fungal inoculum has limited lifespan during air dispersal, a SPOR density declines rapidly over time. Around crop heading stage, survived fungal inoculum in a SPOR cloud infect wheat spikes when weather conditions become conducive. Detailed infection algorithms of the wheat blast model related to weather input variables can be referred to the study by Fernandes et al. (2017).

In this study, the potential disease risk for a season was represented by the accumulated successful daily infection (INF), conditioned to an IP >30, and a SPOR >0.4 during a day favoring infection (DFI), which are simulated by the wheat blast model. Since the wheat blast model was developed and evaluated for the South American region only, we calibrated the parameters of the wheat blast model before applying it to Bangladesh. Calibration of the wheat blast model was conducted based on the disease intensity reported in each district during the 2015–2016 wheat blast outbreaks (Islam et al., 2016): 0.2% in Pabna, 2% in Kushtia, 70% in Meherpur, 44% in Chuadanga, 8% in Jhenaidah, 37% in Jessore, 1% in Barisal, and 5% in Bhola. As input weather data to the wheat blast model, we used the ERA5-Land hourly data as a gridded (0.1° × 0.1°, native resolution is 9 km) weather observation proxy (Copernicus Climate Change Service [C3S], 2019). Model parameters were adjusted by minimizing root-mean square error (RMSE) values between the normalized simulated disease risk scores and the normalized observed disease intensities of the 2015–2016 seasons for all eight districts. In this way, the calibration also reduced the potential errors originated from the systematic bias of the ERA5-Land reanalysis products compared with the ground truth weather data of the target area (Kawohl, 2020). The parameters of the calibrated wheat blast model are shown in Supplementary Table 1.

To simulate the potential wheat yield level in the study area, we adopted a simple generic crop growth model called SIMPLE (Zhao et al., 2019). The SIMPLE model includes basic physiological response functions to temperature, heat stress, drought stress, and atmospheric CO2 concentrations to simulate biomass and yield that are similar to observations. In fact, the SIMPLE model was already parameterized and evaluated for wheat using observations for biomass growth, solar radiation interception, and yield from field experiments data in the United States and New Zealand (Zhao et al., 2019). Zhao et al. (2019) showed that the RMSE for wheat yield using test data was 17.8% with the SIMPLE model compared with 11–24% RMSE across several wheat models (Asseng et al., 2015). However, because of its very simplistic modeling approach, the SIMPLE model has a number of limitations including the lack of response to vernalization and photoperiod effect on phenology and the lack of soil–crop nutrient dynamics. While the SIMPLE model has clear limitations due to its simplicity, there is also an advantage from its simplicity, such as its applicability to national or regional level studies with limited ground truth data. Another scaling issue from using extremely low-resolution SCFs (1–2.5° grid) as input for the crop model also rationalizes the use of SIMPLE over other field scale models. With the increasing size of the area under investigation, input data tend to become more uncertain in relation to the point data from the experimental sites (Parker et al., 2002). Therefore, the model applied should also embrace the uncertainty either by decreasing the sensitivity to highly uncertain inputs or by focusing more on physiological responses that are primarily influenced by available inputs, such as interseasonally or interannually variable climate conditions from SCFs.

To apply the SIMPLE model in our study, we calibrated four cultivar specific parameters among 13 parameters, which consist of nine crop (species)-specific and four cultivar-specific parameters. Calibration was done using the province-level, triennium average yield data ending 2016–2017 from the study by Mottaleb et al. (2018): 3.207 ton/ha in Rangpur, 2.625 ton/ha in Mymensingh, 2.253 ton/ha in Sylhet, 3.117 ton/ha in Rajshahi, 2.931 ton/ha in Khulna, 3.002 ton/ha in Dhaka, 2.931 ton/ha in Khulna, 2.801 ton/ha in Barisahal, and 2.315 ton/ha in Chattagram. The calibrated SIMPLE model resulted in wheat yield simulations less than 10% deviation from the reported yields for all provinces examined. Same as the wheat blast model, the calibration removed the systematic bias of the ERA5-Land reanalysis products over Bangladesh. The parameters of the calibrated SIMPLE model are shown in Supplementary Table 2.



Seasonal Climate Forecasts and Downscaling

Since 2007, the APEC Climate Center (APCC) has issued multi-model ensemble (MME) SCFs for the upcoming 3- to 6-month overlapping seasons.1 The operational APCC MME SCFs are provided in the form of monthly anomaly compared with the climatological period of 1983–2005. Monthly MME forecast data from eight GCMs, in a 2.5° × 2.5° latitude/longitude grid format, were used in the analysis. The selection of GCMs for this study was based on the availability of the most continuous common datasets for the period of 2014–2018. An equal weighing approach was used to determine the contribution of each model ensemble to the final MMEs. Descriptions of the GCMs used are presented in Table 1.



TABLE 1. A description of the individual models used in the APEC Climate Center multi-model ensemble forecasts and their spatial resolution.
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In order to use the APCC MME SCFs as input variable in the wheat blast and SIMPLE models, downscaled hourly and daily weather realizations were needed, respectively. For downscaling, the monthly forecasts from individual GCMs were first bias-corrected using the same climatological period (1983–2005) of ERA5-Land reanalysis data using a mean bias correction (MBC) method. MBC searches for the mean error in the model forecasts by comparing with corresponding observation data and adding (or subtracting) it from each variable dataset to have zero mean error (Marcos et al., 2018). MBC also leads to spatial downscaling of the original model forecasts from GCMs (2.5° × 2.5°) into the high resolution of the ERA5-Land (0.1° × 0.1°), which enabled more location-specific application of SCFs in our study. Using the bias-corrected forecasts’ monthly means of temperature and precipitation variables, we subsequently selected a best-fit historical observation data, in this case from the ERA5-Land reanalysis data for 30 years of 1981–2010, based on the Mahalanobis Distance (MD) (Cho et al., 2016). Similar analog sampling from historical observation data has been frequently used for the downscaling of GCM data for subsequent applications (Hirschi et al., 2012; Wu et al., 2012). The best-fit observation data having minimum MD score and its corresponding hourly and daily data are retrieved and used to simulate the wheat blast and SIMPLE models, respectively.



Wheat Blast Risk and Wheat Yield Simulations

The calibrated wheat blast model was used to examine whether the model can reproduce the disease outbreaks during the seasons of 2015–2016 and 2016–2017. Hourly weather variables (temperature, relative humidity, and rainfall) from the ERA5-Land reanalysis data were extracted for individual grids and used as input variables of the wheat blast model. The resulting grid-based wheat blast risks were aggregated to the district boundaries of Bangladesh (DIVA-GIS2). Since the wheat blast model runs for 60 days from planting date, we determined the planting date for winter wheat in Bangladesh based on crop calendars reported on the literature and the FAO GIEWS Country Brief on Bangladesh (FAO, 2008; Hossain et al., 2013; Bangladesh Bureau of Statistics [BBS], 2018). As a result, we set the 10th of December as a fixed planting date of winter wheat in all districts in Bangladesh.

Since the calibrated SIMPLE model requires daily scale weather variables of maximum/minimum temperature, rainfall amount, and solar radiation, we produced them by aggregating the hourly ERA5-Land reanalysis data. Although the observed wheat yields to be compared with the model simulations are based on the unknown actual distribution of planting dates, we assumed the actual planting dates to be around the 10th of December for the purpose of model simulation in the study. In this regard, we used the 10th of December as a fixed planting date. District-specific soil characteristics, such as fraction of plant available water-holding capacity in considered soil bucket (AWC), runoff curve number (RCN), deep drainage coefficients (DDC), and active main root zone depth (RZD), were extracted from the Harmonized World Soil Database v 1.2 at 0.05° spatial resolution (Wieder et al., 2014) and used to run the SIMPLE model.



What-if Scenario Analysis Using the SCF-Based Early Warning Service for Wheat Blast

Evaluating what-if scenarios for possible seasonal disease prediction-based interventions, we examined alternative planting dates to avoid the high-risk periods of wheat blast while maintaining comparable wheat yield level to the one with normal planting date in the 2016–2017 seasons. This exercise was to find optimal trade-off points between reducing wheat blast risk and securing wheat yield. Because there is no modeling linkage made between two models, we had to simulate both models separately. Downscaled SCFs from eight GCMs were used to run the wheat blast and SIMPLE models with a range of planting dates (dekadal interval) within the planting window of Bangladesh, which is from November to early January (FAO, 2008). To secure a sufficient lead time, we used 6-month SCFs for November–April, which is issued by the end of October. Eight simulated wheat blast risk scores and yield predictions from eight GCM SCFs were visualized as a box plot to compare with observed ones from the ERA5-Land reanalysis data, respectively. For the what-if scenario analysis, potential yield loss impacts were estimated based on the reported relationships between the wheat blast intensity and the corresponding yield loss from literature review.



Predictability and Potential Value of the SCF-Based Early Warning Service for Wheat Blast

The predictability of the SCF-based early warning service was evaluated by comparing the observation (the ERA5-Land)-based and the SCF-based wheat blast risk scores for 1983–2005 (the common hindcast period of eight GCM SCFs). In addition, the 3-year average observation-based wheat blast risk scores for the period from t–3 to t–1 were produced, assuming that it represents the anticipated wheat blast risk for the coming season. It works as the reference when measuring the added values of the SCF-based early warning service that considers additional sources of information, which is the SCFs. We utilized the Pearson’s temporal correlation coefficient (TCC) and RMSE to compare the predictabilities of the SCF-based wheat blast risk scores and the reference risk scores.

We also examined the potential value of the SCF-based early warning service for wheat blast in Bangladesh by simulating a rule-based approach toward predicted risks from the early warning service. In this study, we define that the risk-averse decision changes planting dates based on the SCF-based wheat blast risk and yield simulations to minimize the predicted risks, whereas the risk-disregarding decision refuses to change but sticks to the conventional calendar-based planting date irrespective of the early warning. The examination was done for 1983–2005, during which we run the wheat blast and SIMPLE models with a range of planting dates (dekadal interval) from November to early January. Our rule for planting date selection is similar to the previous what-if scenario analysis. We chose a planting date with the lowest wheat blast risk prediction, but having a comparable yield, more than 90% of the predicted yield from the normal planting date (the 10th of December). Subsequently, we compared the actual yields with the changed planting date and with the normal planting date, which are simulated using the ERA5-Land observation data, to evaluate the long-term benefit of the SCF-based early warning service. In this way, we directly compared the risk-averse decision (changing planting date) with the risk-disregarding decision (clinging to the normal planting date irrespective of the SCF-based early warning). Based on the previous studies (Islam et al., 2016; Mottaleb et al., 2018), we defined the artificial crop loss ratio to each unit of wheat blast risk score. Considering the reported severity level and wheat growing areas per district (Islam et al., 2016) and the reported total yield loss due to wheat blast outbreaks in the 2015–16 seasons (Mottaleb et al., 2018), it was derived that one unit (1) of risk score corresponds to 10.88% yield loss. This artificial crop loss ratio was used to calculate the estimated actual crop yield (attainable yield - crop loss due to wheat blast) for both risk-averse and risk-disregarding decisions. The yield loss was calculated separately for each province as the wheat growing area per province played a role of weighing factor when converting the risk score to the yield loss.




RESULTS


Reproducing Wheat Blast Outbreaks Over Bangladesh Using the Wheat Blast Model

The calibrated wheat blast model successfully simulated the spatial pattern of disease risk probabilities in the districts of Bangladesh from the 2014–2015 to the 2017–2018 wheat growing seasons (Figure 1). A resulting RMSE between the normalized disease risk simulations and the normalized observed disease intensities of the 2015–2016 seasons for all eight districts was 0.15, with 0.05 of minimum absolute error and 0.37 of maximum absolute error. Graphical comparison with the observed distribution of wheat blast outbreaks across Bangladesh revealed that the calibrated wheat blast model has reasonably good performance (Figure 1). Relatively higher risk probabilities were simulated on the most affected districts in the 2015–2016 and 2016–2017 seasons, whereas lower risk probabilities were simulated in other unaffected districts. In the 2014–2015 and 2017–2018 seasons when there were no (or negligible) reported wheat blast cases, the model simulated very low risk probabilities not only on the affected 10 districts but also on other districts in Bangladesh, except for multiple east districts consistently resulting in some level of unrealized risk probabilities, primarily due to the absence of wheat blast fungal inoculum.
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FIGURE 1. Simulated wheat blast risk probabilities in the districts of Bangladesh from the 2014–15 seasons to the 2017–18 seasons using the calibrated wheat blast model developed by Fernandes et al. (2017) and calibrated in the study. Geographical distribution changes of the wheat blast outbreaks in the districts of Bangladesh during the same period are also shown for comparison with the simulated results. On the top box, wheat production map of Bangladesh shows the major wheat-producing districts, adapted from Sadat and Choi (2017), to be compared with the simulated and observed wheat blast maps.





Predictability of the SCF-Based Early Warning Service for Wheat Blast

Figure 2 shows the graphical comparison between the wheat blast model simulations using the downscaled SCFs, the reference, and the ERA5-Land data for the period of 1983–2005. The 3-year average observation-based wheat blast risk scores as the reference were presented to measure the added values (i.e., predictability) of the SCF-based early warning service in the study. Overall, the simulated wheat blast risks gradually increased during the period. The time series graphs demonstrated that the SCF-based disease risk simulations showed better temporal correlations with the ERA5-Land data, indicating relatively higher predictive skills for the wheat blast risks (Figure 2A). Statistical analyses resulted in smaller RMSE and larger TCC between the results from the ERA5-Land and the downscaled SCFs, in comparison to the ones from the ERA5-Land and the reference (Figure 2B). This may indicate that the interannual variability of the wheat blast risks depended strongly on the climate condition in December–February, and the relatively good predictability of the climate variables in the SCFs resulted in the potential predictability. The comparison between the results from the SCFs and those of the reference also indicated that the prediction using the SCFs may have some benefits over using the simple reference method.
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FIGURE 2. Comparison of the simulated wheat blast risk scores from the observation (ERA5-Land), the downscaled SCFs from eight GCMs, and the reference (3-year average) for the period of 1983–2005. (A) Graphical comparison of the time series wheat blast risk scores produced by the wheat blast model using all three input data. (B) Note the root-mean square errors and correlation coefficients between the observation and downscaled SCFs and between the observation and reference.





What-if Scenario Analysis With the SCF-Based Early Warning Service for the 2016–2017 Wheat Blast Outbreaks in Bangladesh

Here, the what-if scenario analysis applies for the 2016–2017 wheat growing seasons, where we reasonably assume that policy-makers and farmers are already aware of the existing wheat blast risk from the 2015–2016 outbreaks in the affected districts, and there is a SCF-based early warning service for wheat blast that aids the decision-making for the selection of planting dates. The SCF-based early warning service indicated that planting wheat on the 10th of November, 2016 resulted in the lowest wheat blast risk score compared with other planting dates and the normal planting date of the 10th of December, 2016 (Figure 3A), yet maintaining more than 90% of yield compared with the normal planting date (Figure 3B). Subsequent simulations using the ERA5-Land observation data also confirmed that the planting on the 10th of November resulted in less risk score over the affected districts than that on the 10th of December planting, yet maintaining minimum yield loss (about 0.15 ton/ha less yield simulated). It was noted that the wheat blast risk scores from the observation showed greater variability than those from the eight SCF-based simulations, whereas both wheat yield simulations showed similar variability over the examined planting dates except for the 20th of October. Yield decline during early planting dates is primarily caused by the marginal weather condition affecting crop performance due to early planting (Figure 3B). Graphical comparison between the two planting dates was made, and it clearly confirmed the significantly reduced wheat blast risks in most districts with the changed planting date of the 10th of November (Figure 3C). Overall, the SCF-based simulations for wheat blast risk and yield showed similar variations to the observation data-based simulations, indicating relatively good performance of the SCF-based early warning. However, different from what was expected from the SCF-based predictions, planting on the 20th of November seemed to result in the lowest wheat blast risk score with one of the highest wheat yields among all planting dates. This indicates the inevitable uncertainty in the SCF-based simulations.
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FIGURE 3. Comparison of simulated wheat blast risk scores (A) and wheat yields (B) using both the downscaled SCFs (boxplots) and the observation from the ERA5-Land reanalysis data (black dots) over a range of different planting dates with a dekadal interval from October 20, 2016 to January 1, 2017. Note that wheat blast risk scores were significantly reduced when the planting date was changed from December 10 to November 10 (C).



Estimating from the previous studies, in which an average yield loss of 24.5% in the affected 15,000 ha wheat growing areas in eight districts was reported (Islam et al., 2016; Mottaleb et al., 2018), we interpolated the possible yield loss in the 2016–2017 seasons upon the relative risk score differences between the 2015–2016 and the 2016–2017 seasons, assuming that the simulated risk score has a significant correlation with the resulting yield loss. This approach has no choice but to be theoretical, as it assumes many critical factors due to limited data available. Our results showed that (1) without proactive intervention aided by the SCF-based early warning service for wheat blast (with planting on the 10th of December), about 31.1% of an average yield loss was estimated in the 2016–2017 seasons, whereas (2) with proactive intervention (changing planting date to the 10th of November), about 15.7% of an average yield loss was estimated. Combining the yield loss generated due to the marginal planting on the 10th of November, our final estimation indicates that the changing planting date based on the SCF-based early warning service could have avoided about 11% yield loss out of the 31.1% in the 2016–2017 seasons due to potential wheat blast outbreaks.



Potential Value of the SCF-Based Early Warning Service for Wheat Blast

In the study, the potential value of the risk-averse decision based on the SCF-based early warning service over the risk-disregarding decision was evaluated (Table 2). Our rule for planting date selection by the risk-averse decision led to selecting the planting date with the lowest wheat blast risk but not sacrificing attainable yield that was predicted using the SCFs, whereas the risk-disregarding decision planted only on the normal planting date (the 10th of December) irrespective of the SCF-based early warning information. In fact, the observed results in Table 2 showed the positive outcome of the applied rule, where the risk-averse decision resulted in less wheat blast risk score and thus less yield loss, while maintaining comparable attainable yield to the risk-disregarding decision (2.97 vs 3.05 ton/ha). In other words, many of the expected predictions in the wheat blast risk and attainable yield based on the SCF-based early warning service ended up being realized in the observations. This is very promising findings when it comes to the predictability of both SCF applied and the resulting model outputs. More importantly, the long-term average of actual yields (attainable yield - yield loss due to wheat blast) was higher in the risk-averse decision than in the risk-disregarding decision, where more years showed positive outcome for the former (14 out of 23 years). This result surely encourages the users to keep placing their trust on the information from the SCF-based early warning service and thus makes sure that the service is sustainable and increases the adoption rate by more users at the end.



TABLE 2. Potential value of the risk-averse decision over the risk-disregarding decision for the SCF-based early warning service for wheat blast, based on simulations for the period of 1983–2005.
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DISCUSSION


Potential Applicability and Benefit of the SCF-Based Early Warning Service for Wheat Blast

This retrospective study showed the feasibility of the SCF-based early warning service for the pre-season strategic interventions of forecasted crop diseases. Applicability and benefits are mostly governed by the forecast accuracy and lead time for advanced decision-making. Our results indicate that the SCF-based early warning service has both predictability and added value over conventional decision-making process not considering forecast information as demonstrated with the 3-year average reference (Figure 2). This is partly because the models used in the study were fairly sensitive enough to translate the variable climate conditions from the SCFs into respective disease risk and yield information. Another possibility is in using the MME, as averages of ensemble forecasts are considered more skillful than single-model forecast averages because multiple models can average out errors of individual models (Stockdale et al., 2010; DelSole and Tippett, 2014).

The models used in the study require different temporal resolution weather data (hourly data for the wheat blast model and daily data for the SIMPLE crop model). This may explain the larger variability observed in the wheat blast risk scores than in the wheat yield simulations over the examined planting dates (Figures 3A,B). Sparks et al. (2011) also showed larger variabilities in the metamodels using higher temporal resolution weather inputs. The difference in variabilities between the wheat blast risk scores from both the observation and the SCFs indicates the importance of temporal downscaling of the low-resolution SCFs in the SCF-based early warning service. Another way to overcome the temporal discrepancy is a metamodeling approach by adapting models to use lower resolution input data (Sparks et al., 2011). Either downscaling or metamodeling will result in added uncertainty in the early warning information; therefore, it is important to properly present to users not only the averaged warning information but also the uncertainty in a quantitative way.

Predicted risks for the wheat blast disease from the SCF-based early warning service can potentially be used to enable decision makers to develop informed farm management strategies. Not only such strategic decisions include short-to-mid-term ones (e.g., the selection of resistant cultivars against the high-risk predictions, the seasonal scheduling of chemical and cultural control methods, or identifying the ideal time to plant crops to minimize crop losses due to diseases) but also decisions that do not directly pertain to disease management but have many crop health consequences (e.g., choices involved in the type of crop establishment, crop rotation, or cropping systems). Nevertheless, few studies demonstrated the clear applicability of the SCF-based early warning services (Meinke and Stone, 2005; Choi et al., 2015), primarily due to large uncertainties that not only the GCM forecasts and applied agro-models but also the input variables and operational processes, such as downscaling or aggregation, fundamentally have. Indeed, users often remain skeptical of the SCF-based information because of individual negative experiences in the pasts (Changnon et al., 1988; Hu et al., 2006). Although our study did not dissect the uncertainties from individual sources, we successfully showed the promising potentials of utilizing SCF-based early warning service in the long-term as demonstrated for the period of 1983–2005 (Table 2), which clearly showed the users with short-term negative experiences that the long-term risk-averse approach will lead to long-term benefit at the end. The rationale for this approach is that consistency eventually pays off in the long run (Crane et al., 2010). Informed decision-making based on the reliable early warning service is essential to cope with future wheat blast epidemics in Bangladesh, which will possibly re-occur in the coming years when favorable environment and susceptible wheat cultivar are present again.



Limitations of the SCF-Based Early Warning Service for Wheat Blast

There are some remaining areas to be re-visited for improvement. Especially, securing more ground truth data for the disease incidences with metadata, such as location and time, and critical and dynamic factors consisting of abiotic and biotic stressors and agronomic practices affecting the actual yield is among the most urgent follow-ups. For example, the total wheat growing areas in the eight districts were significantly decreased in the 2016–2017 growing seasons due to government guidance to avoiding wheat and changing to other alternative crops (Islam et al., 2019), based on which our resulting figures should be adjusted. Long-term ground truth wheat blast and yield data per district are needed to improve the accuracy of the wheat blast and SIMPLE models. Extensive data also enable the development of crop-disease-coupled models for more realistic simulations based on the given SCFs. In this study, the model calibration was done only using 1-year data that are reported on the literature, resulting in the lack of robustness of the parameters of each model. To increase the validity and applicability of the models, more ground truth data should be used for the model refinement, which will eventually reduce the uncertainty derived from the model performance.

Although the SIMPLE crop model is both applicable to data-scarce areas and realistic with comparable performance to several wheat models (Asseng et al., 2015; Zhao et al., 2019), there are a number of limitations that should be addressed when it happens to simulate more complex dynamics of agroecosystems. The lack of soil–crop nutrient function will potentially cause erroneous simulations for many low input systems that are common in developing countries. Some effects from agronomic practices are not included, such as planting space and depth, which could have some impact on crop yield. More relevant to our study is the lack of pest and disease damage functions in the SIMPLE model. While follow-up studies should take advantage of the simple and easily extendable features of the SIMPLE model by adding pest and disease damage functions and any necessary physiological response functions to overcome its limitations, readers need to be aware of these limitations when interpreting the results in this study.

The value of the SCF-based early warning service depends on a wide range of complex and interrelated factors. These include SCF accuracy, e.g., accuracy at relevant spatial resolutions and lead times, forecast adoption rates and the attitudes of farmers to coping risks, and the actual seasonal conditions that are experienced. Therefore, no matter how skilled a climate forecast is, it is not possible for farmers to eliminate all impacts of climate on production, and any actions that they take to mitigate the risks will cost money, as will any decisions they make based on incorrect forecasts. It is unlikely that SCFs will ever achieve complete certainty in forecasting because of the many chaotic and non-deterministic features of climate systems. In fact, due to the anxiety of users regarding the predictability, many systems that have been developed still only use yield estimates from past periods, such as the 3-year average reference in our study, rather than using actual yield estimates to support informed decision-making.



Potential Ways Forward

Through the advances in GCM modeling, state-of-the-art downscaling techniques, and the wide application of big-data analyses and statistical techniques, such as the Bayesian-based parameter estimation in the climate and agricultural research fields (Gronewold et al., 2009; Jeong et al., 2016), it is expected that the use of SCF and agricultural modeling in agricultural decision-making will increase in the future. In addition, recent increases in the availability of crop/pest/disease-related data at national to global level would help improve the SCF-based early warning services. Such global datasets include the gridded historical yield time series (Iizumi and Sakai, 2020), global-scale, quantitative, standardized information on crop losses (Savary et al., 2019), potential sowing and harvesting windows (Iizumi et al., 2019), and high-resolution crop phenology (Luo et al., 2020). To develop comprehensive developmental frameworks for the SCF-based early warning services, it is also necessary to consider and simultaneously achieve all three of the key prerequisites for climate services: credibility, salience, and legitimacy (Cash et al., 2003).
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Enzymatic Browning in Wheat Kernels Produces Symptom of Black Point Caused by Bipolaris sorokiniana
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To understand the blackening mechanism in black point diseased kernels, ultraviolet–visible light (UV–Vis) and Fourier-transform infrared (FT-IR) absorbance spectra of extracts made from the blackening parts of black point-affected (BP) kernels and the analogous part of black point-free (BPF) kernels were measured using susceptible wheat genotypes “PZSCL6” inoculated with Bipolaris sorokiniana (the dominant pathogen causing this disease). In addition, metabolite differences between BP and BPF kernels were identified by a method that combines gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-high resolution mass spectrometry (LC-MS). Successively, symptoms of black point were produced in vitro. The results showed (i) the spectroscopic properties of the extracts from BP and BPF kernels were very similar, with an absorption peak at 235 nm and a small shoulder at 280–300 nm in both UV–Vis spectra and shared vibrations at 3400–3300, 2925 and 2852, 1512 and 1463, 1709, 1220, 600–860 cm–1 in FT-IR spectra that are consistent with similar bonding characteristics. In contrast, spectroscopic properties of extracts from wheat kernels were different from those of synthetic melanin and extracellular and intracellular melanin produced by B. sorokiniana. (ii) Levels of 156 metabolites in BP kernels were different from those in BPF kernels. Among those 156 metabolites, levels of phenolic acids (ferulic acid and p-coumaric acid), 11 phenolamides compounds, and four benzoxazinone derivatives were significantly higher in BP kernels than in BPF kernels. (iii) Symptom of black point could be produced in vitro in wheat kernels with supplement of phenol substrate (catechol) and H2O2. This result proved that blackening substance causing symptom of black point was produced by enzymatic browning in wheat kernels instead of by B. sorokiniana.
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INTRODUCTION

Black point, characterized by a dark discoloration of the embryo of kernels, is a serious disease in wheat growing regions throughout the world (Conner, 1989; Conner et al., 1992, 1996; Fernandez et al., 1994; Williamson, 1997; Mak et al., 2006; Moschini et al., 2006; Toklu et al., 2008; Xu et al., 2018; Li et al., 2020). It causes economic losses for farmers due to the reduction in the commercial grade of the wheat (Rees et al., 1984; Conner and Davidson, 1988) and decreases seed germination, inhibits seedling growth, and reduces grain yield (Conner et al., 1996; Li et al., 2014; El-Gremi et al., 2017). Furthermore, some fungal species that cause black point (e.g., Bipolaris sorokiniana, Alternaria alternata, and Fusarium proliferatum) may also produce toxic substances (Gauthier and Keller, 2013; Palacios et al., 2015; Masiello et al., 2020). In the Yellow and Huai wheat area of China, 62.5% of the 403 wheat genotypes were susceptible to black point during 2010–2012 (Li et al., 2014). Understanding the blackening mechanism of this disease is of great importance to studying the mechanism of resistance and control of this disease.

Current information about blackening mechanism of black point is incomplete and sometimes contradictory. Historically, it has been assumed that discoloration is the result of colonization by fungi, including A. alternata, B. sorokiniana, and Fusarium spp. (Bhowmik, 1969; Southwell et al., 1980; Rees et al., 1984; Conner et al., 1996; Kumar et al., 2002). However, other research on wheat and barley did not provide evidence supporting that symptoms of black point directly link to fungal colonization (Conner and Davidson, 1988; Basson et al., 1990; Ellis et al., 1996; Williamson, 1997). Some researchers have suggested that biochemical changes induced by pathogenic infection and environmental stress causes enzymatic browning within kernels, which results in black point symptoms (Williamson, 1997; Walker and Ferrar, 1998; Walker, 2011). Black point was reproduced in vitro when kernels were incubated in a phenol solution and then soaked in H2O2 solution (Williamson, 1997). However, there have been no reports that focus on the potential for diseased kernels to produce the blackening substance using metabolomics analysis and spectroscopic properties of the extracts from black point-affected (BP) and black point-free (BPF) kernels. Moreover, if the blackening substance causing symptom black point is related to the infection of fungi, whether it is produced by fungi or the result of biochemical changes within wheat kernels remains unclear.

In our previous study, we screened seven wheat genotypes that are highly susceptible to black point (Li et al., 2014) and identified eight fungal species, including B. sorokiniana, A. alternata, and Fusarium equiseti, that cause black point in the North China Plain (Xu et al., 2018), of which B. sorokiniana was the most virulent. Here we applied a metabolomics analysis to both the germ fraction (the main discolored part of the kernel) and the endosperm-bran fraction of BP and BPF kernels inoculated with B. sorokiniana using a method that combines gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-high resolution mass spectrometry (LC-MS). Moreover, the spectroscopic properties of an extract from discolored area of diseased kernels were analyzed. Through comparing differential metabolites between BP and BPF kernels, and applying spectroscopic properties analysis to the blackening substance of wheat, melanin of B. sorokiniana and a melanin standard, the objectives of this study were to determine (i) whether the discoloration substance causing symptoms of black point is produced by wheat or by pathogen and (ii) whether the discoloration substance is produced by enzymatic browning.



EXPERIMENTAL PROCEDURES


The Plant Material

Four wheat genotypes, of which two (“SP1777-1-2” and “Shannong4143”) were resistant and two (“PZSCL6” and “Aifeng66”) were susceptible to black point (Li et al., 2014) were used in this study. “PZSCL6,” used for all analysis, was planted in 12 rows that were 2 m long spaced 20 cm apart during 2016–2017 seasons in experimental field of Henan Agricultural University, Zhengzhou, Henan Province, China (longitude 113°42′E, latitude 34°44′N, elevation 111.3 m). The remaining three genotypes, used to produce symptom of black point in vitro, were planted in two rows. Fertilization, pest control, and weed management were conducted following Li et al. (2014).



Inoculation With the Pathogen

The fungal isolate Ta-BP33, representing B. sorokiniana (Xu et al., 2018), was cultured on Potato Dextrose Agar (PDA) medium in 9-cm Petri dish and incubated for 10–12 days in a dark growth chamber at 25 ± 1°C. Conidial suspensions were prepared according to the procedure described by Mahto et al. (2011), and the inoculation was as previously reported (Li et al., 2019b). Briefly, at Zadoks growth stage GS 55 (Zadoks et al., 1974), 200 spikes of genotype “PZSCL6” were covered with sulfuric acid paper bags to prevent contamination, and then at GS 65 the spikes were inoculated with conidial suspensions using a hand sprayer until dripping off and covered with transparent plastic bags for 5 days to maintain humidity, after which the spikes were again covered with sulfuric acid paper bags until harvest.

When symptoms of black point were clearly visible at GS 87 (Hard dough), these 200 spikes inoculated with B. sorokiniana were collected and taken to the laboratory. BP and BPF kernels were selected quickly. Samples for metabolomics analysis were made from 50 BP and BPF kernels, each. Remaining kernels were used to extract blackening substance. Five biological replicates were used in metabolomics analysis, and four biological replicates were used for other analysis.

In metabolomics analysis, the germ, with adhering aleurone layer, was designated as the “germ fraction”; the remaining part of the kernel was designated as the “endosperm-bran fraction.” The abbreviations of the four sample groups are: GBP = germ fraction of BP, EBP = endosperm-bran fraction of BP, GBPF = germ fraction of BPF, and EBPF = endosperm-bran fraction of BPF.



Extraction and Purification of Blackening Substance From Wheat Kernels

Blackening substance was extracted according to the basic procedure designed for isolating melanin pigments from tea with some adjustments (Sava et al., 2001). Kernels were soaked in water for 10 h, and then the coats of black/brown areas (around embryo end) were peeled off from BP kernels. Coats were also peeled off from the analogous part of BPF kernels. The peeled coats were washed with boiling water at a volume ratio of 1:20 (coats/water) for 15 min and then immersed in 0.1 M NaOH (1:20 g/ml). After 4 h incubation at 65°C (the black/brown on the coats from BP kernels has faded and is almost invisible with naked eye), the mixture was filtered and then centrifuged at 12,000 × g for 30 min. Next, the supernatant was acidified by the addition of 2 M HCl to pH 2.5, incubated at room temperature for 2 h, and centrifuged at 12,000 × g for 15 min to yield the blackening substance extracts.

Purification of the extracts was performed with acid hydrolysis, organic solvent treatment, and repeated precipitation as previously reported (Sava et al., 2001). The purified extracts were dried in a dryer for 24 h and stored at −20°C.



Extraction of Melanin From B. sorokiniana


Intracellular Melanin (Bs-in)

Cultures of B. sorokiniana isolate Ta-BP33 were grown on PDA medium at 25°C in the dark for 15 days. Bs-in was extracted from the mycelia and purified by a method reported by Carzaniga et al. (2002). Briefly, mycelia were washed with deionized water, homogenized, and extracted with 1 M NaOH. After removal of the fungal residue by centrifugation, melanin was precipitated from the supernatant with 2 M HCl, washed with hexane, redissolved in NaOH and precipitated with acid, and finally washed extensively with deionized water. The purified melanin was dried in a dryer for 24 h, and stored at −20°C.



Extracellular Melanin (Bs-ex)

Inocula were maintained on PDA, then transferred into a 250 ml flask containing 100 ml potato dextrose medium (pH 10.0), and grown at 25°C for 12 days with continuous 150 r/min shaking. Bs-ex was extracted using a previously reported procedure (Wu et al., 2008). Culture medium was filtered to remove mycelia and insoluble particles. The pH value of the derived supernatant was adjusted to 2.5 with 2 M HCl. After a short incubation, the suspension was centrifuged (4000 g, 10 min) and the pellet was collected. The purification and storage of Bs-ex was the same as for Bs-in.



Ultraviolet–Visible (UV) Spectroscopy

Extracts from BP and BPF kernels, intracellular and extracellular melanin from B. sorokiniana, and a melanin standard (Synthetic melanin, Sigma, M8631) were separately dissolved to a final concentration of 10 mg L–1 in phosphate buffer (pH 8.0). Each solution’s absorption spectrum (190–800 nm) was recorded using a UV spectrophotometer (AOE Instruments A590, China). Each sample was analyzed three times.



Fourier-Transform Infrared (FT-IR) Analysis

The extraction samples from wheat kernels, melanin from B. sorokiniana, and synthetic melanin were mixed with KBr powder at a ratio of 1:100, and then pressed into 1 mm pellets for Fourier-transform infrared (FT-IR) measurement. FT-IR spectra (4000–400 cm–1) were determined using a FT-IR spectrophotometer (Nicolet 5700, ThermoNicolet, United States).



Metabolomics Analysis


Metabolite Extraction, Sample Derivatization, and GC-MS Analysis

The sample (100 ± 1 mg) was homogenized in 500 μl pre-chilled methanol/water (4:1, v/v) using a TissueLyzer (JX-24, Jingxin, Shanghai) containing zirconia beads for 4 min at 40 Hz. The homogenates were placed at −20°C for 2 h prior to centrifugation at 16,000 × g (4°C) for 15 min. Extraction of the solid residue was repeated with 400 μl of pre-chilled methanol/water (4:1, v/v) and the supernatants from the two extractions (400 μl for twice) were combined. The combined supernatants (100 μl) and 10 μl of internal standards (0.05 mg/ml of 13C3-15N-L-alanine, 13C5-15N-L-valine, 13C6-15N-L-leucine, and 13C6-15N-L-isoleucine) were dried under nitrogen, and the residues were first incubated with 20 mg/ml methoxyamine hydrochloride (30 μl) in pyridine at 37°C for 90 min and second derivatized with BSTFA with 1% TMCS (30 μl) at 70°C for 60 min prior to GC-MS metabolomics analysis.

Metabolomics instrumental analysis was performed using an Agilent 7890A gas chromatography system coupled to an Agilent 5975C inert MSD system (Agilent Technologies Inc., Santa Clara, CA, United States). An HP-5ms fused-silica capillary column (30 m × 0.25 mm × 0.25 μm; Agilent J&W Scientific, Folsom, CA, United States) was utilized to separate the derivatives. Detailed separation conditions and data collection were as described by Luo et al. (2019).



Sample Processing and LC-MS Analysis

Metabolite extraction was similar to GC-MS analysis, instead of the addition of 500 ng/ml lidocaine into the first extraction solution as internal standard. A mixture of 90 μl of combined supernatants and 10 μl of 0.1 mg/ml naproxen (internal standard) was injected at a volume of 6 μl for LC-MS analysis. The QC sample was prepared as a pool of extractions from all samples and applied throughout the experimental analysis.

Chromatographic separation was performed on an Agilent 1290 UHPLC system with a Waters UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm) at a flow rate of 0.3 ml min–1 with a column temperature of 40°C. The mobile phases consisted of water (phase A) and acetonitrile (phase B), both with 0.1% formic acid (v/v). The linear gradient elution program was as follows: 0 min, 1% B; 1.5 min, 1% B; 13 min, 99% B; 16.5 min, 99% B; 16.6 min, 1% B; and hold to 20 min.

The eluents were analyzed in both electrospray positive (ESI+) and negative (ESI−) modes on a hybrid quadrupole time-of-light mass spectrometer (TripleTOF 6600 system, AB Sciex, Comcord, ON, Canada) equipped with a DuoSpray ion source (GS1 = 60 psi, GS2 = 60 psi, CUR = 30 psi, ion source temperature 550°C). The ion spray voltage floating (ISVF) was set to 5000 or −4000 V for ESI+ or ESI−, respectively. The declustering potential (DP) values were 60 and −60 V for ESI+ and ESI−, respectively. The TOF MS scan and data collection was performed as reported by Luo et al. (2019).



Data Preprocessing and Statistical Analysis

Peak picking, alignment, deconvolution, and further processing of raw GC-MS data were done with modifications from previously published protocols (Gao et al., 2010). The raw data of UPLC-QTOF-MS were transformed to mzXML format by ProteoWizard and then processed by XCMS and CAMERA packages in the R software platform. In XCMS, the peak picking [method = centWave, ppm = 15, peakwidth = c (5, 20, snthresh = 10)], alignment (bw = 6 and 3 for the first and second grouping, respectively), and retention time correction (method = loess) settings were used. In CAMERA, the annotations of isotope peak, adducts, and fragments were performed with default parameters.

The normalized data, including observations (sample name), variables (rt_mz), and normalized peak abundances, were analyzed with SIMCA software (version 13.0, Umetrics AB, Umeå, Sweden), where multivariate statistical analysis, such as principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA), were performed. The quality of models was described by the R2X (PCA) or R2Y and Q2 values (PLS-DA). To avoid model over-fitting, a default seven-round cross-validation was performed throughout to determine the optimal number of principal components. The values of R2X, R2Y, and Q2 were also used as indices to assess the robustness of a pattern recognition model (Luo et al., 2019).

Metabolites showing significant concentration differences between groups were identified using the combination of a variable importance in the projection (VIP) value > 1 from the orthogonal PLS-DA (OPLS-DA) model and a p < 0.05 from a univariate statistical analysis with Welch’s t-test (parametric test) on the metabolite’s data of normal distribution or Wilcoxon Mann–Whitney test (non-parametric test) on that of abnormal distribution. Fold-change was calculated as the binary logarithm of the average normalized peak intensity ratio between the two groups, where a positive value indicated that the average mass response of one specific group was upregulated compared to that of the other group (Luo et al., 2019).



Structural Identification of Differential Metabolites

For GC-MS data, the AMDIS software was applied to deconvolute mass spectra from raw GC-MS data, and the purified mass spectra were automatically matched against an in-house standard library that included retention time and mass spectra from the Golm Metabolome Database and Agilent Fiehn GC-MS Metabolomics RTL Library. For LC-MS data, the accurate m/z ratios of a precursor and its product ions were matched against databases including Metlin, Massbank, ReSpect, LipidBlast, and an in-house standard library. The threshold for matching similarity was 80%. In addition, previous publications were referenced in the structural identification of secondary metabolites such as phenolamides and benzoxazinoids (Dong et al., 2015; Bruijn et al., 2016). Metabolic pathway enrichment was analyzed using MetaboAnalyst 4.0.



Production of Symptoms in vitro

In vitro production of symptom of black point was carried out according to the method reported by Williamson (1997), with some changes. Forty mature kernels from each of the four genotypes were individually imbibed in water for 10 min in 10 ml centrifuge tube. Then 30 imbibed kernels were placed in another 10 ml centrifuge tube containing 3 ml of 0.6% catechol (Sigma) for 10 min at 25°C, while the other 10 imbibed kernels placed in 0.3% H2O2 solution for 36 h. After that, 20 kernels soaked in catechol were further incubated in 0.3% H2O2 solution and 10 kernels in deionized water for 36 h. Kernels were observed visually at 10 h intervals.



RESULTS


Symptoms of BP and BPF Kernels Inoculated With B. sorokiniana

Black point incidence of wheat genotype “PZSCL6” was more than 50% when inoculated with B. sorokiniana (Li et al., 2020). The symptoms on kernels of BP and BPF samples used for metabolomics and spectroscopic properties analysis are shown in Figure 1A. Discoloration characterized by a brown to black color at the embryo end of the kernel was visible with naked eye on BP kernels, which is the typical symptom of black point disease (Conner, 1989; Conner et al., 1992; Fernandez et al., 1994; Williamson, 1997; Mak et al., 2006; Toklu et al., 2008). In contrast, no discoloration was seen on BPF kernels selected.
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FIGURE 1. Kernels of PZSCL6 inoculated with B. sorokiniana under controlled field condition (A) and in vitro production of symptoms (B–D). BP, black point- affected kernels; BPF, black point-free kernels. 1, 2, 3, and 4 represent wheat genotype Shannong4143 (resistant), SP1777-1-2 (resistant), Aifeng66 (susceptible), and PZSCL6 (susceptible), respectively.




UV–Vis Spectra Analysis

The ultraviolet–visible (UV–Vis) absorbance (190–800 nm) spectra for solutions of extracts from BP and BPF kernels, extracellular and intracellular melanin from B. sorokiniana (Bs-ex, Bs-in), and a melanin standard are shown in Figure 2.
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FIGURE 2. The UV–Vis spectra of extract from black point-affected (BP) and black point-free (BPF) kernels, extracellular and intracellular melanin from B. sorokiniana (BS-ex, BS-in), and a melanin standard.


The absorbance of all the samples was strong over a wide spectral range and decreased with increasing wavelength. The synthetic melanin standard exhibited an expected peak at 215 nm (Wu et al., 2008). The maximal absorption peaks of Bs-ex and Bs-in were at 210 nm, similar to that of the melanin standard. UV–Vis absorbance spectra for extracts from wheat kernels were clearly different from those for the standard, and Bs-ex and Bs-in samples. UV–Vis absorbance spectra for BP and BPF were very similar, with a peak absorbance at 235 nm and a small shoulder at 280–300 nm. These results suggest that the blackening substance from BP kernels differs from synthetic melanin and the extracellular and intracellular melanin of B. sorokiniana.



FT-IR Spectroscopy Analysis

Fourier-transform infrared spectroscopy is a useful tool for component studies of functional groups attached to polymer chains (Sava et al., 2001). The FT-IR spectrum of the melanin standard showed absorption peaks previously reported (Bilinska, 1996; Sava et al., 2001; Wu et al., 2008). A broad band at 3400–3300 cm–1 is indicative of stretching vibrations for –OH and –NH2 groups, and a strong absorption at 1650–1600 cm–1 corresponds to vibrations of aromatic groups (C = O or C = C, Figure 3).
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FIGURE 3. Fourier-transform infrared spectra of extracts from black point-affected (BP) and black point-free (BPF) kernels, extracellular and intracellular melanin from B. sorokiniana (BS-ex, BS-in), and a melanin standard.


Fourier-transform infrared results for the BP sample clearly differed from the melanin standard. Compared to the melanin standard, strong absorption peaks at 1620 cm–1 were absent and absorption peaks at 1220, 1463, 1512, and 2924 cm–1 were present. FT-IR spectra of the BP and BPF extracts were very similar (Figure 3). The broad, stretching peak at 3400–3300 cm–1 is indicative of –OH and –NH2 groups (Bilinska, 1996). The strong absorption peak at 2925 cm–1 and the absorption peak at 2852 cm–1 can be attributed to the stretching vibrations of carbon hydrogen bonds (C–H) or aliphatic C = H (Sava et al., 2001). The strong absorption peaks at 1512 and 1463 cm–1 can be attributed to vibrations of aromatic rings. A band at 1709 cm–1 indicates the presence of carbonyl groups. Generally, the absorption peak at 1220 cm–1 can be attributed to stretching of the C–O bond in phenol. The absorption around 600–860 cm–1 can be attributed to C-H out-plane vibrations in a benzene ring, and the weak absorption indicated that the benzene rings were substituted (Gonalves et al., 2012; Yao et al., 2012). These results identified alkyl, phenolic hydroxyl, and carboxyl functional groups in the extract of black point diseased kernels, indicative of a phenolic substance that is similar to the pepper seed melanin (Wang, 2014).

Compared to the Bs-ex sample, the BP sample includes two extra absorption peaks at 1463 and 1512 cm–1, but the absorption peak at 1651 cm–1 was absent. The FT-IR spectrum for Bs-in was similar to the sample from diseased kernels, but Bs-in absorption peaks at 1220 and 1512 cm–1 were absent in BP kernel sample. FT-IR spectroscopy showed that the bonding characteristics of extract from BP were similar to those from BPF, but were different from standard melanin and the intracellular and extracellular melanin from B. sorokiniana. These results suggest that the blackening substance was predominantly produced by wheat kernels, rather than by B. sorokiniana.



Metabolites With Differential Content in BP and BPF Kernels

From PCA and PLS-DA results of LC-MS (electrospray negative, ESI−) for the four groups (GBP, EBP, GBPF, and EBPF), 20 samples (4 groups × 5 biological replicates) could be separated into four distinct clusters. PCA and PLS-DA results of electrospray positive (ESI+) and MC-MS were similar to those of LC-MS (ESI−) (Supplementary Figure 1). Then comparative analysis of EBP with EBPF and GBP with GBPF was performed. PCA (R2X = 0. 675), PLS-DA (R2Y = 0.997, Q2 = 0.784), and OPLS-DA (R2Y = 1.000, Q2 = 0.850) of GBP and GBPF showed the identified differences between samples of GC-MS data set. The PCA, PLS-DA, and OPLS-DA of EBP and EBPF for GC-MS and LC-MS are shown that R2X in PCA ranged from 0.565 to 0.727, and R2Y and Q2 in PLS-DA and OPLS-DA ranged from 0.980 to 1.000 and 0.782 to 0.978, respectively (Figures 4A–C and Supplementary Table 1). Model scores plots showed that different samples were approximately clustered on the basis of black point symptoms, suggesting that the model could clearly and reproducibly classify BP and BPF groups.
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FIGURE 4. Metabolomics analysis of germ (G) and endosperm-bran (E) fractions between black point-affected (BP) and black point-free (BPF) wheat kernels. (A–C) Model scores plots comparing GC-MS data for EBP and EBPF kernels. (A) Principal component analysis (PCA; R2X = 0.565); (B) Partial least-squares-discriminate analysis (PLS-DA; R2Y = 0.998, Q2 = 0.930). (C) Orthogonal partial least-squares discriminant analysis (OPLS-DA, R2Y = 1.000, Q2 = 0.928). (D) Metabolites with differential content between BP and BPF identified by GC-MS and LC-MS. Values indicate the number of metabolites in a group. Data in the shaded cross-section count metabolites found in both G and E fractions. (E) Heat map of differential metabolites from the G fraction of BP and BPF as measured by GC-MS (n = 5). Each line represents a metabolite, and each column id represents a sample. B1–B5 and D1–D5 label BP and BPF replicates, respectively. Upregulated metabolites are shown in red, and downregulated metabolites are shown in green.


Variable importance in the projection threshold from OPLS-DA models (>1) were combined with univariate statistical analysis (p < 0.05) to asses GC-MS data and identified 38 and 42 metabolites with differential content in germ and endosperm-bran fractions, respectively (Figure 4D and Supplementary Tables 2, 3). Through LC-MS analysis, 73 and 63 metabolites with differential content were found in germ and endosperm-bran fractions, respectively (Supplementary Tables 4, 5). Heat map analysis was used to depict the levels of differential metabolites in every sample (Figure 4E and Supplementary Figures 2–4).

Combining GC-MS and LC-MS methods, 109 and 95 metabolites with differential content were found in germ fraction and endosperm-bran fraction, respectively (Supplementary Tables 6, 7). A total of 156 metabolites with differential content between BP and BFP kernel were found, including 48 metabolites with differential content in both the germ and the endosperm-bran fractions (Supplementary Table 8). Thirty-eight metabolites with content that was twofold higher or lower in BP than that in BPF kernels are shown in Table 1. Of these 156 metabolites, 70 metabolites were detected with significantly lower content and 69 metabolites with significantly higher content in BP kernels compared to BPF kernels. Other 17 metabolites showed inconsistent content changes in germ and endosperm-bran fractions.


TABLE 1. Thirty-eight metabolites with content that was twofold higher or lower in black point-affected (BP) kernels than that in black point-free (BPF) kernels.

[image: Table 1]These 156 differential metabolites were divided into seven major groups based on their chemical characteristics. The largest group contained 58 metabolites (37% of all metabolites detected) that are lipids and fatty acids. The second largest group contained 30 metabolites (19%) that are amino acids. The other five groups contained 21 metabolites (14%), 17 metabolites (11%), 11 metabolites (7%), 11 metabolites (7%), and eight metabolites (5%) that are characterized as carbohydrates/altiol, secondary metabolites, organic acids, other chemicals, and nucleotides, respectively (Figure 5A).
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FIGURE 5. Classification of 156 metabolites (A) and KEGG pathway analysis (B) of differential metabolites between black point-affected and black point-free wheat kernels. In B, larger circles indicate greater pathway enrichment, and darker colors indicate larger pathway impact values.


In both germ and endosperm-bran fractions, the amounts of ferulic acid and p-coumaric acid in BP sample were significantly greater than those in BPF sample. In addition, 11 metabolites with significantly higher content in BP kernels, including N1, N10-Caffeoylferuloylspermidine, N1, N10-Diferuloylspermidine, and N-p-Coumaroylputrescine, were phenolamide compounds; and four metabolites with significantly higher content in BP kernels were benzoxazinone derivatives (Supplementary Table 8). To develop a better understanding of the underlying metabolome changes occurred in BP kernels, significant metabolites were mapped onto metabolic pathways. KEGG pathway analysis of differential metabolites showed significant enrichment of metabolites involved in starch and sucrose, amino acid, glutathione, glyoxylate, dicarboxylate metabolism, and biosynthesis of secondary metabolites (Figure 5B).



Symptoms of Black Point Produced in vitro

After 10 min incubation in the phenolic substrate (0.6% catechol), followed by 36 h incubation in 0.3% H2O2, all mature wheat kernels of four genotypes (both susceptible and resistant) showed blackening symptoms of black point covering approximately one-third of the grain at the germ, with a clear demarcation between the blacken and the symptomless portion of the kernels (Figure 1B). No discoloration symptoms appeared on any of the kernel incubated in catechol or H2O2 alone (Figures 1C,D), and the symptoms did not occur even if the incubation time was extended to 60 h. Kernels soaked in catechol alone showed slight browning with clear distinction to black point symptoms. There is no difference in the intensity or size of the discoloration between resistant and susceptible genotypes.



DISCUSSION


Blackening Substance of Black Point Was Produced in Wheat Kernels

It remains to be determined whether black point is primarily pathogen-induced (Southwell et al., 1980; Rees et al., 1984; Conner et al., 1996; Kumar et al., 2002) or induced by environmental conditions (Conner and Davidson, 1988; Conner, 1989; Conner et al., 1992; Fernandez et al., 1994; Kumar et al., 2002; Moschini et al., 2006; Walker, 2011). Our previous study indicated that pathogens could significantly increase the incidence of black point (Xu et al., 2018), and the incidence was also affected by environmental variations between different years (Li et al., 2019a,b). It seems that the pathogen causes black point, and the appropriate environmental conditions will enhance the severity of this disease.

Beyond identifying the cause of black point, understanding how the discoloration occurs is an outstanding problem of interest. Some researchers proposed that discoloration is the result of fungal colonization of kernels, including A. alternata, B. sorokiniana, Exserohilum rostratum, and F. proliferatum (Southwell et al., 1980; Rees et al., 1984; Conner et al., 1996; Kumar et al., 2002). Other researchers reported that blackening is probably the result of biochemical changes within the kernel (Williamson, 1997; Walker and Ferrar, 1998; Walker, 2011). In this study, the spectroscopic properties of blackening substance extracted from the diseased area of BP kernels were discovered markedly different from those of synthetic melanin and melanin collected from the pathogen B. sorokiniana. Furthermore, the spectroscopic properties of the extract from BP kernels were very similar to those made from an extract of the analogous part of BPF kernels. These results indicate that the blackening substance of black point comes from the wheat kernel instead of pathogenic fungi (B. sorokiniana). This blackening substance was also synthesized in BPF kernels with a lower amount than in BP kernels (data not shown). It suggested that the formation of blackening substance causing black point should be a natural reaction to the fungal infection. In the kernels inoculated with B. sorokiniana, more blackening substance was accumulated, which resulted in the visible symptoms of black point.



Enzymatic Browning Bring About the Production of Blackening Substance

In this study, results of FT-IR spectroscopy identified alkyl, phenolic hydroxyl, and carboxyl functional groups in the extract from BP kernels, indicative of a phenolic substance. Metabolomics analysis further showed that significantly higher content of ferulic and p-coumaric acid in BP kernels, which indicated that enough phenolic substrate for enzymatic browning is helpful to produced more black pigments than that in BPF kernels. In addition, symptoms of black point could be produced in vitro when asymptomatic wheat kernels were treated with phenol substrate (catechol) and H2O2 solution, which was consistent with the results of Williamson (1997). These results indicated that the enzymatic browning in wheat kernels brings about the production of blackening substance causing black point. The discoloration did not appear when the kernels were incubated in the phenol substrates and H2O2 alone even if treatment time is enough, which were also reported by Williamson (1997). The requirement for H2O2 suggests that POD were involved in the discoloration reaction of black point. The requirement for supplement of exogenous phenol substrate suggests the insufficient phenol content in BPF kernels limited the production of blackening substance causing black point.

Enzymatic browning is a characteristic reaction in plant tissues under stressful or harmful condition. It involves two complex processes. First, the phenolic substrates is oxidized under the catalysis of polyphenol oxidase (PPO, EC 1.10.3.1) and POD, and then the oxidized products are transformed to black pigments, like melanins and quinnes (Walker and Ferrar, 1998; Tomás-Barberán and Espin, 2001). POD enzymes catalyze the oxidation of various substrates, including ferulic and p-coumaric acid (the main phenolic acids found in monocotyledonous crops), into dark-colored products (Sosulski et al., 1982; Rasmussen et al., 1997). Phenolic acids are natural compounds in wheat kernels (Kim et al., 2006). In addition to being substrates for POD and PPO in enzymatic browning process, phenolic acids have been found to be strong antioxidants (Kim et al., 2006) and act as germination inhibitors (Weidner et al., 1999).



The Reason for Discoloration of Black Point Was Associated With Enzymatic Browning

Certain environmental stresses during grain filling, such as infection by pathogen, wheat pre-germination, or disruption of the immature caryopsis, might cause POD and PPO release and catalyze the oxidation of phenols to form quinones, which are highly reactive and produce insoluble polymers associated with discoloration symptoms (Barz and Koster, 1981; Cochrane, 1994). In response to stress encountered during kernel development, there is activation of a complex defense mechanism in plants that includes a scavenging system to cope with excessive reactive oxygen species (ROS) and the accumulation of phenylpropanoid compounds that directly act as defense factors or may act as precursors for the synthesis of lignin, suberin, and other wound-induced polyphenolic barriers (Dixon and Paiva, 2017).

Mak et al. (2006) found lower levels of “stress” class proteins (products of genes associated with stress, disease, and defense) in BP kernels through proteomic analysis, indicting weaker ability in response to stress in BP kernels. Owing to relatively smaller amounts of “stress” proteins, BP kernels need a lot of phenolic compounds and enzymes or activate other mechanisms to cope with stresses and synthesize metabolites with antioxidant functions. In this study, metabolomics analysis showed significantly higher content of ferulic and p-coumaric acid in BP kernels, which could be used against ROS that results from B. sorokiniana infection and provided enough phenolic substrate for enzymatic browning. In addition, metabolomics analysis also showed that the content of 11 phenolamide compounds and four benzoxazinone derivatives were significantly higher in BP kernels than in BPF kernels. Phenolamides, a major group of secondary metabolites resulting from the conjugation of a phenolic moiety with polyamines, have been reported throughout the plant kingdom and are considered to be either products of polyamine catabolism or phenolic storage forms (Bassard et al., 2010) with specific functions in plant development and defense. In addition, phenolamides have also been described as bioactive compounds with antiviral, antibacterial, antifungal, and insecticidal activities (Walters et al., 2002; Bassard et al., 2010). Benzoxazinoids are nitrogen-containing secondary metabolites found in poaceous plants, including wheat and maize (Niemeyer, 2009). Among the three groups of benzoxazinoids (benzoxazolinones: BOA and MBOA; lactams: HBOA, HMBOA, and their glycosides; hydroxamic acids: DIBOA, DIMBOA, and their glycosides), DIMBOA and its glycosides are predominant in maize and wheat (Jonczyk et al., 2008; Tanwir et al., 2017). Benzoxazinoids are stored in cells as glucosides. When the cytoarchitecture is ruptured, the active aglycons, DIBOA, and/or DIMBOA are released enzymatically and act as important factors in host-plant resistance to microbial disease and insects (Niemeyer, 1988, 2009; Sicker et al., 2000). These results indicated that due to the insufficient ability to deal with ROS caused by infection of B. sorokiniana in BP kernels, the phenolic compounds and activities of enzymes related to enzymatic browning were increased, subsequently blacking substances causing symptom of black point were accumulated. Compared to the resistant wheat cultivar, the activities of POD and PPO were significantly increased after inoculated by B. sorokiniana in the cultivar susceptible to black point (unpublished data).

Based on the results of this study, the biochemical pathways, including phenylpropanoid metabolism, oxidation of phenolic acids, to increase phenols and quinones associated with enzymatic browning, may accelerate the development of black point symptoms. Although POD, PPO, H2O2, and the phenols, which were considered necessary for enzymatic browning, could be found in wheat kernels (Cochrane, 1994), the mechanism by which they could combine to create discoloration remains to be fully understood. Identifying the specific phenol oxidase that accelerates black point symptoms and understanding how stress conditions or cellular disruption caused by specific environmental conditions release the peroxidases will be necessary to further understand the molecular mechanism of browning. Future research will concentrate on these issues in order to understand what is happening within kernels during black point development under the condition of inoculation of B. sorokiniana.



CONCLUSION

The spectroscopic properties of extracts from the blackening parts of BP kernels were similar to those from the analogous parts of BPF kernels but different from those of melanin from fungi (B. sorokiniana). With the method combines GC-MS and LC-MS, we identified 156 differential metabolites between BP and BPF kernels from a susceptible wheat genotype inoculated with B. sorokiniana under controlled field condition. Among the 156 metabolites, the content of phenolic acids in diseased kernels was significantly higher than that of asymptomatic kernels in both germ and endosperm-bran fractions. The symptom of black point could be produced in vitro with supplement of phenol substrate (catechol) and H2O2. This indicates that enzymatic browning in wheat kernels brings about the symptom of black point.
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Supplementary Figure 1 | Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) for four group samples in LC-MS (A–H) and GC-MS (I–L). (A,B) PCA of electrospray negative (ESI−), R2X = 0.786; (C,D) PLS-DA of ESI−, R2Y = 0.995, Q2 = 0.911; (E,F) PCA of electrospray positive (ESI+), R2X = 0.766; (G,H) PLS-DA of ESI +, R2Y = 0.987, Q2 = 0.886; (I,J) PCA of GC-MS, R2X = 0.674; (K,L) PLS-DA of GC-MS, R2Y = 0.988, Q2 = 0.882; n = 5.

Supplementary Figure 2 | Heat map of differential metabolites from the endosperm-bran fraction of diseased and asymptomatic kernels as measured by GC-MS (n = 5). Each line means a metabolite, and each column id for each sample. A1-A5 represent replicates of diseased group and C1-C5 represent replicates of asymptomatic group. The upregulated metabolites are shown in red color, whereas the downregulated metabolites are presented in green color. GC-MS, gas chromatography-mass spectrometer.

Supplementary Figure 3 | Heat map of differential metabolites from the endosperm-bran fraction of diseased and asymptomatic kernels as measured by LC-MS (n = 5). Each line means a metabolite, and each column id for each sample. A1–A5 represent replicates of diseased group and C1–C5 represent replicates of asymptomatic group. The upregulated metabolites are shown in red color, whereas the downregulated metabolites are presented in green color. LC-MS, liquid chromatograph-mass spectrometer.

Supplementary Figure 4 | Heat map of differential metabolites from the germ fraction of diseased and asymptomatic kernels as measured by LC-MS (n = 5). Each line means a metabolite, and each column id for each sample. B1–B5 represent replicates of diseased group and D1–D5 represent replicates of asymptomatic group. The upregulated metabolites are shown in red color, whereas the downregulated metabolites are presented in green color. LC-MS, liquid chromatograph-mass spectrometer.

Supplementary Table 1 | Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial least-squares discriminant analysis (OPLS-DA) of the samples from diseased and asymptomatic kernels.

Supplementary Table 2 | Thirty-eight metabolites identified by GC-MS in the germ fraction with differential content in black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 3 | Forty-two metabolites identified by GC-MS in the endosperm-bran fraction with differential content in black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 4 | Seventy-three metabolites identified by LC-MS in the germ fraction with differential content between black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 5 | Sixty-three metabolites identified by LC-MS in the endosperm-bran fraction with differential content between black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 6 | One hundred and nine metabolites identified by combining LC-MS and MC-MS in the germ fraction with differential content between black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 7 | Ninety-five metabolites identified by combining LC-MS and MC-MS in the endosperm-bran fraction with differential content between black point-affected (BP) and black point-free (BPF) kernels.

Supplementary Table 8 | One hundred and fifty-six metabolites identified by combining LC-MS and MC-MS with differential content between black point-affected (BP) and black point-free (BPF) kernels.
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Histology and RNA Sequencing Provide Insights Into Fusarium Head Blight Resistance in AAC Tenacious
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Fusarium head blight (FHB) is a serious fungal disease affecting wheat and other cereals worldwide. This fungus causes severe yield and quality losses from a reduction in grain quality and contamination of grain with mycotoxins. Intensive breeding efforts led to the release of AAC Tenacious, which was the first spring wheat cultivar registered in Canada with a resistant (R) rating to FHB. To elucidate the physiological mechanisms of resistance, we performed histological and transcriptomic analyses of AAC Tenacious and a susceptible control Roblin after inoculation with Fusarium graminearum (Fg). The spikelet and rachis of infected wheat spikes were hand sectioned and monitored by confocal and fluorescent microscopy. Visible hyphae were observed within the inoculated spikelets for AAC Tenacious; however, the infection was largely restricted to the point of inoculation (POI), whereas the adjacent florets in Roblin were heavily infected. Significant cell wall thickening within the rachis node below the POI was evident in AAC Tenacious compared to Roblin in response to Fg inoculation. Rachis node and rachilla tissues from the POI and the rachis node below the POI were collected at 5 days post inoculation for RNAseq. Significant changes in gene expression were detected in both cultivars in response to infection. The rachis node below the POI in AAC Tenacious had fewer differentially expressed genes (DEGs) when compared to the uninoculated control, likely due to its increased disease resistance. Analysis of DEGs in Roblin and AAC Tenacious revealed the activation of genes and pathways in response to infection, including those putatively involved in cell wall modification and defense response.

Keywords: histology, QTL, breeding, resistance, AAC Tenacious, transcriptomics, FHB


INTRODUCTION

Wheat (Triticum aestivum L.) is the most widely grown crop in Canada where it is sown to approximately 25 million acres (StatsCan, 2020). One of the greatest production constraints in wheat is disease pressure from fungi that cause Fusarium head blight (FHB), which is endemic throughout North America, Europe, and Asia. FHB is a disease complex caused by several different species within the Fusarium genus, with F. graminearum being the dominant species in North America (Trail, 2009). Damage due to FHB results in a reduction in both grain yield and quality. Trichothecene mycotoxins, such as deoxynivalenol (DON), are produced by the fungi and accumulate in cereal grains, which diminishes grain value, imposes export barriers, and poses serious health hazards to animal and human consumption (Jennings, 2007). Losses from FHB vary annually and depend on a multitude of factors, including moisture and humidity during anthesis, which is when the plants are most vulnerable to infection (Trail, 2009). The United States of America have reported losses from FHB to be in the billions of dollars, with significant losses occurring in the late 1990’s and early 2000’s (McMullen et al., 2012). In Canada, FHB has been reported to cause $1 billion in estimated losses in epidemic years, such as 2016 (Dawson, 2016). Disease incidence and severity for FHB has been increasing in North America over the past three decades, possibly due to agronomic practices (i.e., cereal-cereal crop rotations and no-till), climate change, and dynamics in the pathogen populations (Ward et al., 2008; Gilbert and Haber, 2013; Walkowiak et al., 2015). FHB has been difficult to manage because available fungicides do not provide complete FHB control; consequently, the most effective way to manage FHB is to use an integrated management strategy that includes the use of wheat cultivars with genetic resistance to the disease.

Genetic resistance to FHB is quantitative and is the result of several loci that contribute to molecular and physiological differences in the wheat plant. To date, more than 65 quantitative trait loci (QTL) have been identified that contribute to FHB resistance in wheat (Venske et al., 2019), including North American breeding material (McCartney et al., 2016) such as FL62R1 (Comeau et al., 2008; Zhang et al., 2018, 2020), as well as cultivars, such as Alsen, Glenn, Carberry, and AAC Tenacious (Bokore et al., 2017; Dhariwal et al., 2020). Pyramiding FHB resistance QTL increases disease resistance (Venske et al., 2019), but unfortunately, many FHB resistance QTL are also associated with poor agronomics and quality, making their transfer into elite varieties a challenge (Haile et al., 2019; Venske et al., 2019). By understanding the mechanisms and causal genes of resistance, breeders can more efficiently integrate resistance genes into elite material through next generation breeding technologies (i.e., transgenics) or targeted introgressions, thereby limiting the introduction of additional undesired genes and traits, which are often transferred through genetic linkage drag. Although most of the underlying genes that confer FHB resistance are currently either unknown or not validated on diverse germplasm, the availability of the wheat genome sequence is accelerating gene discovery and breeding efforts (IWGSC et al., 2018).

The Chinese cultivar Sumai 3 is one of the most studied FHB resistant wheat line thus far (Bokore et al., 2017). In Sumai 3, progression of the Fusarium mycelium through the parenchyma and vascular tissues of the rachis are impeded and less pervasive than in susceptible wheat cultivars, such as Roblin (Miller et al., 2004). Fhb1, which is derived from Sumai 3, is a major FHB resistance QTL and was recently cloned and controversially described to encode a chimeric lectin with agglutinin and pore-forming toxin-like domains (Rawat et al., 2016) and histidine-rich calcium-binding protein (Li et al., 2019; Su et al., 2019). A separate resistance gene derived from Thinopyrum elongatum, Fhb7, was identified to be a DON detoxification gene that encodes a glutathione S-transferase (Wang et al., 2020). Likewise, UDP-glycosyltranserases have been shown to detoxify DON and provide FHB resistance (Gatti et al., 2018). Molecular mechanisms of resistance are also likely to include pathogen recognition receptors (PRRs; Jones and Dangl, 2006), although the underlying genes are largely unknown. In addition to molecular mechanisms of resistance, physiological traits may also impact FHB resistance, including the presence of awns, heading date, anther extrusion, and plant height (Mesterházy, 1995; Klahr et al., 2007; Haile et al., 2019). Genes for some of these physiological traits in wheat have also been identified, such as the Rht genes for plant height (Würschum et al., 2017; Haile et al., 2019), though the mechanism of resistance to FHB may be indirect and is difficult to characterize (Haile et al., 2019; Venske et al., 2019). At a microscopic level, physiology within the wheat spike may also be important for disease resistance. For example, thickening of the cell walls may impact the spread of the fungus through the plant’s vasculature (Lahlali et al., 2016). Also, the rachis nodes may be a key point of defense against FHB, whereas DON contributes to the pathogen’s ability to overcome that defense (Jansen et al., 2005; Brown et al., 2010). Together, wheat breeders and researchers will benefit by more detailed dissection of FHB resistance mechanisms and their underlying genes.

Currently, the only FHB resistant spring wheat cultivar that is registered in Canada is AAC Tenacious; all other cultivars are either moderately resistant, intermediately resistant, moderately susceptible or susceptible (Brown et al., 2015). AAC Tenacious was developed by the Agriculture and Agri-Food Canada at the Cereal Research Centre in Winnipeg, Manitoba, and was registered in 2013. Recently, AAC Tenacious has been reported to possess major FHB resistance QTL using a bi-parental population AAC Innova × AAC Tenacious (Dhariwal et al., 2020). This study investigates the physiological and molecular characteristics of AAC Tenacious associated with resistance to FHB in the wheat spike.



MATERIALS AND METHODS


Fungal Culture and Macroconidia Preparation

A highly virulent 3-acetyldeoxynivalenol producing isolate of Fg (HSW-15-39), obtained from the Henriquez Spring Wheat (HSW) collection of Fusarium isolates at Agriculture and Agri-Food Canada, Morden, Manitoba was used in this study. For spore production, approximately 1 cm2 of Fg preserved at −80°C (filter paper Whatman No.1) was placed in the center of a petri dish (100 mm) containing Spezieller-Nährstoffar Agar (SNA), and incubated at 22°C for 10 days under a combination of fluorescent-UV lights. Conidia suspensions were harvested in sterile water filtered through cheese cloth.



Plant Materials

Plant materials used in this study included the spring wheat cultivars AAC Tenacious (Brown et al., 2015) and Roblin (Campbell and Czarnecki, 1987). AAC Tenacious is a high yielding spring wheat cultivar that belongs to the Canada Prairie Spring Red market class, derives from the cross HY667/BW346, and is resistant to FHB. Roblin is a spring wheat cultivar that is susceptible to FHB and derives from the cross RL4302/RL4356//RL4359 (Campbell and Czarnecki, 1987). AAC Tenacious is physiologically different from Roblin in being tall and resistant to FHB. Three seeds each of AAC Tenacious and Roblin were sown in 4” pots with a mixture of 50% Sunshine #5 soilless mix (Sungro, Horticulture Canada, Seba Beach, AB, Canada) and 50% soil, plus 6 g of Osmocote slow release fertilizer (14-14-14; Everris NA, Dublin Ohio, United States). Wheat plants were grown in controlled-environment cabinets with 16 h of light at 22°C and 8 h of dark at 15°C. Plant-prod 20-20-20 soluble fertilizer (Master Plant Products Brampton Ontario, Canada) was applied in the water at a rate of 0.75 g/L and 2 g of slow release fertilizer (14-14-14) was added 40 days after planting. At the three-leaf stage, the plants were thinned to one plant per pot. At mid-flowering stage (approximately 50% of anthers extruded), single floret inoculation was performed with water (control) or with 10 μL of Fg inoculum that was inserted between the lemma and palea at the midpoint of the spike using a micropipetter. For the Fg inoculation, the macroconidia suspension was prepared at a concentration of 5 × 104 macroconidia/mL. Inoculated plants were covered with a plastic bag for 48 h to promote infection. This was repeated for six individual wheat plants for both AAC Tenacious and Roblin, and the number of spikelets demonstrating disease symptoms within each spike was recorded at regular intervals to assess type II FHB resistance.



Tissue Processing and Confocal Laser Scanning Microscopy Analysis

In order to elucidate the course of F. graminearum infection in AAC Tenacious and Roblin, infection of wheat plants was performed as described previously and the spikelet and rachis of infected and control wheat spikes were hand sectioned at 2, 5, 7, 9, 11, and 13 days post inoculation (dpi). Tissue samples for each time point were hand sectioned while under magnification using the Zeiss Stemi 2000-C Stereo microscope. The samples were labeled sequentially from the top of the spike downward (Figure 1A). The rachis node (RN) and rachis internode (RI) immediately above the point of inoculation (POI) were designated “i” and “ii,” respectively. The POI was designated “iii.” The RI and RN below the POI were designated “iv” to “vii.” A minimum of three replications were collected for each of the seven positions on the spike (i–vii) for both cultivars across the different time-points. Samples were placed in 0.2 mL 8 strip-tubes and stained with Alexa Fluor® 488 (Catalog No. W11261, InvitrogenTM; AF) and propidium iodide (Catalog No. P3566, InvitrogenTM; PI), following the manufacturer’s recommendations for the concentration of working solutions. The working solutions for AF and PI (10 μg/mL) were mixed to a 1:1 ratio, and 20 μL were added to each sectioned sample (i–vii). The strip-tubes were placed under vacuum for 20 min and protected from the light until microscopy analysis. Microscopy images were acquired using a Zeiss Laser Confocal LSM 700 laser scanning microscopy, with Zeiss Imager M2 microscope following excitation wavelength at 488 and 555 nm, by collecting the emitted fluorescence between 300–550 and 560–800 nm for AF and PI, respectively. Zeiss Efficient Navigation microscope software (ZEN) was used for image processing.
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FIGURE 1. Disease assessment of AAC Tenacious and Roblin. (A) Tissue sampling for histological analysis by CLSM. (B) Wheat spikes at 5 dpi (left) and 13 dpi (right) inoculated with Fg for Roblin (top), and AAC Tenacious (bottom). For each time point, we show the intact wheat spike as well as a dissection that makes the rachis more visible. (C) FHB disease severity determined based on visual scoring of symptoms. Different letters above bars indicate statistically significant differences among treatments (p ≤ 0.05). (D) Percentage of colonization of Fg in the different spike sections (i–vii) in AAC Tenacious and Roblin from 2 dpi to 13 dpi, determined by CLSM.


Measurement of the cell wall thickness in the rachis internode (section “iv”) and rachis node (section “v”) was performed in parenchyma cells at 5 dpi modifying the protocol of Begović et al. (2015). The thickness of the cell walls was calculated using the ratio between the length of the outer periclinal cell wall (OL) and the length of the inner periclinal cell wall or cell lumen (LL) of two contiguous cells (Figure 2C). Measurements were done in nm using the Zeiss Efficient Navigation microscope software (ZEN). Cell wall thickness across treatments were analyzed in sections “iv” and “v” using the GLIMMIX procedure of SAS v.9.4 (SAS, 2014) with the effect of replicates as random. The effect of treatments (inoculated and non-inoculated cultivars) were considered as fixed. When a factor effect was significant, as indicated by significant F test (p ≤ 0.05), differences between the respective means were determined using the Tukey’s multiple comparison test (p ≤ 0.05).
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FIGURE 2. CLSM imaging of Fg infection. (A) CLSM images of cross sections showing the movement of the Fg through the vascular bundles (left), and infected vascular and parenchyma tissues (right) of Roblin. Infection within the vascular bundles is indicated (white arrow). Within the parenchyma, hyphae were observed both inter- and intracellularly (right). (B) Microscopic observation of the Fg infection process in the spike sections (i–vii) by CLSM analysis at 13 dpi. Fg and water inoculated tissue samples of Roblin (left) and AAC Tenacious (right) are shown. The scale bar represents 100 μm. (C) Measurement of the cell wall thickness was calculated using the ratio between the length of the outer periclinal cell wall (OL) and the length of the inner periclinal cell wall (LL). (D) Means of cell wall thickness across inoculated and non-inoculated cultivars within sections followed by different letters are significantly different, according to Tukey’s multiple comparison test (p ≤ 0.05). Error bars are ± 1 standard error of the mean.


Macroscopic disease symptoms of spikelets showing dark brown or bleaching symptoms and the proportion of infected spikelets in each spike (severity) was estimated for each time point. For quantification of the infection process at different time-points by Confocal Laser Scanning Microscopy (CLSM), the percentage of Fg colonization in the different sections of the spike were observed and recorded. Disease severity (%) was analyzed with GLIMMIX procedure of SAS v.9.4 (SAS, 2014) with the effects of replicates as random. The effect of time was considered as fixed. When a factor effect was significant, as indicated by significant F test (p ≤ 0.05), differences between the respective means were determine using the Tukey’s multiple comparison test (p ≤ 0.05).



RNA Sequencing and Data Processing

Based on results from the CLSM analysis, at 5 dpi there were consistent phenotypic differences in the rachis node and rachilla between AAC Tenacious and Roblin; as such, we selected this time-point to examine gene expression patterns by RNAseq. The spikelet at the POI and the rachis node below the POI, sections “iii” and “v,” were isolated at 5 dpi for the Fg and water inoculations. One spike per plant/pot and 15 spikes were used per replicate. Each treatment was replicated three times. RNA extraction was performed from 360 sectioned samples (180 Fg inoculated and 180 water inoculated), using the Trizol Reagent (Ambion), according to the manufacturer’s instructions. All samples were treated with DNase I (Invitrogen), according to the manufacturer’s instructions. The RNA yield and quality were monitored using a Qubit 3.0 Fluorometer with the Qubit BR Assay Kit (Invitrogen), and an Agilent 2100 Bioanalyzer and the Agilent RNA 6000 Nano Kit (Agilent). The average RNA Integrity Number (RIN) value for all the samples was 9.0. cDNA libraries were prepared by using the NEB rRNA-depleted stranded (plant) kit. Samples were sequenced at the McGill University and Genome Quebec Innovation Centre (Montreal, Canada) using the HiSeq2500 Illumina sequencer with 125-nucleotide paired-end reads.

Analysis of the RNAseq reads was performed according to widely established standards and protocols for wheat (IWGSC et al., 2018). Briefly, adapters were trimmed from raw sequence reads using Trimmomatic, which were then aligned to the Chinese Spring RefSeq v1.0 wheat genome assembly (IWGSC et al., 2018) using STAR (Dobin et al., 2012). Using the available RefSeq v1.0 high-confidence gene annotations, a raw count matrix was generated for each annotated gene using HTSeq-Count (Anders et al., 2015) and imported into DESeq2 (Love et al., 2014) for differential expression analyses. Pairwise comparisons between treatments were considered, and genes were declared differentially expressed if the log2 fold change was greater than 2 or less than −2. Differentially expressed gene (DEG) lists were extracted for each comparison and analyzed for gene ontology (GO) enrichment in R using the topGO package (Rahnenführer, 2009). Variants were called for each sample using Freebayes1 software. Filtering and annotation of variants that differentiate AAC Tenacious from Roblin was performed using SnpSift and SnpEff software (Cingolani et al., 2012).

We then performed a more detailed inspection of variants within three QTL regions identified from Sumai 3 (Fhb1, Fhb2, and Fhb5). QTL regions were identified in RefSeqv1.0 based BLASTn analysis of markers Gwm133 and Gwm644 on chromosome arm 6BS for Fhb2, (Cuthbert et al., 2007), and Gwm304 and Gwm415 on chromosome arm 5AS for Fhb5 (Xue et al., 2011). The Fhb1 genomic region was identified using sequences of candidate genes and gene containing contigs [Fhb1-1, GenBank accession KU304333.1 (Paudel et al., 2020); PFT and PFT containing contig, GenBank accessions AY587018.1 and KX907434.1 (Rawat et al., 2016); and TaHRC, GenBank accession MK450312.1 (Su et al., 2019)].



RESULTS AND DISCUSSION


Infection Patterns in AAC Tenacious and Roblin

Initially, we performed visual assessments of the Fg infection process in the wheat spikes, carefully observing fungal spread above and below the POI (Figure 1A). In the susceptible cultivar Roblin, there were no obvious visual symptoms of FHB infection at 2 dpi. At 5 dpi, Roblin consistently showed bleaching or dark brown lesions at the POI (section “iii”), which are typical symptoms of FHB infection (Figure 1B, top left). Symptoms began spreading outward to the adjacent spikelets until 13 dpi, ending in a final disease severity of 78.9% (Figure 1B, top right).

Similar to Roblin, disease symptoms were visible in AAC Tenacious at 5 dpi, as dark brown or bleaching symptoms at the POI (Figure 1B, bottom left). However, as time progressed, the spikelets above and below the POI had no observable disease symptoms, though brown lesions appeared on the rachis (Figure 1B, bottom right). At 9 dpi onward, the FHB severity in Roblin was significantly higher than that of AAC Tenacious (Figure 1C). The resistance we observed in AAC Tenacious is similar to Sumai 3, which is largely restricted the POI, albeit Sumai 3 has been reported to have visual symptoms above and below the inoculation site, whereas visual symptoms of AAC Tenacious are restricted to the POI (Ha et al., 2016; Wang et al., 2018).

To further characterize the infection spread in AAC Tenacious, we performed histological examination using confocal microscopy, which identified key differences in patterns of spread of Fg between Roblin and AAC Tenacious (Figures 1D, 2). Consistent with visual observations of disease symptoms, Fg mycelium was observed in the spikelets at 5 dpi for both cultivars (Figure 1D). The intracellular movement of the Fg occurred in both cultivars through the vascular bundles (Figure 2A, left), which is similar to what has been reported previously for BobWhite, Roblin, and Sumai 3 (Miller et al., 2004; Brown et al., 2010). Ultimately, both the vascular and parenchyma tissues were colonized in both cultivars at the POI; within the parenchyma, hyphae were observed both inter- and intracellularly (Figure 2A, right). Consistent with disease severity results (Figure 1C), the Fg colonization in Roblin was highest at POI and spread into the adjacent tissues by 13 dpi (Figure 1D, right, Figure 2B, left). In contrast, colonization of AAC Tenacious was mostly restricted to the POI, although there was sparse evidence of Fg in the tissues directly adjacent to the POI at 13 dpi (Figure 1D, left; Figure 2B, right). This suggests that although some infection may have spread beyond the POI in AAC Tenacious, it was highly restricted. A similar response was previously observed in Sumai 3, using a transformed F. graminearum strain. In that research, Sumai 3 displayed reduced F. graminearum spread through the parenchyma and vascular tissues of the rachis, when compared to Roblin (Miller et al., 2004). Our histological analyses supports previous reports indicating the importance of the rachis node as a barrier for disease resistance in wheat cultivars Nandu and BobWhite (Jansen et al., 2005; Ilgen et al., 2009; Brown et al., 2010), where the vascular tissues are hypothesized to become occluded in resistant wheat cultivars such as Sumai 3, thereby reducing fungal spread (Miller et al., 2004).

We performed a closer inspection of cell wall thicknesses in AAC Tenacious and Roblin at sections “iv” and “v” to identify differences that might be associated with FHB resistance (Figure 2C and Supplementary Figure 1). We did not observe significant differences in cell wall thicknesses in the control samples in AAC Tenacious and Roblin for section “iv” and “v,” nor were the cell walls significantly thicker between the cultivars in section “iv” after inoculation with Fg (Figure 2D and Supplementary Figure 1). Our finding is different to what was reported previously for Sumai 3, where cell wall thickening was identified in the surrounding vascular bundles in the inoculated rachis of the susceptible cultivar Muchmore (Lahlali et al., 2016), but thickening was less prevalent in the resistant cultivar Sumai 3. However, we did observe differences in cell wall thicknesses of the infected tissues in section “v” after Fg inoculation. The cell walls in the rachis node (section “v”) were thicker in AAC Tenacious than in Roblin in response to Fg infection (Figure 2D). This finding supports the hypothesis that occlusion at the rachis node below the POI may be a mechanism of FHB resistance in AAC Tenacious. Miller et al. (2004) proposed that early occlusion of the vascular bundles in the rachis node of Sumai 3 plays a role restricting the spread of F. graminearum in the spike and it is a component of type II resistance. It has been reported that inhibition of trichothecene synthesis in F. graminearum causes the fungus to become blocked by the development of heavy cell wall thickenings in the rachis node in the wheat cultivar Nandu (Jansen et al., 2005). The previous described relationships between cell wall thickening, defense at the rachis node, and the inhibition of DON is intriguing, and warrants further investigation as a possible mechanism of resistance in AAC Tenacious. In summary, our findings indicate that colonization occurs via the vascular and parenchyma tissues and that the spread of infection was slower and less widespread in the rachis and adjacent spikelets in AAC Tenacious when compared to Roblin, possibly due to cell well thickening at the rachis node.



Global Trends in Gene Expression During Fusarium Infection of AAC Tenacious and Roblin

Dynamics in gene expression during pathogen infection have been useful to identify genes and pathways involved in defense response. Recently, gene expression analysis was able to delineate genes responsive to FHB infection in four wheat genotypes (Pan et al., 2018), as well as implicate candidate genes involved in FHB resistance in wheat lines derived from Sumai 3 (Gadaleta et al., 2019). We performed RNAseq of Roblin and AAC Tenacious at the POI (section “iii”) and the rachis node below the POI (section “v”) at 5 dpi (Figure 1A) to further investigate genes responsive to FHB infection in these two tissues, particularly, in section “v” where we observed phenotypic differences in FHB symptoms and cell wall thickening in AAC Tenacious (Figure 2D). A complete summary of differential expression analysis is presented in Supplementary Dataset 1.

Remarkable transcriptional stability was observed in intracultivar comparisons between sections “iii” and “v” in the water inoculated controls, as no DEGs (n = 0) were identified between the two tissue types in these comparisons (Figure 3, blue arrows). This indicated that the two tissues are functionally similar in the absence of FHB. We observed ∼2,000 DEGs in the intercultivar comparisons of the water inoculated controls at sections “iii” and “v,” indicating that there are some differences in gene expression or read mapping biases due to allelic variation between cultivars (Figure 3). As expected, gene expression patterns were vastly different in the comparisons between AAC Tenacious inoculated at section “v” and all other inoculated conditions (Figure 3). In contrast, inoculated AAC Tenacious at section “v” was more similar to the water inoculated controls, with ∼2,300 DEGs in intracultivar comparisons (Figure 3, purple arrow). These patterns are consistent with our observation that disease symptoms and colonization in AAC Tenacious was mostly restricted to the POI, whereas infection had spread to adjacent tissues in Roblin. The greatest number of DEGs, ∼20,000, were observed in the intracultivar comparisons of the Fg treated and the water inoculated controls at section “iii” (Figure 3), indicating a significant change in the transcriptional landscape in response to Fg infection. A similarly large response in DEGs was also observed in a separate RNAseq study involving Fg infection of four wheat genotypes; albeit, the inoculum and experimental design are different than this study (Pan et al., 2018). There were notably few DEGs, ∼2,100, in the intercultivar comparison at section “iii” (Figure 3), suggesting that the response to Fusarium is similar at the point of infection between the two cultivars. Although it is possible that some of these genes could contribute to a differential response to Fg, giving rise to resistance in AAC Tenacious, or susceptibility in Roblin.
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FIGURE 3. DEGs from Fg and water inoculated samples of AAC Tenacious and Roblin. The number of DEGs (both up- and down-regulated) in each pair-wise comparison are shown. Conditions are abbreviated to two letter labels where the first letter is the cultivar (Roblin is “R” and AAC Tenacious is “T”), the second letter indicates the inoculum (Fg inoculated is “I” and the water control is “C”), which is followed by the tissue section (POI is “iii” and adjacent spikelet is “v”). Comparisons between water control samples are indicated (left), with comparisons with no differentially expressed genes indicated by blue arrows. Comparisons between Fg inoculated conditions are also shown (middle). Comparisons between Fg and water inoculations are indicated (right), where purple indicates comparisons between AAC Tenacious Fg inoculated and water controls samples at section “v.” Depending on the comparison, up-regulated genes are considered to have increased expression in the Fg inoculated sample, AAC Tenacious, or “section v”.


Genes that were differentially expressed between cultivars at sections “iii” and “v” during Fg infection showed enrichment in categories including defense response (GO:0042742, GO:0006952, GO:0098542, and GO:0050832), response/defense to fungus (GO:0009620, GO:0050832), cell wall organization (GO:0071555), and response to stress/oxidative stress (GO:0006979, GO:0006950). These functions are consistent with genes involved in defense response or cell wall thickening in response to Fg infection and suggest a differential response to Fg at the POI and rachis node below the POI by AAC Tenacious. A complete set of enriched GO terms from all pair-wise comparisons is provided in Supplementary Dataset 2.



Gene Level Expression Patterns Provide Insights Into Possible Mechanisms of Resistance in AAC Tenacious

Given the observed differences at the rachis node between Roblin and AAC Tenacious, we performed a more detailed inspection of the expression differences in individual genes within this region (section “v”) in infected tissues. By filtering for genes that were differentially expressed (p < 0.01 and log2 FC < −2, > 2) between inoculated Roblin and AAC Tenacious at section “v,” and not differentially expressed in intercultivar comparisons with the water inoculated controls, we generated a list of 2,518 genes that may be involved in the differential response to Fg (Supplementary Dataset 3). Given that we identified cell wall thickening in AAC Tenacious within the rachis node, it is plausible that differential expression of genes involved in cell wall modification identified in our analysis are contributing to resistance to Fg. Top DEGs based on fold change between Roblin and AAC Tenacious at section “v” are summarized in Table 1. Among these, we identified a number of cell wall genes putatively encoding proteins such as endoglucanase, expansin protein, methylesterase, laccase, and various transcription factors. Other genes encoding cell wall related proteins, such as cellulose synthase (TraesCS5D01G261000, TraesCS6A01G 169200, TraesCS6B01G197200, TraesCS7A01G331500, and TraesCS7B01G290000), xyloglucan endotransglucosylase/hydrolase (TraesCS2D01G484000), and several beta glucosidase genes were also differentially expressed in our list, but were not among the top DEGs (Supplementary Dataset 3). Four genes encoding putative proteins with similarity to glutathione S-transferase were also identified to be differentially expressed between Roblin and AAC Tenacious (Table 1), similarly Fhb7 was recently identified to be a DON detoxification gene that encodes a glutathione S-transferase (Wang et al., 2020).


TABLE 1. Top 20 up-regulated, and 20 down-regulated DEGs in the intercultivar comparison between inoculated AAC Tenacious (TI) and Roblin (RI) at the rachis node below the POI (section “v”).
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Closer inspection of the genes that are differentially expressed across all comparisons identified two genes located on the long arms of chromosomes 6B and 5A, TraesCS5A01G236200 (phosphatidylinositol-4-phosphate 5-kinase family protein) and TraesCS6B01G441400 (leucine-rich repeat receptor-like protein kinase family protein), that were consistently differentially expressed between Roblin and AAC Tenacious, both in control and Fg inoculated samples (Supplementary Dataset 1). These two genes were also reported to be differentially expressed between the susceptible cultivar Shaw, and three resistant wheat genotypes Nyubai, Wuhan 1, and HC374 (Pan et al., 2018). Another gene, TraesCS7B01G415600 (protein kinase), was also highly differentially expressed in inoculated tissues between Roblin and AAC Tenacious, and was differentially expressed between Shaw and resistant genotypes (Pan et al., 2018). Additional research on these genes may support a role in FHB response or defense.



Sequence Diversity and Expression of Genes in Genomic Regions

In addition to analyzing genome wide trends in gene expression, we performed variant analysis using our transcriptome data to identify candidate regions of the genome that may be different between Roblin and AAC Tenacious. Analysis of three QTL regions identified from Sumai 3 (Fhb1, Fhb2, and Fhb5) indicated that they were located at 3,309,706–8,801,036 on chromosome 3BS (Fhb1), 227,282,705–313,887,994 on chromosome arm 6BS (Fhb2), and 105,433,775–214,166,300 on chromosome arm 5AS (Fhb5). We detected clusters of variants near Fhb1 and Fhb2 genomic regions on chromosome arms 3BS and 6BS, respectively, but fewer variants near Fhb5 on chromosome arm 5AS (Supplementary Figure 2 and Supplementary Dataset 4). Additional research is needed to determine if these variants may be associated with differences in FHB response between Roblin and AAC Tenacious. Nevertheless, these regions contained fewer variants than many of the other regions of the genome (Supplementary Figure 2). Curiously, chromosomes 5A and 6B contained the greatest rate of sequence variants (>4 variants per Mb); however, these were largely located on the long arms of the chromosomes (Table 2, Supplementary Figure 2, and Supplementary Dataset 4).


TABLE 2. Summary of variants identified on each chromosome that differentiate AAC Tenacious from Roblin.
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Variants on the long arm of chromosome 5A clustered into three distinct peaks located at positions 460, 570, and 700 Mb (Figure 4A). This pattern suggests chromosome 5AL is a region of nucleotide sequence divergence between AAC Tenacious and Roblin, as such we performed a more detailed investigation of DEGs in this region to serve as an example. We detected several clusters of genes showing strong differential expression in response to inoculation with Fg on chromosome 5AL (Figure 4B). These included several multi-gene clusters composed of members of the agmatine coumaryltransferase gene family that have been previously implicated in FHB resistance (Kage et al., 2017). Agmatine is a potent inducer of DON production by Fg (Gardiner et al., 2009), which is required for the spread of infection of wheat (Bai et al., 2002; Jansen et al., 2005). Receptor like kinases and serine/threonine kinases were also differentially expressed in response to Fg within the chromosome 5AL interval. These genes can recognize pathogen associated molecular patterns and signal for the activation of defense response pathways (Jones and Dangl, 2006; Sari et al., 2019). Other FHB responsive gene clusters on 5AL included NAC transcription factors, rRNA N-glycosidases, zinc-finger proteins, and germin like proteins (Figure 4B). Recently, the major FHB reylsistance gene Fhb1 was described to encode a chimeric lectin with agglutinin and pore-forming toxin-like domains (Rawat et al., 2016), and a gene, encoding a pore forming toxin-like protein Hfr-2 (TraesCS5A01G241500), was also identified on chromosome 5AL that was differentially expressed between inoculated AAC Tenacious and Roblin at section “v” (Figure 4B). Further research is needed to confirm the association between genomic regions harboring candidate genes and the resistance in AAC Tenacious.
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FIGURE 4. Chromosome 5AL has high nucleotide diversity between AAC Tenacious and Roblin and carries genes responsive to Fg infection. (A) Barplot of variants along chromosome 5A filtered to differentiate AAC Tenacious from Roblin. (B) Heatmap of gene expression within the interval containing FHB responsive genes. A full summary of differential expression analysis is presented in Supplementary Dataset 1. The colors are scaled according to a log2 fold change in gene expression for each possible pairwise comparison between treatments. Conditions are abbreviated to two letter labels where the first letter is the cultivar (Roblin is “R” and AAC Tenacious is “T”), the second letter indicates the inoculum (Fg inoculated is “I” and the water control is “C”), which is followed by the tissue section (POI is “iii” and rachis node is “v”). Clusters of differentially expressed genes and their putative functions are indicated.




CONCLUSION

To our knowledge, this is the first physiological and RNAseq analysis of AAC Tenacious under F. graminearum infection. Through macro and microscopic analysis of replicated infection studies, we were able to determine that AAC Tenacious can restrict the spread of Fg within infected wheat spikes, with visual symptoms mostly restricted to the POI. Our findings suggest that cell well thickening at the rachis node may play a role in restricting Fg spread in AAC Tenacious. Analysis of DEGs between Roblin and AAC Tenacious and GO analysis identified FHB responsive genes involved in defense response, response to fungi and stress, cell wall organization, and were most associated with the cellular membrane. Using variant analysis, we identified chromosomes with high nucleotide diversity such as on 5AL that differentiated Roblin and AAC Tenacious. These variants will be useful for the development of improved molecular markers that can assist in cloning of causal genes that are involved in FHB resistance. In addition, we identified genes on chromosome 5AL that could be affecting fungal pathways involved in infection and/or the production of DON. Our results suggest the FHB resistance in AAC Tenacious may be attributed to thickening of the cell walls within the rachis node, combined with activation of defense response pathways. Functional genetics and fine mapping studies involving large genetic mapping populations are needed to validate the involvement of these and other regions involved in the FHB response and could identify causal markers for the type II resistance in AAC Tenacious.
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Supplementary Figure 1 | CLMS images of cross sections demonstrating cell wall thickening in response to Fg. Water (left) and Fg (right) treatment of tissues from section “iv” and “v” are shown for AAC Tenacious (top) and Roblin (bottom) at 5 dpi.

Supplementary Figure 2 | Genome wide analysis of variant density that differentiate AAC Tenacious from Roblin. The position along the x-axis is in Mb.

Supplementary Dataset 1 | Genome wide differential gene expression results for each pairwise treatment comparison in the transcriptomic analysis. Table values are in log2 fold change for each comparison.

Supplementary Dataset 2 | GO enrichment p-value matrix for each pairwise treatment combination in the transcriptomic analysis.

Supplementary Dataset 3 | Candidate differentially expressed genes between Roblin and AAC Tenacious at the rachis node below the POI (section “v”). Filters were applied requiring no differential expression in intercultivar comparisons between water inoculated controls, and differential expression in the comparison RI vs TI at section “v”.

Supplementary Dataset 4 | Annotation of filtered variants and their predicted functional effects that differentiate AAC Tenacious from Roblin. Variant calls are highlighted based on their scoring with reference (green) and variant (red).


FOOTNOTES

1https://github.com/ekg/freebayes
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Wheat variety PBW343, released in India in 1995, became the most widely grown cultivar in the country by the year 2000 owing to its wide adaptability and yield potential. It initially succumbed to leaf rust, and resistance genes Lr24 and Lr28 were transferred to PBW343. After an unbroken reign of about 10 years, the virulence against gene Yr27 made PBW343 susceptible to stripe rust. Owing to its wide adaptability and yield potential, PBW343 became the prime target for marker-assisted introgression of stripe rust resistance genes. The leaf rust-resistant versions formed the base for pyramiding stripe rust resistance genes Yr5, Yr10, Yr15, Yr17, and Yr70, in different introgression programs. Advanced breeding lines with different gene combinations, PBW665, PBW683, PBW698, and PBW703 were tested in national trials but could not be released as varieties. The genes from alien segments, Aegilops ventricosa (Lr37/Yr17/Sr38) and Aegilops umbellulata (Lr76/Yr70), were later pyramided in PBW343. Modified marker-assisted backcross breeding was performed, and 81.57% of the genetic background was recovered in one of the selected derivative lines, PBW723. This line was evaluated in coordinated national trials and was released for cultivation under timely sown irrigated conditions in the North Western Plain Zone of India. PBW723 yields an average of 58.0 qtl/ha in Punjab with high potential yields. The genes incorporated are susceptible to stripe rust individually, but PBW723 with both genes showed enhanced resistance. Three years post-release, PBW723 occupies approximately 8–9% of the cultivated area in the Punjab state. A regular inflow of diverse resistant genes, their rapid mobilization to most productive backgrounds, and keeping a close eye on pathogen evolution is essential to protect the overall progress for productivity and resistance in wheat breeding, thus helping breeders to keep pace with pathogen evolution.

Keywords: wheat breeding, PBW343, leaf rust, stripe rust, gene pyramiding, marker assisted selection


INTRODUCTION

Bread Wheat (Triticum aestivum) is one of the most important cereals consumed worldwide and is a major crop of India, which forms an important part of the daily diet along with rice. Wheat yield has increased substantially in the past few years, and this appreciable yield increase may be attributable to the development of high yielding and rust-resistant varieties bred under the collaborative efforts of International and National institutions (Sendhil et al., 2019). According to future projections, India needs to lift its annual food production to 333 million tons by 2050 to feed the population (Pingali et al., 2019) from the current level of 296 million tons (3rd advance estimates, 2019–2020). India is the second largest producer of wheat worldwide (Sharma and Sendhil, 2016) with approximately 30 million hectares (14% of the global area) under wheat cultivation with the highest output of 106.21 million tons during 2019–2020 and a record average productivity of 3371 kg/ha (Sendhil et al., 2019). To meet these projections, the wheat breeding program at Punjab Agricultural University (PAU), Ludhiana, Punjab, India, has mainly focused on productivity enhancement and productivity protecting mechanisms. The emergence of new pests and diseases is a continuous threat to food sustainability, and the situation is further aggravated by the changing climate, which might trigger the emergence of new races of pathogens. Wheat rust diseases continually pose a threat to global wheat production (Khan et al., 2017). Stripe rust, caused by Puccinia striiformis f. sp. tritici, is an important disease of wheat in India and has caused severe epidemics in the past, leading to heavy economic losses (Kumar et al., 2020). The intensity of loss primarily depends upon the resistance level of the cultivars (Figueroa et al., 2018). Similarly, leaf rust or brown rust caused by the heteroecious basidiomycete Puccinia triticina, is another major rust disease and its epidemics cause significant yield losses (German et al., 2007; Figueroa et al., 2018). Rust diseases have been a challenge to plant breeding programs in India because of their ability to cause high yield losses if not controlled (Prashar et al., 2015). In India, the North Western Plain Zone (NWPZ) comprising the Indo Gangetic plains of India is the main wheat producing region. Punjab, a geographically small state in this region, is known as the food bowl of the country, which is testified by the fact that 40–60 percent of wheat is contributed to the national food reserves by the Punjab state alone. Wheat is the predominant grain crop in Punjab, which is grown on an area of around 35 million hectares and occupies about 90 percent of the total cropped area in the season. Besides being the major wheat producing state, Punjab also has been identified as a hot spot for stripe rust occurrence (Kaur et al., 2018). The development and deployment of cultivars with host genetic resistance are the most economical, effective, and environmentally friendly methods to reduce damage and loss caused by rust.

Wheat cultivar PBW343, an Attila sib (ND/VG9144//KAL/BB/3/YACO/4/VEE#5), was developed at CIMMYT, Mexico. It was released for general cultivation under timely sown irrigated conditions in the entire NWPZ, including Punjab, in 1995. PBW343 emerged as a mega cultivar on account of its adaptability to more comprehensive environments and hence, wider cultivation for more than a decade. PBW343 produced a higher number of grains per square meter, was photosynthetically more active, and kept its canopy cool on account of higher stomatal conductance (Joshi et al., 2007), which enabled it to spread further into heat stress environments and late sown conditions. Owing to its wider adaptation, which can also be credited to the presence of 1B/1R wheat-rye translocation reported to enhance adaptability (Rajaram et al., 1983), PBW343 performed exceptionally well in the North Eastern Plains Zone of India and was released in the year 2000 for cultivation in that zone. By the year 2002–2003, PBW343 occupied more than 90% of the wheat-growing area in Punjab and about 7 million hectares across the North West Plains Zone of India. The economic benefit of PBW343 to farmers in the NWPZ was estimated to be about 419 million USD, within the first 5 years of its cultivation (Anonymous, 2012).

A race of P. striiformis, with virulence for the gene Yr9, was first observed in East Africa in 1986 and subsequently migrated to North Africa and South Asia. Once it appeared in Yemen in 1991, it took just 4 years to reach the wheat fields of South Asia (Singh and Huerta-Espino, 2000). Most of the cultivars being grown at that time were susceptible to Yr9 virulence, and consequently, considerable losses in wheat production occurred in almost all the major wheat-growing regions of North Africa, Central and Western Asia, and South Asia. However, PBW343 replaced the cultivars that had become susceptible to the race with Yr9 virulence. By virtue of the stripe rust-resistant gene Yr27, derived from Selkirk, PBW343 withstood the spread of Yr9 virulence, to which many other Veery derivatives succumbed (McIntosh et al., 2003; McDonald et al., 2004). Large-scale cultivation of PBW343 over approximately 10 million hectares facilitated the selection of virulence for Yr27, designated as ‘78S84’ (Prashar et al., 2007). Similarly, Yr27 virulence emergence and its movement followed the path of the Yr9 virulent races and affected the wheat production in India. Also, PBW343 had showed signs of the breakdown of leaf rust resistance in the field in the years 2003–2004 and 2004–2005, though seedling susceptibility to leaf rust pathotype 77-5 was detected about 4 years earlier (Chhuneja et al., 2005).

Constant and continued efforts were underway to create a rust-resistant variety for the protection of the yield in the region. Apart from improving PBW343, the wheat breeding program at PAU released several other cultivars, viz. DBW17 (2007), PBW 550 (2008), PBW621 (2011), and HD2967 (2011) yielding better results than PBW343. Each of these succumbed to stripe rust pathogen races within 3 years of their release. The current varietal spectrum represented a transition from PBW343 to this next set of varieties, but the evolution of the pathogen was so quick that it not only rendered PBW343 susceptible to stripe rust but also slowly increased the susceptibility of all the newly released varieties. The current study documents the revival of PBW343 and development of Unnat PBW343 using a gene stacking strategy for bringing together two pairs of alien rust-resistant genes, Lr37/Yr17 and Lr76/Yr70, in this popular Indian variety.



MATERIALS AND METHODS


Plant Material

PBW343 was used as the base genotype in this study for the incorporation of various leaf and stripe rust resistance genes. The leaf rust resistance genes Lr37 (linked with Yr17 and Sr38), Lr24, and Lr28 were available in the background of the Thatcher cultivar from the leaf rust differential set. A parallel set for the stripe rust genes Yr5, Yr10, and Yr15 were available in background Avocet-based differentials. PBW343 was used as the female recipient parent in all the crosses. The gene Yr70/Lr76 was identified, mapped, and tagged in-house at PAU and is available in WL711-Ae. umbellulata NILs (Chhuneja et al., 2008; Bansal et al., 2020). Later, PBW343 + Lr24 + Lr28, PBW343 + Lr37/Yr17/Sr38, and PBW343 + Lr76/Yr70 acted as donors to pyramid these genes. The checks (HD2967, DPW621-50, WH1105, and HD3086) used in the yield trails were the same high yielding varieties used in the national level trials.



Crossing and Accelerated Development of Homozygous Lines

Creating the Unnat (improved) PBW343 alias PBW723 from wheat variety PBW343 involved several attempts to develop a commercially viable variety. Single gene NILs for various leaf rust and stripe rust resistance genes were developed in the background of PBW343 by crossing and backcrossing respective donor lines for different resistance genes. Our first attempt marked the development of PBW343 near-isogenic lines for leaf rust resistance genes Lr24 and Lr28 (Chhuneja et al., 2005) individually. The second attempt marked the pyramiding of both these genes resulting in the development of BW9250 (Chhuneja et al., 2011). The third attempt aimed at adding stripe rust genes Yr10 and Yr15 individually (PBW343 + Lr24 + Lr28 + Yr10 and PBW343 + Lr24 + Lr28 + Yr15), while in the fourth attempt, these were pyramided to form a four-gene stack (PBW343 + Lr24 + Lr28 + Yr10 + Yr15) line. The next attempt was in regard to adding the Yr5 gene to PBW343. With the availability of more resistance genes, the sixth and seventh attempts gave the single gene NILs viz, PBW343 + Lr37/Yr17, Lr57/Yr40, and Yr70/Lr76. The eighth and final step was to pyramid these genes, which led to the development of PBW723 (Unnat PBW343). All the individual crosses and pyramided crosses were made at the ‘Wheat Experimental Area,’ PAU Ludhiana. In each case, the off-season facility in the Himalayas, at Keylong, Lahaul, and Spiti District, Himachal Pradesh (32°21′N latitude and 77°14′E longitude, 10,500 ft above mean sea level), India was used for generation advancement, which helped in attaining homozygosity in 3–3.5 years (6–7 seasons). The crossing scheme and development of PBW703 and PBW723 are given in Figures 1, 2. The crossing blocks and segregating populations in the field were maintained using the wheat agronomic practices package developed by PAU.
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FIGURE 1. Schematic representation of the development of the four-gene pyramided line PBW703.
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FIGURE 2. Schematic representation of the development of PBW723 alias Unnat PBW343.




DNA Extraction, PCR Analysis, and Resolution of the PCR Products

The molecular markers were applied for monitoring the genes of interest in the case of gene pyramiding. A phenotypic reaction under rust epiphytotic was used for selection while single gene introgressions and these progenies were later confirmed with linked markers for the presence of the gene(s). For the development of PBW723, the strategy given by Randhawa et al. (2009) was applied with some modifications. The details of the genes and molecular markers used for each gene are given in Supplementary Table 1.

The DNA of the segregants/lines was isolated from young leaves after rust screening by a modified CTAB method. PCR reactions for SSR/STS/SCA markers were performed in a total volume of 10 μl, containing 1 × PCR buffer, 200 μM of each dNTP, 20 ng of each primer, 1 U of Taq DNA polymerase, and 80 ng of genomic DNA. Amplified PCR products of these markers were resolved in 2–3% agarose gels, stained with ethidium bromide [The PCR reaction with Kompetitive allele-specific PCR (KASP)] markers were performed in a 96-well PCR plate in a volume of 4 μl as per the recommendations by LGC Genomics (2 μl of DNA, 1.944 μl of 2 × KASP mix, and 0.056 μl of primer mix;v4, LGC Genomics, Teddington, United Kingdom). Fluorescence of the plate was read on a Tecan Safire plate reader and the readings were imported on Kluster Caller software to check the cluster formation.



Screening Against Leaf Rust and Stripe Rust

The screening of segregating progenies was done under artificial rust epidemics created by spraying the experimental material with a mixture of uredinospores of prevalent stripe and leaf rust pathotypes. The seeds were planted in a non-replicated augmented block design with paired rows of 1 m. The distance within the paired row was 0.22 m and between two paired rows was 0.3 m. The planting was done in the first fortnight of November each year. The check cultivars, PBW343, Agra local, and A-9-30-1 (for stripe rust), and C306 and Agra local (for brown rust), susceptible to a mixture of prevalent pathotypes with virulence for genes under consideration were planted as infector rows (at every 5th paired row) and in spreader rows (perpendicular to the 1 m rows) surrounding the plot for establishing sufficient inoculum and uniform disease development. To ensure uniform disease distribution, rust infected pots were placed in fields between the experimental materials, and the spores that appeared naturally in the spreader rows were used to inoculate the infector rows. Stripe rust epidemics were created by repeated spray inoculations with the uredinospores of Puccinia striiformis. Infected leaves of the susceptible host (PBW343/Agra local/A-9-30-1 which were pre-inoculated to multiply the pathogen) were taken and immersed in water to extract uredinospores. The inoculum was prepared by suspending rust uredinospores in 10 l of water using a few drops of Tween-20. Uredinospores were applied at a rate of 5.6 g/ha, which equates to 1000 spores per plant (Imtiaz et al., 2003). The spray inoculations were done in the evening with an ultralow volume sprayer on alternate days beginning from the end of December to the end of January until stripe rust appeared on the susceptible check/parent.

The response to rust was recorded at the reproductive stage using disease severity (DS) and infection response (IR) as the two measures according to the modified Cobb scale (Supplementary Table 2) given by Peterson et al. (1948). DS was measured as an estimation of the percentage coverage (0, 5, 10, 20, 40, 60, 80, and 100) of rust pustules (uredinia) seen on the flag leaf. IR was scored as a reaction of the host to rust infection and was categorized as 0 = immune; R = resistant, MR = moderately resistant; MS = moderately susceptible; and S = susceptible. Data were recorded three times at equal intervals (starting mid-January) when the flag leaves of the susceptible check cultivars showed a disease score of 80S (DS: 80; IR: S). Out of these three scores in a test line, the highest score toward susceptibility was used for the subsequent analysis. Once homozygous resistant lines were identified, screening against leaf rust and stripe rust was done both at the seedling stage and adult plant stage. The testing for stripe rust and leaf rust was done in separate nurseries maintained at geographical distances. Screening of the adult plant stage was done against a mixture of known races viz., 78S84, 49S119, and 110S119 for stripe rust and races 77-5 and 104-2 for brown rust (documented by Directorate of Wheat Research, Regional Station, Flowerdale, Shimla, Himachal Pradesh, India), and unknown races (collected from a farmer’s field, the details of races and their virulence formula are given in Supplementary Table 3). The Indian differential set used in the study for stripe rust is given in Supplementary Table 4. In addition, the YR17/6∗AOC (-32); AVOCET NIL for Yr17; and PBW683 [WH 890-Ae. umb 3732 amph/CS (S)//WL 711 NN/3/3∗PBW 343] for Yr70 were included to check the reaction of prevalent pathotypes of P. striiformis on the genes used in the study.

Screening at the seedling stage was done under controlled conditions. First observations were recorded 3 weeks after inoculation when susceptibility reached a 20 percent severity. Final disease severity was recorded when a susceptible parent (PBW343) recorded the highest severity of 80-100S. Repeated observations on disease progression were recorded at regular intervals. From these observations AUDPC (area under disease progress curve) was calculated by using the formula suggested by Wilcoxson et al. (1975).
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where,

Si = disease severity at the end of time i

Si-1 = disease severity at the end of time i-1,

k = number of evaluations of disease and,

d = interval between two evaluations.



Strategy Used for the Development of PBW665, PBW683, BWL3274, and BWL3275 Using Marker-Assisted Selection (MAS)

Crosses were made in the main crop season for each of these individually and F1’s were advanced at Keylong. The F2 single seed was space-planted and an artificial epiphytotic from a mixture of prevalent races was created for evaluating disease scores. A phenotypic reaction to a mixture of stripe rust was observed and resistant plants were identified. The elite plant types with resistance were selected and advanced at Keylong. Another cycle of rust screening was accomplished during the off-season, and since Keylong is in Himalayas, stripe rust naturally occurs. The F3 and F5 ‘plant to progeny’ rows were selected during the off-season while F4 and F6 were selected under field epiphytotic conditions based on agronomically desirable progeny, resistance, plant height, and grain traits in the main crop season. The foreground markers for genes effective against stripe rust and leaf rust were used to confirm the presence of gene(s).



Strategy Used for the Development of PBW723 Using Marker-Assisted Selection

A marker-assisted backcross selection (MABS)-based gene introgression approach in wheat as described by Randhawa et al. (2009) was used with certain modifications. A large F2 (2780 plants) was planted under artificial stripe rust epiphytotic conditions for selection. Since, individually both genes Yr70 and Yr17 would show rust ranging from 20S to 40S, we considered completely resistant plants to indicate the presence of both the genes. Agronomically elite and rust free plants (190) were selected and foreground molecular markers were applied for the confirmation of genes under consideration. A total of 190 plants out of 2780 plants represented the PBW343-like rust resistant plants. The number of loci being incorporated in our study was five (from two alien segments), therefore only two foreground markers were required. The molecular genotyping for genes Yr17/Lr37/Sr38 and Yr70/Lr76 confirmed the presence of both the loci in 153 plants. Plants to progeny rows were sown from these and phenotypically PBW343-like plants were selected. Finally, 23 progenies were retained and evaluated for yield. The MABS approach (Randhawa et al., 2009) involves the intensive use of markers for foreground genes and background recovery. We used marker-assisted foreground selection for all the steps but as a modification, the marker-assisted background testing was conducted only on the best line. However, the phenotypic selection for resemblance to PBW343 was executed in segregating generations. Only the plants resembling the elite parent (PBW343) and those containing genes of interest (monitored via MAS) were retained during selections. For background selection, a total of 575 markers were used (Supplementary Tables 5–7), with many markers having copies. The A, B, and D marker loci were amplified, spanning all three genomes. A total of 197 amplifying fragments were used across seven chromosomes of the A genome, 215 for the B genome, and 163 markers to survey the D genome.



Agronomic Evaluation and Yield Testing

The field experiments at PAU were conducted at the ‘Wheat Experimental Area,’ PAU Ludhiana, India (30° 54′ N latitude, 75°C 48′ E longitude, and 247 m above m s l). The soil of this region is of a mostly loamy sand type with a neutral pH (∼ 6–8). The climate of the location (Ludhiana), where the experiments regarding germplasm development and initial evaluation were conducted, is sub-tropical and semi-arid with cold winters from November to January, mild climate during February and March, and very hot with low moisture conditions during summer from April to June, followed by hot and humid conditions from July to September. The daily minimum temperature ranges from 0 to 4°C in January and the maximum temperature during May ranges from 39 to 45°C. The wheat growing season is from the last week of October to April, with crop being sown from the last week of October to the third week of November for timely sown conditions and as late as the first fortnight of January for late/very late sown conditions. The crop is harvested in the middle to end of April. All the experimental material to be evaluated under timely sown irrigated conditions was planted during the first fortnight of November, while for late sown crop, sowing was completed from December 5–15. The field was plowed, harrowed, and planked to obtain a fine tilth. The crop was raised using a standard package of practices as developed by PAU. A total of 110 kg of urea and 55 Kg of di-ammonium phosphate are recommended for wheat crop, while no muriate of Potash is added as soils are naturally rich in potassium in Punjab. Half of the nitrogen and full phosphate was applied at the time of sowing while the other half was applied in two equal splits, first at the crown root initiation stage and the remaining at the maximum tillering stage, coinciding with the first and second irrigations, respectively. Insecticide ‘thiamethoxam (Actara@50gm/ha)’ was applied to control aphids. Initially, pre emergence weedicide ‘pendimethalin (Stomp@3.75L/ha)’ was applied after sowing and later, the recommended herbicides were used for specific weed control when and where required. However, weeds were controlled manually in disease evaluation experiments to avoid any chemical effect on rust disease development.

The rust-resistant homozygous progenies positive for the genes of interest were bulked for preliminary yield testing along with standards checks. The plot size was 4.5 m × 6 rows, with three replications in each case. The markers and generation advancement through shuttling had reduced the time for first testing for each product. After a preliminary evaluation, the promising lines were tested at multiple locations (three sites: Ludhiana, Bathinda, and Gurdaspur) in Punjab with simultaneous testing in a plant pathology screening nursery at the national level (data not given). The resistant lines that gave superior yields were entered into the national coordinated program for testing. The lines were tested under coordinated testing in NIVT (National Initial Varietal Trial, 1 year, >40 locations, 6 m × 6 rows plot, row to row distance 22.5 cm, and four replications) and then the superior lines were promoted to AVT (Advanced Varietal Trial, conducted zone wise in country, ∼24 locations, 6 m × 12 rows, row to row distance 22.5 cm, and four replications, data for Punjab locations have been given) and tested consecutively for 2 years before being identified for release. The complete procedure for testing and release of a variety in the Indian system is explained in Supplementary Figure 1. In order to shorten the variety release process, the coordinated program has created a special niche for direct entry of gene-pyramided lines into AVT which accelerates the release of resistant varieties. These special trials were named the ‘Marker-Assisted Backcross Breeding Near-Isogenic Lines (SPL-MABB/NIL) trials.

The data for yield and other traits from a coordinated trial (NIVT and AVT) were submitted to the Indian Institute of Wheat & Barley Research (IIWBR), Karnal, Haryana, India where it was analyzed and documented in ‘Crop Improvement reports’ are using standard statistical methods. The alpha–lattice experimental design was used and the mean values were compared using CD (critical difference) which is the same as LSD (least significant difference). One year of additional testing after identification of a genotype for release at the national level was completed at farmer fields in Punjab before recommending the variety for cultivation in the state.




RESULTS

The present study elucidates the step-wise work to introgress individual genes and then stack these genes for stripe rust and leaf rust resistance in wheat cultivar PBW343. The results are discussed individually with respect to the mobilization of leaf rust resistance to PBW343, the introgression of single stripe rust resistance genes in PBW343, the pyramiding of both leaf rust and stripe rust-resistant genes in PBW343, and the development and current status of PBW723 (Unnat PBW343), an improved version of PBW343 released at the national level.


Mobilization of Leaf Rust Resistance to PBW343

The introgression of leaf rust resistance genes Lr24 and Lr28 was our first attempt to improve PBW343. This involved the development of near-isogenic lines individually for both genes in the background of PBW343 (Chhuneja et al., 2005). Leaf rust resistance gene Lr24, transferred from Agropyron elongatum to the long arm of wheat chromosome 3D through a spontaneous translocation, and Lr28, transferred from Aegilops speltoides to the long arm of wheat chromosome 4A, through induced homoeologous recombination, were still highly effective in the year 2020 against all the prevalent pathotypes of leaf rust in Punjab. The successful pyramiding of these genes in PBW343 showed a broad spectrum of leaf rust resistance and marked the second step in improving leaf rust resistance of the variety (Chhuneja et al., 2011). The BC5F4 PBW343 + Lr24 + Lr28 NILs had the potential to be used as a replacement for PBW343. However, when evaluated in preliminary yield trials, BW9250 had complete foliage protection from leaf rust owing to the presence of Lr24 and Lr28, but showed a susceptible reaction to the stripe rust race pathogen 78S84 with virulence for Yr27. Similarly, BW9270 with introgression for Lr57/Yr40 was completely resistant to leaf rust but showed a moderate resistant reaction for stripe rust. These lines had low yields as compared to check varieties on account of disease damage (Table 1).


TABLE 1. Yield performance and rust score for selected lines with different gene introgressions at PAU, Ludhiana.
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Mobilization of Improved Stripe Rust Resistance in PBW343


Introgression of Gene Lr37/Yr17/Sr28 to PBW343: Development of PBW665

The gene Lr37/Yr17/Sr28 was transferred into PBW343 and the homozygous high yielding resistant lines from the cross were identified. The segregated generations were screened under stripe rust epiphytotics for the selection of resistant progenies. From this set, the best selected disease resistant and agronomically elite line PBW665 was evaluated at multiple locations in Punjab during 2009–2010 and was nominated to NIVT during 2010–2011, based on its performance and resistance to stripe rust. Further, PBW665 was promoted to AVT during the year 2011–2012, and its performance was evaluated across 24 diverse locations in the NWPZ. The data for trials conducted by PAU at five locations in Punjab are given in Table 2. PBW665 performed significantly better at Ludhiana (69.2 qt/ha, cd/LSD = 5) and Gurdaspur (54.3 qtl/ha), while it was statistically on par with PBW343 at other locations. PBW665 showed statistically significant yield superiority and resistance to stripe rust over its recurrent parent PBW343. Another wheat genotype, DPW621-50 (KAUZ//ALT84/AOS/3/MILAN/KAUZ/4/HUITES) identified from a CIMMYT nursery and internationally known as ‘KACHU,’ also carrying the 2NS (Lr37/Yr17/Sr38) gene complex, was tested in the same years along with PBW665. PAU and IIWBR both identified the same line and entered it into the coordinated trials as PBW621 and DBW50, respectively. Being the same genotype, it was tested as a joint entry under the name DPW621-50. PBW665 was superior to PBW343, but could not out yield DPW621-50 (66.3 qt/ha) in Punjab. Further, the stripe rust score for PBW665 soared to 100S at the Dhaulakuan location (Table 2), thus rendering it susceptible to stripe rust. However, a genotype carrying a similar 2NS gene complex but with a different genetic background, DPW621-50, was resistant with a highest score of 10S at the same location. The leaf rust resistance gene Lr37 was effective toward prevalent leaf rust pathotypes.


TABLE 2. Yield performance and rust score of PBW665 in AVT at different locations across Punjab during 2011–2012.
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Introgression of Genes Lr76/Yr70 in PBW343: Development of PBW683

A newly identified and characterized gene from Aegilops umbellulata (now designated as Yr70/Lr76, Kuraparthy et al., 2007; Bansal et al., 2017, 2020), allelic to gene Lr57/Yr40, transferred from Aegilops geniculate into hexaploid wheat WL 711 was targeted for introgression in PBW343. Both being alien segments from non-progenitor species, they were introgressed in wheat on the short arm of chromosome 5D, a recombination hot spot. A large set of introgression lines containing Yr70/Lr76 in the PBW343 background were generated following phenotypic selection for plant type and MAS for genes of interest. Advance breeding lines PBW683, PBW693, and PBW701 were selected from a larger introgression set to be tested in NIVT during 2011-12 at 17 locations across the NWPZ and North Eastern Plain zone (NEPZ). PBW683 (57.8 qtl/ha) was significantly superior to its recurrent parent PBW343 and was numerically superior but statistically on par with the best check in the NWPZ (DBW17, 55.8 qt/ha) with rust resistance (Table 3) ensuring its promotion to testing under AVT during 2012–2013 at 24 locations across the NWPZ including five locations in Punjab (Table 3). PBW343 was not used as a check in the national trials as new varieties (HD2967 and WH1105) were introduced for comparison in trials. However, during the very next year of testing, the PBW683 yield (47.3 qtl/ha) was lowest at all locations across Punjab whereas WH1105 (MILAN/S87230/Babax) had the highest yield with a Punjab average of 60.4 qtl/ha. The low yield could be attributed to stripe rust susceptibility as PBW683 reported a score of 40S (Table 3) against the prevalent races in Punjab. Even the stripe rust score for DPW621-50 and DBW17 had enhanced to 20S and 60S, respectively. The new variety WH1105 showed a 5S reaction for stripe rust. The entry PBW683 (PBW343 + Yr70/Lr76) got rejected at this stage owing to stripe rust susceptibility.


TABLE 3. Yield performance and rust score of PBW683 in AVT at different locations across Punjab during 2012–2013.
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Introgression of Gene Yr5: Development of BWL3274 and BWL3275

Gene Yr5, incorporated individually in BW9250 (PBW343 + Lr24 + Lr28), is the leaf rust-resistant version of PBW343. Gene Yr5 is known to be transferred from the Triticum aestivum sub species spelta and located on the long arm of chromosome 2B. It has shown resistance to all prevalent pathotypes of stripe rust in India through 2020. BW9250 was crossed with Avocet6∗/Yr5, and agronomically desirable plants homozygous for all the three genes were selected and bulked for testing in station trials at PAU. The high yielding, disease-resistant lines BWL3274 and BWL3275 were tested at three different locations (Bathinda, Ludhiana, and Gurdaspur) in the Punjab state (data not given). These lines showed yield on par with the check variety as well as complete resistance (immune reaction) to stripe rust (Yr5) and leaf rust (Lr24 + Lr28) as compared to PBW343, which was reported to have an 80S and 60S score for stripe and brown rust, respectively, at all three locations. However, these trials included other breeding lines that had a better yield than these two (BWL3282, released in 2015 as PBW725) and therefore were held back from being nominated to NIVT.



Pyramiding of Genes Yr10 + Yr15 + Lr24 + Lr28: Development of PBW698 and PBW703

The genes Yr10 and Yr15 were individually transferred to the PBW343 + Lr24 + Lr28 (BW9250) background using marker-assisted selection. The agronomically elite derivatives carrying genes Yr10 + Lr24 + Lr28 were inter-mated with PBW343 + Yr15 + Lr24 + Lr28 derivatives. Figure 1 describes the step-wise transfer and MAS for this convergence. A large number of F1 seeds were produced and backcrossed to BW9250 to generate sufficient BC1F1 plants for each cross. Two simultaneous backcrossing program were followed to generate BC1F1’s of both the crosses which were subjected to phenotypic selection for plant type (optimum flowering time, plant height, tillers per plant, spikelets per spike, grain appearance, etc.) and artificial stripe rust infection to ensure the presence of Yr10 and Yr15 genes individually. The stripe rust-resistant plants were selected and were confirmed to have Lr24, Lr28, and Yr10 as well as for Lr24, Lr28, and Yr15 genes in respective sets using molecular markers. The selected BC1F1 plants were subsequently backcrossed with BW9250 to generate BC2F1 plants. This generation was again subjected to stringent phenotypic as well as molecular marker selection to confirm both the leaf rust resistance and stripe rust resistance genes in the respective crosses. Agronomically elite plants with two leaf rust and one stripe rust resistance (Yr10 and Yr15 in respective BC2F1s) genes in a homozygous state were intercrossed to pyramid the four genes. A total of 4755 seeds were planted and stripe rust free phenotypically good plants were first identified and was subjected to molecular marker-based screening. Artificial epiphytotic for stripe rust created at the seedling stage identified the susceptible plants indicating the absence of any Yr gene. Such plants (∼297) were uprooted at the seedling stage. The DNA was extracted from the remaining 4458 plants. The gene Lr24 was confirmed using a linked molecular marker and the plants positive for Lr24 were screened for the presence of Lr28. The parrot-green ear color of the plants which turn into reddish brown glumes nearing maturity is a morphological marker for the Yr10 gene (Metzger and Silbaugh, 1970). This was used to identify plants with the Yr10 gene in addition to the Lr24 and Lr28 genes. Now, the shortlisted plants with genes Yr10, Lr24, and Lr28 individually or together were tested for the presence of gene Yr15 using linked markers. The presence of gene Yr10 was also confirmed using molecular markers. Plants with dark green foliage and ears but resistant to stripe rust were confirmed using molecular markers for only the presence of gene Yr15. The cross resulted in the generation of lines with different gene combinations Yr10 (130), Yr15 (121), Yr10 + Yr15 (218), Yr10 + Yr15 + Lr24 (212), Yr10 + Yr15 + Lr28 (225), Yr10 + Lr24 + Lr28 (210), Yr15 + Lr24 + Lr28 (137), and Yr10 + Yr15 + Lr24 + Lr28 (71). All the lines carrying Yr10, Yr15, and Yr10 + Yr15 with Lr24 and Lr28 were tested in station trials at PAU for yield testing. Lines varied in their performance and a selected set of lines were tested at multiple locations. Superior entries were finally nominated to national trials. PBW702 (PBW343 + Yr15 + Lr24 + Lr28), PBW698, and PBW703 (PBW343 + Yr10 + Yr15 + Lr24 + Lr28) were entered into NIVT 2012-13 for national testing, while PBW712 (PBW343 + Yr10 + Yr15 + Lr24 + Lr28) was nominated into the coordinated program a year later. These lines were resistant to all prevalent pathotypes of both leaf and stripe rust pathogens in the NWPZ. Both lines PBW698 and PBW703 were resistant to the 78S84 and 46S119 pathotypes of stripe rust and 77-5 and 104-4 pathotypes of leaf rust at the seedling stage and adult plant stage. The recipient parent PBW343 was susceptible to all races of stripe and leaf rust at the seedling stage and adult plant stage. Based upon the yield advantage and disease resistance to both leaf and stripe rusts at different locations, PBW698 and PBW703 both got promoted to the Advance Varietal Trial (AVT-I) in their respective planting conditions. PBW698 was on par in yield in Punjab (59.2 qtl/ha) and the NWPZ (55.3 qtl/ha) with the checks WH1105 yielding 59.9 qtl in Punjab and 56.3 qtl/ha at the NWPZ level. DBW88 and HD3086, the new wheat varieties for NWPZ were identified at national level and were used as check varieties in trials (Table 4). Since PBW698 did not out yield the best check statistically and numerically, it was dropped from the next stage of trials. PBW703 was statistically on par with the best check in Punjab. However, it yielded significantly lower than the best check (HD3059) in the cumulative data of the zone and therefore could not be promoted for further testing and identification as a varietal candidate. The yields of PBW698 and PBW703 could be attributed to a high level of resistance to rust, especially stripe rust. The rust score for PBW698 was 20MS with an average coefficient of infection (ACI) of 3.8, whereas PBW343 totally succumbed to stripe rust with an 80S score and an ACI of 31.6. The rust score for PBW703 was 20MS with an ACI of 2.3 which is less than PBW343 (80S with an ACI of 31.6).


TABLE 4. Yield performance (quintals/hectare) of PBW698 in AVT timely sown and PBW703 in AVT late sown at different locations across Punjab and zonal average during 2013–2014.
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Pyramiding of Genes Lr37/Yr17/Sr38 and Lr76/Yr70: Development of PBW723 (Unnat PBW343)

A modified MABB strategy was used to pyramid the genes Lr37/Yr17/Sr38 and Yr70/Lr76 into PBW343 (PBW665/PBW683) with five genes, two genes each for leaf and stripe rust and one gene for stem rust resistance. The gene segments were first incorporated individually in the PBW343 background and then a converging cross was attempted to stack all the genes together. During development of the individual lines, three backcrosses were made and therefore, no backcross was made in the pyramiding step. A large set of lines was generated and BWL3345, a line developed using MABB strategy and selected after local yield evaluation was nominated into SPL-MABB/NIL in 2013-14 as PBW723. PBW722, another line selected after local and state trials from a larger set of material generated in an attempt to pyramid Yr15 with Lr57/Yr40, was also nominated into SPL-MABB/NIL in 2013-14 along with PBW723. The trial was conducted at six locations in the country namely Haryana (Karnal), Punjab (Ludhiana), Himachal Pradesh (Dhaulakuan), Uttarakhand (Pantnagar), Jammu & Kashmir (Jammu), and New Delhi in four replications in a randomized block design. The data for Punjab are given along with the zonal average in Table 5 (Tiwari V. et al., 2014). PBW723 was promoted to AVT in the second year (2014-15), whereas PBW722 was dropped from AVT in the first year. PBW723 was further tested at the national level for an additional year (2015–2016) before its identification as the varietal candidate to be released. During 2013–2014, PBW723 (48.7 qtl/ha), significantly out-yielded the recipient variety PBW343 (35.6 qtl/ha) with a 36.79% yield increase and was on par with check variety HD2967 (49.4 qtl/ha). However, it was statistically inferior to the best check WH1105 with a 7.23 percent decrease in yield. PBW722 was on par with PBW723 and numerically superior as well, however, owing to some accidental seed mixture, it was rejected while PBW723 was promoted. During 2014–2015, PBW723 (48.5 qtl/ha) out-yielded HD2967 (44.2 qtl/ha) with 9.72% yield superiority and PBW343 (41.7 qtl/ha). It was statistically on par with DPW621-50 (46.5 qtl/ha) and statistically lower than WH1105. Initially the trial was meant to test for 2 years to accelerate the varietal identification and release process, but with rust appearing on WH1105 and a lesser number of sites of testing in this newly formed trial, an additional testing year was recommended for the PBW723 entry. PBW723 maintained its yield level during the 3 years of testing. It possessed the lowest ACI for stripe rust under natural and artificial conditions and a very high level of resistance to leaf rust over the years 2013–2014 to 2015–2016 (Table 6). PBW723 was the only entry in the trial exhibiting seedling resistance to all the four isolates (two of stripe rust and two of leaf rust) while PBW343 was susceptible to all and other checks showed susceptibility to two or three of the isolates (Table 7). Also, the adult plant response (APR) against individual pathotypes was resistant against all the predominant pathotypes of yellow and leaf rust for PBW723. Based upon the performance at the national level from the crop seasons 2013–2014 to 2015–2016, it was identified to be released as a new variety for cultivation under timely sown irrigated conditions in the NWPZ. In Punjab, an additional test in a farmer’s field for PBW723 was done on 87 locations across 20 districts of Punjab (Table 8). The overall mean yield of PBW723 (54.3 qt/ha) gave a 7.7 percent enhancement over PBW343 and a 0.4 percent over HD3086. In trials conducted by the State Department of Agriculture, a farmer, ‘Jagroop Singh’ from the village Dhudhike, District Moga, Punjab reported a yield of 72.0 quintals per hectare for PBW723. The variety was released for cultivation in 2017 and was given another name by PAU for Punjab: Unnat PBW343, where the regional word, Unnat is locally used in Hindi/Punjabi/Urdu and means improved. The perception was that such nomenclature would relate the new version to the original variety and its practices in the eyes of the farmers to raise a good crop.


TABLE 5. Yield performance (quintals/hectare) of PBW723 in SPL-MABB trials at different locations.
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TABLE 6. Reaction of PBW723 to stripe and leaf rust under natural and artificial conditions at seedling and adult plant stage from 2013–2014 to 2015–2016.
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TABLE 7. Rust reaction of PBW723 at seedling stage against prevalent stripe and brown rust pathotypes.
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TABLE 8. Evaluation summary of PBW723 in farmers’ fields during year 2016–2017.
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DISCUSSION

Among biotic stresses, the fungal pathogens causing foliar rusts in wheat continually evolve and overcome host plant resistance. Wheat breeders therefore, face the endless task of continually developing new wheat varieties combining enhanced yield and disease resistance. In this research article, we discuss in detail the efforts and attempts made to develop a rust-resistant version of a popular wheat variety, PBW343. The paper sheds light on attempts made, failures, and insights on the development and release of wheat variety Unnat PBW343.


Breakdown of Genes Yr27 and Yr17 Against New Pathotype and Current Status of Effective Genes

Stripe rust incidence in Punjab over the last one and a half decade has demonstrated a progressive shortening of the life span of wheat varieties. PBW343 succumbing to the stripe rust pathotype 78S84 became a breeding nightmare for wheat breeders and pathologists. The large area under its cultivation and the absence of any equivalent yielding substitute made it vital to temporarily resolve the situation using chemical control. Emergent recommendations for the use of fungicides were made and popularized. The new stripe rust race 110S119 emerged and progressed aggressively turning DBW17, PBW 550, and other varieties susceptible before gaining popularity as cultivars. Meanwhile, the entire breeding conduit with stripe rust resistance based on the Yr27 gene collapsed (Bhardwaj et al., 2016). Nevertheless, the genes with resistance for the newly emerging races were available in rust differential stocks in the Avocet background and included genes Yr5, Yr10, and Yr15. In addition, the resistant gene complex Yr17/Lr37/Sr38 was available through the international CIMMYT nursery. Also, the new stripe rust and leaf rust-resistant genes (Yr40/Lr57 and Yr70/Lr76) had been identified from wild species of wheat at PAU and were under the process of mapping and tagging at that time. While on the other hand, PBW343 was being grown under fungicide protection, and was still popular among farmers. In the present scenario, gene Yr17 is no longer effective in Punjab and the situation is similar for Yr70 which individually gave a 40S reaction for stripe rust. However, these genes tend to provide resistance when stacked together. Starting from a breakdown of gene Yr27, the pathogen has been evolving continually as shown by the prevalence of the stripe rust races 78S84, 46S119 to 110S119, and currently 238S119. In 2005-06, PBW343 was the highest yielding cultivar so naturally PBW343 was used as a base for the introgression of known genes for rust resistance. Major wheat breeding efforts were targeted to develop the NILs at PAU with all individual or pyramided stripe rust resistance genes in the PBW343 background. Yr10, originally from the wheat cultivar Moro possesses seedling resistance and is located on the short arm of chromosome 1B (Metzger and Silbaugh, 1970). The gene Yr15, originated from Triticum dicoccoides and its linked molecular markers are available (Peng et al., 2000) to facilitate MAS for both these genes. PBW703 displayed almost complete foliage resistance to rusts (stripe and leaf) and high yield, however it was not superior in yield potential when compared with the newer national check varieties and hence, could not be released as a variety. PBW703 has been registered (Registration number-INGR 15052) as a stock with the National Bureau of Plant Genetic Resources (NBPGR), Govt. of India. It is the nodal organization of the country for the management of plant genetic resources which acquires and organizes the indigenous as well as exotic germplasm collection to ensure sustainable use and exchange of plant genetic resources for crop improvement. PAU also has a simple ‘on request’ germplasm exchange policy under which PBW703 has already been shared and is being extensively used by wheat breeders across the country as the source of four rust-resistant genes.

The current scenario in Punjab has rendered most of the stripe rust genes (Yr9, Yr17, Yr27, Yr31, Yr40, Yr51, and Yr70) ineffective individually and calls for gene stacks. The genes currently effective in India are Yr5, Yr10, Yr15, Yr47, Yr57, and Yr63 (Sohu, 2019, unpublished internal annual reports). The cultivars released in the NWPZ for cultivation namely, PBW502, DBW17, PBW550, PBW621, HD2967, and WH1105 all showed their first incidence of stripe rust within 3 years of release (Tiwari et al., 2012, 2013, 2015, 2016, Tiwari V. et al., 2014). However, HD3086 released in 2015 lost its avirulence during 2019–2020 (Singh et al., 2020). In the post-PBW343 era, multiple cycles of pathogen racial evolution have occurred, thereby reducing the average resistant time span of varieties. In such a situation, the time spanning the initiation of mobilizing a resistance gene to the release of a resistant cultivar usually is too long for a gene to remain resistant. This phenomenon has been very clear in the case of PBW665 and PBW680 in our study. Responding to this emergent situation, special effort by a coordinated program through the creation of a niche for the direct entry of gene pyramided lines into AVT in the first year (SPL-MABB/NIL trials) in 2013 proved very useful. PBW723 was entered into this special trial for national level testing.



Efficacy of MAS for Gene Pyramiding in Wheat

Single gene introgressions are usually performed using backcrossing to transfer the targeted gene into the recurrent parent. While developing the individual gene lines, phenotypic selection and disease epiphytotic conditions were given more value than the application of markers. Plants selected in field were confirmed for the presence of the gene of interest, while no markers were applied to the initial segregated generations. The use of genes in combination, irrespective of whether they are major or minor genes, has been suggested as the best method for the genetic control of rusts (Roelfs, 1988). Gene pyramiding is difficult when using conventional breeding methods, however, the availability of molecular markers closely linked with the target genes makes the identification of plants with two or more genes possible (Chhuneja et al., 2011). Pyramiding of major genes using MAS in agronomically suitable cultivars is being extensively pursued (Samsampour et al., 2009; Revathi et al., 2010; Vinod et al., 2010; Bhawar et al., 2011; Chhuneja et al., 2011; Tiwari S. et al., 2014; Khan et al., 2017) to prevent the breakdown of resistance in major crop breeding programs all over the country. A marker-assisted background selection strategy proposed by Randhawa et al. (2009) reports maximum recurrent parent (RP) genome recovery in the MABS derived line WA8059. Genotypic comparison between WA8059 and WA8046 (the BC4F7 line WA8046 was developed using the same two parents using backcross breeding with phenotypic selection without MABS) reported 97% of the recurrent parent recovery as compared to 82% in WA8046. Three genes for blast resistance have been introgressed using MABS in an aromatic rice cultivar (Khan et al., 2018) with 92% RP genome recovery. MABS makes it possible to recover a high level of the RP genome and helps in the improvement of a specific trait in otherwise elite cultivars within a short time span. Moreover, this method almost nullifies the linkage drag in case the donor for the trait of interest is genetically distant or agronomically inferior. But applying MABS in the breeding program requires excessive and high throughput molecular marker work. The chances of recovering the RP will however decrease with the increase in the number of genes, especially if they are on different chromosomes.

Extensive MABS was not used in the development of PBW723, rather the percentage of RPG was assessed in a set of selected introgression lines using molecular markers. The selections during the development of PBW723 were based upon agronomically desirable plant type and PBW343 look-alike plants. Such selected plants were subjected to marker-assisted foreground selection for genes of interest and further, the phenotypically selected plants with stacked genes were tested for grain traits before generation advance. The foreground markers were again confirmed in the next generation and the bulks were yield tested. The bulk that became PBW723 was the best one and had superior yielding among its other sibs and therefore, was chosen to assess the background recovery with regards to PBW343. This modification in the MABS strategy (Randhawa et al., 2009) saved time and the financial resources required for generating marker data points by testing more sibs that were not to be used for varietal testing. The polymorphic markers with either parent or RP recovery based on them was 85.80 and 85.34 percent, however the overall recovery was 81.57 percent (Tables 9, 10). The development of PBW723 was initiated using the well-established, yield-tested advanced breeding lines PBW665 and PBW683. The component lines had undergone three backcrosses with the recurrent parent that empirically implies around 93.125 percent similarity with PBW343. However, since the marker-assisted background recovery was never attempted in those lines and only phenotypic similarity was considered in segregating generations during their development, the RP genome recovery is lower than those theoretically targeted or expected using the MABS strategy in the case of PBW723. No additional backcrosses with PBW343 were made while developing PBW723, rather the single genes introgressed in PBW343 were converged to combine the genes. The introgressions for the genes in this case were on two different chromosomes (2AS and 5DS) and were alien in nature, which further reduced the background recovery. Nevertheless, PBW723 is phenotypically close to PBW343 in terms of plant type, flowering time, maturity days, spike shape, spike size, and grain shape, etc. Later, while initiating its nucleus seed program, single ear purification was re-evaluated and 11 sibs were identified and tested along with PBW723. One of the sibs (PBW723#13) outperformed the original PBW723 and had a longer ear with a higher grain number. However, another sib (PBW 723#8) was more phenotypically similar to PBW343 and it was chosen as the final source for its nucleus seed production. Phenotypic similarity with RP, resistance level, and yield were given more value over marker-assisted background recovery. This modification and balance made the varietal development economically tenable and easy for adoption even for the low budget breeding programs. The MABS approach can be of use in cases where field evaluation is not possible or the trait of interest cannot be easily assessed phenotypically. However, for the case of breeding wheat for rust resistance, the modified MABS protocol is equally promising and more economical. More specifically, if the donor parents and recurrent parent are agronomically well-adapted and have superior high phenotypic similarity among each other (as in the case of PBW723), background recovery using molecular markers can be minimized for selected progeny rather than applying molecular background selection to segregated generations.


TABLE 9. Brief summary of molecular markers used for background recovery in PBW723.
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TABLE 10. Percent background of PBW343 recovered in PBW 723.
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Status of PBW723 Against Leaf and Stripe Rust

The response of individual genes and their contribution to enhanced rust resistance toward different prevalent pathotypes of yellow and brown rust post pyramiding was studied and the results are presented in Table 11. Stripe rust resistance gene Yr17 showed high levels (1550–2100) of AUDPC (area under disease progress curve) in response to the stripe rust pathotypes 46S119 and 110S119. The virulence/avirulence of these races for the genes under consideration is given in Supplementary Table 3. The response of Yr70 toward the same races was lower than that of Yr17 (AUDPC levels 525–1150) as it provides partial resistance to stripe rust. Cultivar PBW343 had the highest AUDPC (2400) against the three pathotypes in both the years. The AUDPC score for stripe rust was greater in 2018–2019 compared to 2017–2018. The test cultivar PBW723 had the lowest AUDPC scores over both years. When tested against a mixture of pathogen races (46S119 and 110S119), the response was lower, however individually Yr70 had three times the AUDPC (625) compared to PBW723 (200). Also, the cultivar PBW621 possessing Yr17 had a six times higher AUDPC (1250) compared to PBW723. PBW723 with Yr17 and Yr70 showed enhanced resistance whereas lines with only one of the genes were susceptible. We hypothesize that Yr17 and Yr70 interact epistatically to enhance stripe rust resistance in PBW723.


TABLE 11. Role of defeated genes in contributing resistance to stripe rust.
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Concept of Ghost Resistance

Minor genes or the defeated genes in PBW343 also added somewhat toward resistance when combined with other genes. This kind of additive effect of minor genes has also been shown to provide resistance in segregating generations of two susceptible cultivars (Singh et al., 2017). They reported that in the two crosses involving stripe rust susceptible parents (PBW 621 × PBW343 and HD 2967 × PBW343) the resistant segregants possessed two genes, one contributed by PBW621 or HD2967 (depending on the cross) and the other is hypothesized to be from the most susceptible cultivar, PBW343. The susceptible parent PBW343 contributing toward a resistant phenotype is referred to as ghost resistance, in which a defeated gene contributes toward resistance when combined with other genes. Singh et al. (2017) reported that the ineffective stripe rust resistance gene (Yr27) present in PBW343 was able to contribute significantly when combined with minor genes from PBW621 as well as HD2967. Probably, the minor genes with additive effects conferred stripe rust resistance in highly resistant lines, as the widely reported additive nature of minor genes is known to confer stripe rust resistance (Parlevliet, 2002; Dutta et al., 2008). Singh et al. (2017) also hypothesized that when the resistance of an aggressive race breaks down in a variety and makes it completely susceptible, it seems to cause the breakdown of only a subset of diverse quantitatively determined resistance mechanisms. Susceptible lines have the potential to contribute some resistance when recombination provides an opportunity for a new assemblage of resistance components. This kind of resistance contributed by defeated major genes indicates the so-called ghost resistance hypothesis. The “defeated” or “ghost” resistance finds a mention in the literature (Nass et al., 1981; Li et al., 1999) and there are several compelling pieces of evidence which indicate that the allelic variants of major resistance genes account for a proportion of quantitative disease resistance in plants (Young, 1996). The pathology studies on PBW723 along with parent variety PBW343 at PAU demonstrated that the defeated individual genes when pyramided together can contribute to a high level of resistance based on AUDPC scores. The stripe rust resistance genes from both the segments had shown susceptibility in individual lines PBW665 and PBW683, however when stacked together, the set of pyramided lines (with genes Lr37/Yr17/Sr38 and Yr70/Lr76 in a PBW343 background) were resistant to the stripe rust. PBW723 was the line selected from this set for further national level testing. Moreover, PBW723 was the only entry in the trial at the national level exhibiting seedling resistance to all the four isolates (two of stripe rust and two of leaf rust) while PBW343 was susceptible to all and other checks showed susceptibility to two or three of the isolates of the stripe rust pathogen. Based on these observations, we hypothesize that the stripe rust resistance genes Yr17 and Yr70 (the defeated genes individually) conferred resistance in PBW723.



Status of PBW723 (Unnat PBW343) as a Cultivar

Post release, the variety PBW723 has made its way to farmers’ fields and is being grown in Punjab. It is used as a check variety in local trials at PAU and its average yield ranges from 55–60 qtls/ha, while some farmers reported yields as high as 75 qtls/ha. The acceptance and popularity of the variety among farmers can be assessed by its seed sale and demand (Supplementary Table 8). The seed of a variety after release is commercially available to farmers by PAU. More than 11,000 quintals of seeds have been produced in the last 2 years and seed sold during 2017–2018 equaled 11,393 quintals while in 2018–2019 it was 9345 quintals (Supplementary Table 8). Priced at a very nominal rate of ∼$33 per quintal, it gave a return of $375,969 and $308,385 to PAU in 2017–2018 and 2018–2019, respectively. PBW723 has held the third place at the National Breeder Seed Indent after HD2967 (10th year of cultivation) and HD3086 (7th year of cultivation), consecutively during the last 3 years. About nine percent of wheat cropped in Punjab is under PBW723 (survey of 1500 farmers, PAU reports, unpublished).



Current Status of the Genes in PBW723

PBW723 carries five rust resistance genes at two loci: Yr17/Lr37/Sr38 from Aegilops ventricosa on chromosome 2AL and Yr70/Lr76 from Aegilops umbellulata on chromosome 5DS. The linked genes Yr17/Lr37/Sr38 conferring resistance against stripe rust, leaf rust, and stem rust respectively, have been extensively used by wheat breeders in different parts of the world (Dyck and Lukow, 1988; McIntosh et al., 1995; Robert et al., 1999; Seah et al., 2000). This block of linked genes was initially introgressed in the winter wheat VPM1 from Triticum ventricosum (Maia, 1967) and is located on a 2NS/2AS translocation (Bariana and McIntosh, 1993; McIntosh et al., 1995). Stripe and leaf rust races with virulence to Yr17 and Lr37 have been identified in different countries but this gene cluster still provides resistance to a wide range of races in combination with other rust resistance genes (Helguera et al., 2003). Yr17 provides partial resistance to prevalent stripe rust pathogens in India (Bhardwaj, 2011; Bhardwaj et al., 2016). Based on APR against individual pathotypes, PBW723 possessed resistance against all predominant pathotypes of yellow and brown rusts. PBW723 also has enhanced resistance to Karnal bunt (data not given) compared to recipient variety PBW343 as well as other check varieties (HD2967, DPW621-50, and WH1105). The 2NS chromosome segment (Yr17/Lr37/Sr38) has also been reported to be associated with significant reductions in head blast incidence in wheat under natural epidemic conditions in the field. But, not all cultivars and lines with 2NS showed resistance under controlled inoculations in the greenhouse (Cruz et al., 2016). The CIMMYT cultivar KACHU (carrying Milan, Kohli et al., 2011) possesses the 2NS translocation, and Milan-based resistant wheat cultivars released in South America appear to contain high levels of resistance to wheat head blast under field conditions (Kohli et al., 2011). This resistance is present in most of the germplasm in India through KACHU sourced from CIMMYT. Thus, PBW723 having this 2NS segment already gives a preemptive breeding product against the blast disease. In addition to effective rust and blast resistance, the 2NS/2AS translocation brings additional value to the wheat breeding program as it also carries resistance genes Rkn3 and Cre5 against root-knot nematodes (Meloidogyne spp., Williamson et al., 2013), and the cereal cyst nematode (Heterodera avenae Wollenweber, Jahier et al., 2001).




CONCLUSION

The pipeline of our wheat breeding program is well fed by the germplasm developed using MAS for gene(s) of interest in diverse backgrounds and the modified MABS for reviving the promising varieties. The story focussing the journey of PBW343 to Unnat PBW343 has been through several failures and gains. Selection of genes to be pyramided and the selection of the appropriate background for specific genes has been a great learning experience. Genes Yr10 and Lr28 probably were not the right choice in terms of genes for introgression in PBW343. The genes Yr10 and Yr15 are both located on the 1B chromosome, so, they interfered with the 1B/1R translocation of PBW343 and it was observed that they put a ceiling on productivity traits. The gene Lr28 is a large alien segment which compromises yield components. Therefore, the use of non 1B/1R lines in obtaining the maximum benefits of Yr10 and the use of Lr24 for ensuring leaf rust resistance is suggested. Once the selection of genes and background is appropriate, a critical balance between the population size, molecular marker input, and field testing needs to be established based on resources to effectively and economically incorporate MAS in the main breeding program. Contrary to the much prevalent notion that MAS may to some extent substitute the phenotypic characterization and selection done in conventional breeding (Huang et al., 2003), we learnt that the selections for plant type, resistance in field under relevant epidemics, and grain type selections after harvesting are important and may reduce the time and monetary inputs, making MAS/MABS feasible for small breeding groups. Molecular breeding and conventional breeding should be seamlessly combined together for the development of a resistant cultivar. Supplementary Figure 2 schematically summarizes the attempts involving the mobilization of single genes (for stripe and leaf rust), pyramiding events in the course of improving PBW343 for rust resistance, and the fate of this developed germplasm. All the lines are available at PAU on request. A similar kind of gene introgression work has already been completed in other genetic backgrounds like PBW550, DBW17, PBW621, HD2967, and HD3086, etc. and single gene introgression lines are being used for gene pyramiding. Also, the minor genes for resistance from CIMMYT material are being combined with major genes. The new genes from diverse sources like landraces, winter wheats, etc. are also being characterized and mobilized. The coordinated and continuous efforts of wheat breeders and pathologists will be required to win this unceasing battle against the rust fungi.
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Damage Grain length Grain breadth % of Volume of 500

category (mm) (mm) germination grains (mm?)
1 (Noinfection) 6.96 +£0.01a 2.80 £0.08a 92.92 £+ 0.10a 20.07 £ 0.05a
2 (1-19%) 6.90 £0.02a 2.70+0.01a 90.86 £0.47b 20.03 £ 0.41a
3 (20-39%) 583+0.02b 2.28+0.01b 90.48 +£0.290 16.00 £ 0.18b
4 (40-59%) 565+ 0.03c 2.09+0.01c 90.84 £0.11b 12.5+0.19c
5 (60-79%) 498+0.02d 1.57 £0.056d 90.39+£0.18b 7.87 +£0.11d
6 (>80%) 486 +£0.03e 1.30 £0.02e 86.46 +£0.22c 5.89 &+ 0.07e
cv 0.0581 0.0875 0.7980 0.6136

Mean values within a column followed by the same letter do not differ significantly
by Fisher’s protected least significant difference (LSD) test at p < 0.05. Data are
presented as mean + SE (n = 3).
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Damage categories % N% % OC Ca?t (mg/g) Mg?* (me/100g) K (me/100g) P (mg/g) Cu (mg/g) Fe (mg/g) Zn (mg/g) B (ng/9) S (Lg/9)

1 (No infection) 170 £ 0.10e  4.00 £0.36a 0.21 +£0.02c 0.10 +£ 0.01a 1.0+0.005b 3.1+0.02a 420+0.27a 53.20+050d 52.20+0.23a 52.00+0.41a 0.36+0.02a
2 (1-19%) 2.374+0.02d 3.794+0.12a 0.22 +£0.01c 0.10 + 0.003a 1.50+0.02a 3.0+0.005a 4.00+0.03a 5420+ 0.49cd 48.43+0.27b 30.00 +0.07b 0.33 £ 0.005a
3 (20-39%) 278 +0.09c 359+0.04a 0.25+0.01c 0.11 £ 0.01a 1.50+0.017a 2.8+0.02ab 3.80+0.08ab 54.20 & 0.25cd 42.00 + 0.26c 28.00 +0.08c  0.28 +0.01b
4 (40-59%) 2924+ 0.02bc 3.29 +£0.18a 0.41+0.01b 0.12 +0.01a 150+ 0.01a 2.7+0.01ab 3.20+0.10bc 55.20+0.28c 34.87 £0.07d 25.00 +0.13d 0.26 £ 0.01bc
5 (60-79%) 3.18+0.03ab 3.20 £0.13a 0.47 £ 0.02b 0.12 + 0.02a 1.00+£0.12b 234+0.02b 260+0.14c 73.20+041b 14.05+0.11e 20.00+0.11e 0.23 £ 0.006c
6 (>80%) 325+0.02a 2.00+0.02b 0.67 +0.03a 0.13 + 0.005a 1.00+0.08b 24 +0.005b 1.20+0.06d 89.40+0.22a 12.00+0.03f 17.00+0.26f 0.1140.01d
cVv 0.176 0.555 0.051 0.035 0.1520 0.037 0.4218 1.165 0.570 0.671 0.031

Mean values within a column followed by the same letter do not differ significantly by Fisher’s protected LSD test at (p < 0.05). Data are presented as mean
Mg, magnesium; K, potassium; R phosphorus; Cu, copper; Fe, iron; Zn, zinc; B, boron; S, sulfur.

t SE (n = 3). N, nitrogen; OC, organic carbon; Ca, calcium;
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Damage category

(No infection)
(1-19%)
(20-39%)
(40-59%)
(60-79%)
(=80%)

cVv

;
2
3
4
5
6

Moisture %

18.36 £+ 0.32a
18.39 £ 0.14a
18.68 £ 0.21a
18.62 £+ 0.42a
18.71 £ 0.04a
18.73 £ 0.26a
0.8105

Lipid %

3.28 + 0.10a
3.39 £ 0.007a
340+ 0.12a
3.44 £ 0.05a
3.49 £ 0.08a
3.55+0.10a
0.2811

Ash %

1.99 + 0.05a
2.10 & 0.09a
2156+ 0.12a
2.21 £ 0.02a
2.26 &+ 0.14a
2.35 + 0.03a
0.2716

Mean values within a column followed by the same letter do not differ significantly
by Fisher’s protected LSD test at (p < 0.05). Data are presented as mean + SE

(n=3).
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Treatments * Grain tost wight Grain yield Grain tost weight Grain yild
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CNIF + Py 820a 105 s52a 993
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‘Season 1(2016-2017) Season 2 (2017-2018)

Troatments ® Auppe Incidence (%) 1os1 Auopc Incidonce (%) 10!
CNF +Pp 12870 35000 804 00t 1310 s1c
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GGT2 - Pp. 30i2a 5782 2082 1967 ab 5476 2136
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Final plant height (cm)

Treatments * Season 1(2016-2017) Season 2 (2017-2018)
ONF +Pp 918an %0a
ONFF - Pp 835 bode 912abcd
GGT2 + Pp. 838 bode 87.7cd
GGT2 - Pp. 85508 8.7 bod
GGTS + Pp. 905 abcd 8750
GGTS - P 83e 8.7 bod
Fo.+Pp. %43a 92.7 abod
Fo-Pp. 865 0de 91.7abc
Re+ Pp 908 abcd %422
Re - Pp 870bcde 915abcd
ov® 388 314

P value © 0018 0014
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ONFF - Py 104bc 26 B 10900 1073 a
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Treatment Fungus inoculated lsolate P protegens Inoculum

code name Factor factor
CNIF + P Control not - R &
ONIF ~Pp  inocuated with fungi " -
GGT2+Pp G, graminis var. rtci 2010_04.G* + .
GGT2 - P growp 2 - .
GGT3 +Pp G, graminis var. i Oso1® + .
GGT3 - Pp grow 3 - .
Fo+Pp  Fusarium cumonum  F_CULM® + .
Fo-Pp. - .
Ro+Pp  Rhizoctonia cersalls  M31S© + +
Rc - Pp - .

sobtes aro descrbed for the olowing authors: *Vera et al. (2014; 2015), “Gonziez o a,
2018), and “Moya-Elizondo et al. (2015).
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2016 2017 2018 All environments (2016-2018)

Source of variation Wald statistic P2 %Var® Wald statistic P %Var Wald statistic P %Var Wald statistic P %Var

Genotype (G) 1238.7 <0.001  76.49 1166.3 <0.001 72.94 30561.6 <0.001 79.71 3364.1 <0.001 44.52
Environment (E) 104.7 <0.001  6.47 70.9 <0.001 4.43 386.4 <0.001 10.07 1684.0 <0.001 20.96
GxE 276.0 <0.01 17.04 362.3 <0.001 22.63 391.1 <0.001 10.22 2608.8 <0.001 34.52

aF_test probability of Wald statistic. ®Percentage of variation associated with each term or interaction.
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PLAD Heading date Plant height

Varieties/Inbreds Mean (s.e.) Sensitivity (s.e.)? Mean square deviation® Mean (s.e.) Mean (s.e.)
Resistant

4:21713 24.68 (4.05) —0.211 (0.43) 488.9 110.3 (1.07) 85.35 (1.53)
Tammin 24.39 (3.93) 0.158 (0.43) 166.7 113.2(1.04) 84.30 (1.41)
ZJN12 Qno 25 156.33 (3.91) 0.5687 (0.39) 741 111.1 (1.04) 95.74 (1.37)
Envoy 28.94 (3.80) 0.682 (0.39) 178.5 114.4 (1.04) 82.41 (1.37)
Ajana 24.75 (3.80) 0.748 (0.39) 151.4 111.8 (1.04) 86.48 (1.37)
30ZJN09 23.57 (3.93) 0.838 (0.43) 93.5 113.7 (1.04) 91.66 (1.41)
Gladius 22.50 (3.80) 0.859 (0.39) 189.6 114.6 (1.04) 82.69 (1.37)
3:21Z12 27.87 (5.45) 0.957 (0.59) 161.2 108.3 (2.14) 86.24 (1.96)
WAWHT2046 24.05 (4.05) 1.048 (0.43) 112.3 104.4 (1.04) 93.22 (1.41)
ZWW10 Qno 127 24.03 (3.91) 1.223 (0.39) 116.5 114.0 (1.07) 90.12 (1.41)
ZVS07 Qno 227 26.12 (3.93) 1.238 (0.43) 350.0 112.9(1.04) 97.34 (1.41)
5221712 22.96 (56.79) 1.321 (0.52) 180.4 113.7 (4.33) 90.02 (2.14)
Mace 26.69 (4.05) 1.329 (0.43) 194.6 114.8 (1.07) 86.28 (1.46)
6HRWSN125 28.17 (3.80) 1.414 (0.39) 218.1 112.7 (1.07) 91.76 (1.37)
EGA Castle Rock 22.26 (4.03) 1.437 (0.40) 141.5 111.8(1.11) 94.15 (1.41)
ZVS09 Qno 133 25.13 (3.93) 1.478(0.43) 187.0 113.8 (1.04) 89.67 (1.41)
ZWWO09 Qno 125 25.71 (3.91) 1.501 (0.39) 147.0 112.9(1.07) 97.55 (1.41)
EGA Blanco 21.07 (3.80) 1.544 (0.39) 169.6 114.9 (1.04) 87.50 (1.37)
ZEE10Qno 77 21.36 (3.80) 1.673(0.39) 200.7 114.3 (1.07) 96.29 (1.41)
Susceptible

Amery 67.89 (3.80) 0.338 (0.39) 144.9 101.4 (1.04) 86.20 (1.37)
Millewa 69.22 (3.80) 0.826 (0.39) 356.8 111.4 (1.04) 86.40 (1.41)
Arrino 60.33 (3.80) 0.871 (0.39) 222.8 105.3 (1.04) 83.52 (1.37)
EGA 2248 58.64 (3.91) 1.231 (0.39) 222.5 110.4 (1.04) 91.11 (1.37)
Scout 46.33 (3.82) 1.292 (0.39) 183.3 114.4 (1.04) 89.63 (1.37)

aGenotypes ranked in ascending order from the most stable assessed by sensitivity of PLAD response to environmental effects. ®Predictability of response to SNB
assessed by mean square deviation.
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2016 2017 2018

Northam Katanning Northam Katanning Northam Manjimup
PLAD HD HGT PLAD HD HGT PLAD HD HGT PLAD HD HGT PLAD HD HGT PLAD HD HGT
inimum 50 91.0 69.0 20.0 92.0 64.0 3.0 85.0 67.0 30 103.0 69.0 3.0 g1.0 77.0 2.0 86.0 73.0
laximum 92.0 129.0 110.0 90.0 139.0 102.0 85.0 116.0 106.0 85.0 132.0 101.0 75.0 122.0 143.0 97.0 133.0 123.0
Grand Mean 441 108.0 85.7 53.0 125.9 82.2 39.0 101.4 80.0 30.0 120.1 84.0 250 104.8 105.0 38.0 111.7 94.0
edian 45.0 108.0 86.0 53.0 127.0 82.0 38.0 102.0 80.0 270 12110 84.0 220 104.0 106.0 36.0 110.0 94.0
ode 45.0 109.0 83.0 40.0 131.0 85.0 33.0 102.0 790 18.0 120.0 86.0 28,0 99.0 109.0 53.0 115.0 94.0
ANOVA (P) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LSD (P < 0.05) 23.0 4.5 7.0 23.0 9.2 10.6 26.6 6.5 10.1 32.3 8.4 18.2 17.9 8.1 8.1 19.6 4.9 6.8
CV (%) 33.1 2.6 5.0 26.8 45 8.0 43.0 41 7.8 471 3.1 6.9 451 3.0 4.8 30.6 2.8 45

H? 0.76 0.92 0.85 0.67 0.69 0.65 0.76 0.83 0.63 0.64 0.81 0.73 0.74 0.48 0.47 0.88 0.94 0.90
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Northam 2016
Katanning 2016
Northam 2017
Katanning 2017
Northam 2018
Manijimup 2018

Northam 2016

0.568"*
0.272"*
0.455™*
0.339*
0.460™*

Katanning 2016

0.328"**
0.455"
0.387***
0.433*

Northam 2017

QuAg e
0.338"
0.385"*

Katanning 2017

0.494*
0.513*

Northam 2018

0.797**

Manjimup 2018

P < 0.001.
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% Ash = (Weight of Ash/Weight of sample) x 100%
(AOAC, 2000).
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% Moisture
= [{(Weight of original sample — Weight of dried sample),
Weight of original sample} x 100%] (AOAC.

000)
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9% Lipid = (Weight of extract/Weight of sample) x 100%
(AOAC, 2000).
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Manjimup 2018 18 IWB63044" A 20241 3B: 205465363 0.08 014 17.42 3.06E-05 451 cc cc cc cc
8 WB23446 TG 206,01 18:305270049 0,09 0.14 —1900 143805 484 ™ ™ ™ ™
8 WB40634'  T/C 20601 98:205464979 008 0.13 -1798  456E05 434 ™ ™ ™ ™
B WB40985  T/C 20601 18:301,257,922 008 014 17.51 45TE05 434 cc cc cc cc
8 WBS3408'  A/G 206.01 1A:279.825392 008  0.13 -1759  740E05 413 AA AL AL AL
B WBSS131  T/C 20601 18:302,206634 008 0.15 17.80 272605 456 cc cc cc cc
B IWBG0665 TG 20601 18:205,686066 0,08 0.14 —1682  4.96E05 430 fa ™ - ™
8 We72785 TG 206.01 1B:308,587,781 008 0.14 —1795 297605 483 ™ ™ ™ ™
18 We72756  T/G 20601 1B:308,587,768 008 014 17.08 461E05 434 [ (<) [ [
B wer2068t  T/C 20601 18:301,257,710 010 014 —1932  5A7E06 529 ™ ™ ™ ™
] We3T29%4 TG 206.69 1B:309,387,695 009 0.13 —1857 138E05 486 ™ ™ ™ ™
B WB49491  AG 20669 1B:300949,280 008  0.13 —1824  544E05 426 AL AL AL AA
B WB64056  A/G 206,69 18:817,320498 008 0.18 —1557 702605 414 M A AL AA
] WB71062  A/C 206,69 1B:306072514 008 014 -183¢  23E05 483 AA AL AA AL
18 We741e7  AG 20669 1B:307,427,628 008 0.14 —1751 292605 453 AA AL AA A
8 WB63613  A/G 208.49 18:315383705 008 0.7 -1585  4J7E05 436 M AL AL A
8 WB71413  T/C 20095 18:309.491071 008 013 1733 591E05 423 cc cc cc cc
5A wesest!t T 45334 5A:588.377,301 008 039 -1257  60E05 416 - ™ ™ had
8 WB43679!  TIC 25296 58:539460,125 009 007 1824 150605 482 cc cc - cc

*Dosirable SNP for reduced disease, based on the alloe effect estimate, s in bold and underined, ®WGSC: IWGSC RefSeq v1.0, Chr: Chromosome, bp: base pair. “MAF: minor alll frequency. %The effect estimatos
the diference between the average phenatypic vales of the homozygous A genolype relative to the homozygous B genotype. ®Alse scores of each SNP marker for four wheat genotypes showing low PLAD scores
at two locations across 3 years (Table 4). 1SNPs sefected for analysis of allle stacking. *SNPs allocated to chromosome 18 on the genetic consensus map but having best Blastn hit on other chromosomes in the
WGSC RefSeq v1.0. -data not available.
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Fixed effects on PLAD response

Northam 2016

Katanning 2016

F P Estimate (SE) F P Estimate (SE)

Heading date 248.10 P < 0.001 —1.707 (0.11) 82.13 P < 0.001 —0.8440 (0.09)

Height 5.36 P =0.021 0.210 (0.09) 34.02 P < 0.001 0.5149 (0.09)

Heading Date.Height 2.07 P=0:150 —0.022 (0.01) 2.71 P =0.100 0.0244 (0.01)
Northam 2017 Katanning 2017

F Sig Estimate (SE) F Sig Estimate (SE)

Heading date 208.40 P < 0.001 —1.902 (0.13) 406.71 P < 0.001 —2.202 (0.11)

Height 7.20 P =0.008 —0.293 (0.11) 0.05 P=0:819 0.0183 (0.08)

Heading Date.Height 0.29 P =0.591 0.010 (0.02) 0.60 P =0.439 0.0144 (0.02)
Northam 2018 Manjimup 2018

F Sig Estimate (SE) F Sig Estimate (SE)

Heading date 219.16 P < 0.001 —1.298 (0.09) 285.67 P < 0.001 —1.526 (0.09)

Height 63.69 P < 0.001 —0.4824 (0.06) 153.26 P < 0.001 —1.015 (0.08)

Heading Date.Height 0.19 P =0.665 0.0047 (0.01) 1.29 P =0.257 —0.0140 (0.01)
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GenolLocus Chromosome Approach Major/Minor gene References.
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wio 185 Map-based coring Major LuW. ot al. 2014
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As2s8sR 08 Map-based coning Major Zrang ot 2010
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Yield performance (quintals/hectare) at five locations in Punjab Rust (Leaf rust: mixture of races
77-5 and 104-2) and (Stripe rust:
mixture of races 78584 and
46S119) reaction at two
locations in Punjab

Bathinda Gurdaspur Kapurthala Ludhiana Rauni State Zonal Ludhiana Gurdaspur Dhaulakaun
Locations = mean mean
- (Punjab) (NWPZ2)
Genotypes | Br Yr Br Yr Br Yr
PBW665 54.9 54.3 57.5 69.2 67.4 62 51.5 0 0 0 10S 0 1008
(PBW343 +
Lr37/Yr17/5r28)
PBW343 66.3 30 (1] 60 66.6 55.6 50.5 10S 10S O 308 0 60S
DBW17 65 51.4 54.9 54.7 64.9 58.2 54.7 10S 10S O 308 0 0
DPW621-50 67.1 62.3 59.7 e 70.7 66.3 55.4 0 0 0 58 0 10S
G.M 62.1 56.2 555 62.1 62.3 0.843 0.322
C.D.(10%) 6 3.7 29 5 5 23 0.9

G.M, general mean of trial; C.D., critical difference/least significant difference; NWPZ, North Western Plain Zone; Br, brown rust; Yr, yellow rust.
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S. No. Genotype Yield (q/ha) PBW 621 CcD Stripe rust Leaf rust Year of testing

1 BW9250 41.2 45.5** 2.3 60S 0 2008-2009

(PBW343 + Lr24 + Lr28) 2.7 2009-2010

2 BW9270 47.8 40.2 1.8 20S 0 2009-2010

(PBWB43 + Lr57/Yr40) 41.4 2.3 408 0 2010-2011

3 BWL3274 59.6 64.3"** 241 0 0 2011-2012
(PBW343 + Lr24 + Lr28 + Yr5)

4 BWL3275 63.5 0 0 2011-2012
(PBW343 + Lr24 + Lr28 + Yr5)

6 PBW343 35.7 60S 40S 2011-2012

** Check PBW343. *** Check as PBW621.
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I
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Avocet 6* Yr15
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plants, grain selection & T
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Rl Screening for stripe rust resistance under

- artificial epiphytotic conditions

X
|

Rust resistant plant positie for genes Lr24, Lr28
Conformation for Yr10 using molecular marker in
selected plants

Rust resistant plants positive for genes Lr24, Lr28
Conformation for Yr15 using molecular marker in
selected plants

F; Complex (cross seed)
Generation advance using shuttle breeding
MAS for gene combinations, selection for plant type & grain
traits

Y

Selection of 347 homozygous progenies having different
gene combinations

Advanced breeding lines having 4 genes, high yield and resistance to strip and brown rust
PBW698, PBW701, PBW702, PBW703

PBW703 (PBW343 Lr24+Lr28+Yr10+Yr15) registered as genetic stock
(ING 15052) in 2015
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Chromosome

1A
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1D
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2B
2D
3A
3B
3D
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4D
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5B
5D
6A
6B
6D
7A
7B
7D
Un

Length

594,102,056
689,851,870
495,453,186
780,798,557
801,256,715
651,852,609
750,843,639
830,829,764
615,652,423
744,688,157
673,617,499
509,857,067
709,773,743
713,149,757
566,080,677
618,079,260
720,988,478
473,692,718
736,706,236
750,620,385
638,686,055
480,980,714

Variants

1,430
2,101
457
1,466
3,085
820
1,299
2,338
273
606
1,672
210
2,861
2,267
488
1,961
3,076
660
1,288
1,548
483
359

Variants/Mb

2.41
3.05
0.92
1.88
3.85
1.26
1.78
2.81
0.44
0.81
2.33
0.41
4.03
3.18
0.86
3.17
4.27
1.39
1.75
2.06
0.76
0.75

A full list of variants is presented in Supplementary Dataset 4.
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Log, fold change

RefSeq v1.0 Gene Annotation Position Rl vs. Tl Section iii Rl vs. Tl Section v
TraesCS1A01G187900 Dehydration-responsive element binding factor protein 339,097,721 0.8
TraesCS1B01G090700 Endoglucanase 91,880,063 0.1
TraesCS1D01G257800 Glutathione S-transferase 350,652,789 0.6
TraesCS2B01G337700 Guanylate kinase 1 482,709,927 14
TraesCS2D01G327800 Gibberellin-regulated protein 2 420,990,553 0.6
TraesCS3B01G 111100 Dimeric alpha-amylase inhibitor 77,315,338 1.4
TraesCS4A01G484000 Receptor-like protein kinase 738,728,635 0.9
TraesCS4B01G354400 Dehydration-responsive element binding factor 646,129,250 0.7
TraesCS4D01G058200 1-aminocyclopropane-1-carboxylate synthase 1 34,088,249 0.9
TraesCS5A01G241500 Hfr-2-like protein 457,260,773 1.6
TraesCS6A01G016700 Mitochondrial transcription termination factor-like 8,200,649 148
TraesCS6A01G049700 Alpha-gliadin 25,525,808 0.3
TraesCS6A01G051800 NBS-LRR-like resistance protein 26,952,147 1.6
TraesCS6A01G249300 Expansin protein 462,225,747 0.7
TraesCS6B01G 174800 V-type ATP synthase subunit D 189,276,949 0.2
TraesCS6B01G336600 Nuclear transport factor 2 family protein, putative 592,466,997 0.6
TraesCS6D01G230800 Zinc finger family protein 324,248,457 0.1
TraesCS6D01G232700 Ethylene-responsive transcription factor 326,540,070 0.2
TraesCS7A01G046100 NBS-LRR disease resistance protein, putative 20,966,303 0.8
TraesCS7D01G259900 F-box protein 235,531,644 1.5
TraesCS1A01G 186600 Glutathione S-transferase 337,677,452 -0.7
TraesCS1B01G355900 Short-chain dehydrogenase/reductase family protein 585,203,288 -0.6
TraesCS2A01G325800 Aldo/keto reductase family oxidoreductase 555,886,225 -0.7
TraesCS2D01G044100 Glutathione S-transferase 15,966,412 -04
TraesCS3A01G448400 Alcohol dehydrogenase, putative 688,578,347 -04
TraesCS3A01G452600 Laccase 690,896,266 -1.0
TraesCS3A01G455900 Methyl esterase 693,336,013 -0.4
TraesCS3B01G471500 Glutathione S-transferase 720,177,087 -0.9
TraesCS3B01G489800 Laccase 736,324,650 -0.8
TraesCS3D01G084700 Cytochrome P450 family protein 42,790,329 -0.5
TraesCS3D01G514400 Progesterone 5-beta-reductase 598,060,798 -0.7
TraesCS4A01G229900 NADP-dependent alkenal double bond reductase 539,147,640 -04
TraesCS4A01G250500 Vacuolar protein sorting/targeting protein 10 561,111,844 -0.8
TraesCS4B01G086100 NADP-dependent alkenal double bond reductase 86,091,902 -0.2
TraesCS4D01G063300 Protein phosphatase 2C family protein 39,273,796 -0.5
TraesCS5D01G236600 Transmembrane protein 45B 345,034,595 -0.7
TraesCS5D01G311900 Glycosyltransferase 407,987,447 -0.7
TraesCS5D01G380700 Protein phosphatase 1 regulatory subunit 3B 450,944,387 -0.6
TraesCS7A01G520700 Transcriptional corepressor SEUSS 704,890,870 -0.4
TraesCS7D01G 175900 12-oxophytodienoate reductase-like protein 127,752,047 -0.4

The RefSeq v1.0 gene name is shown along with annotation and the position on the chromosome. Shaded values on the right of the table are log» fold change ratio of
expression values, where blue indicates upregulation, and red indicates down-regulation in AAC Tenacious. This list is a subset a complete list containing 2,518 genes

that were identified for this comparison. The full list is presented in Supplementary Dataset 3.
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s. No. Fungus. solate Code. Diseases/most state Yearof ‘Specifcity obtained
collection with primer pair

UATFL UASEY
UASIOR  UA-562R

1 Urocyst agropyi st Flag smuuWheat Utvakand, Inda 2015 . .
2 U agropyi- RS2 Flog smuvWheat Utta Pradesh, Inda 2015 + +
3 U agrooy As Flag smuvWheat Jamemy, oka 2015 + +
4. U agropyi Ass Flag smutWheat Jaremy, oka 2015 . +
5. U agrooyi Ass Flog sutWheat Hemachal Pradesh, hda 2015 . +
i U agrooy Ase Flag sutWheat Puriab, Inda 2015 - -
. . agropyi Rs7 Flog sutWheat UttarPradesh, Inda 2015 . +
s . agropyi FLss Flog smuvWheat Utta Pradesh, Inda 2015 ¥ .
o U agopyi FLso Flog smutWheat Jammy, nsa 2015 . +
1 . agropyi As10 Flog smuvWheat Heachal Pradesh, bhda 2015 - +
n U agropyi- AsT Flog smutWheat Heachal Pradesh, nda 2015 - +
I3 U agropyi- RS2 Flog smuvWheat Purjab,Inda 2015 + +
3 U agraoy RSt Flag smutWheat Haryana, nda 2015 + +
1. Uagopn RSt Flog smuvWheat Hemachal Pradesh, bhda 2016 - +
. . agropyi RSt Flag sutWheat Heachal Pradesh, nga 2016 . -
. . agropyi RSt Flag sutWheat Utrahand, India 2016 . +
. U agropyi- RSt Flag smutWheat Utvakhand, India 2016 . +
. U agopyi As18 Flag smuvWheat Haryana, inda 2016 . +
1 U agropy As1o Flog smutWheat Raasthan, ia 2016 - +
2. U agrooy S0 Flog smuvWheat Rasthen, nia 2016 + .
21 . agropyi RS2 Flag smutWheat Rajasthan, nia 2016 i +
2. Uagopn sz Flog sutWheat Rasthan, nda 2016 . .
2 U agrooy sz Flog smutWheat Hemachal Pradesh, hda 2016 - +
24, . agropyi RS2t Flag sutWheat Hemachal Pradesh, nga 2016 . .
2. U agropyi- FLs25 Flog smuuWheat Heachal Pragesh, nsa 2016 . -
2. . agopyi FLS26 Flog smutWheat Puriab, Inda 2016 . .
2. U agapy sz Flog smuvWheat Heachal Pradesh, ha 2016 - +
2 U agropy FLs2s Flog smutWheat Hevachal Pradesh, nda 2016 - +
2. U agropyi s Flag smuvWheat Jamemy, odka 2016 + +
@, U agraoy S0 Flag smutWheat Uttar Pradesh, Inda 2016 + +
s U agrooy FLss Flog smutWheat Utrakand, Inda 2016 . +
% . agropy s Flag smutWheat UttarPradesh, Inda 2016 . +
%, . agropyi s Flog sutWheat Uttar Pradesh, Inda 2016 . +
a. U agropyi- FLso Flog smutWheat Jammy, nga 2016 + +
3. U agopyi FLSe5 Flag smutWheat Henachal Pradesh, nga 2017 . -
%. U agropy LSt Flog smuuWheat Heachal Pradesh, nda 2017 + +
o U agropyi FLser Flag smuWheat Puriab, Inda 2017 + .
. U agraoy s Flag smutWheat Haryana, nda 2017 . +
®.  Uagopn s Flog sutWheat Hemachal Pradesh, nga 2017 . .
. U agrooy ASi0 Flog smuyWheat Hemachal Pradesh, hda 2017 . +
. . agropyi FLsa Flag smutWheat Utrakhand, India 2017 . +
a U agropyi- s Flg smuuWheat Utvakand, ncia 2017 . +
a. U agopyi s Flg smutWheat Haryana, nda 2017 . +
4. U agropyi FLsi Flog smuvWheat Raasthan, nia 2017 -+ +
a. U agrapyn FLsis Flog smuuWheat Raasthan, nda 2017 . .
. U agooyi FLsi6 Flog smuvWheat Raasthan, nda 2018 + +
. U agropyi FLsi7 Flag sutWheat Rajasthan, nia 2018 . +
. U agrooyi Asig Flog sutWheat Hemachal Pradesh, bhda 2018 - +
o . agropyi FLsig Flag smutWheat Hevachal Pradesh, nsa 2018 . +
5. . agropyi LSS0 Flag smutWheat Heachal Pradesh, nda 2018 . +
51 Thstia ncca PB1 Kamal bunWheat Puriab, Inda 2019 = :
52 T.ndica Wt Kama bunWheat Hemachal Pradesh, nga 2019 E Z
53 T.indica v Kamal buntWheat Utta Pradesh, Inda 2019 - -
5. T.indca HRT Kamal bunWheat Haryana, inda 2019 - -
5. Tiota caros 1 Hilburttneat Utiakhand, Inia 2017 - -
6. Ustlagohosi BUH1 CoveredsmuvBary  Haryana, nda 2019 N c
. Ustlago i ura Loose smutinoat Haryana, inda 2010 = “
55 Ustiogo nuclat.sp.hordel BUN-1 Loose smutBarey Hanyana, inda 2019 = -
5. - apensiation FGA1 Head ScabMWheat Adn, i 2019 _ B
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Metabolites? VIPP p-value® Fcd BP/BPF¢ Sample f Method’

2,4-Dihydroxybutyric acid 1.38-1.72 0.0218-0.0014 —1.11to0 1.41 0.46-0.38 E+G GC-MS
Arabitol 1.62 0.0029 1.05 2.07 E GC-MS
Aspartic acid 1.72-1.54 0.0007-0.0049 —1.17t01.18 0.44-0.44 E GC-MS/LC-MS
Citric acid 1.89-4.44 0.0000-0.0206 1.05-0.61 2.07-1.53 E+G GC-MS/LC-MS
DG 36:4; DG(18:2/18:2/0:0) 5.53 0.0297 —-1.76 0.30 G LC-MS
DIMBOA-hex-hex 20.98 0.0024 g 3.27 G LC-MS
FA(C18:3) peak3 9.14 0.0108 1.61 3.05 G LC-MS
FA(C18:4) 12.57 0.0425 1.10 214 G LC-MS
Fumaric acid 1.66-5.30 0.0017-0.0035 —1.19t00.99 0.44-0.50 E GC-MS/LC-MS)
Glucaric acid 1.26 0.0441 —1.30 0.41 E GC-MS
Gluconic acid 1.6 0.0037 1.26 2.39 E GC-MS
Glutamine 1.59-4.09 0.0001-0.0117 0.96-1.64 1.94-3.12 E+G GC-MS/LC-MS)
Guanosine 1.34 0.0281 112 217 E GC-MS
HDMBOA-hex-hex 241 0.0198 3.74 13.36 G LC-MS
Histamine 1.19 0.0208 1.65 3.14 G LC-MS
Iditol 5.25-6.87 0.0076-0.0393 0.76-1.02 1.69-2.03 E+G LC-MS
Linoleoyl Ethanolamide (LEA) 5.43 0.0078 —1.09 0.47 E LC-MS
Malic acid 1.66-0.71 0.0017-0.0029 —1.02t00.95 0.49-0.52 E GC-MS/LC-MS)
Methylsuccinic acid 1.47 0.0115 —1.08 0.47 E GC-MS
MGDG 36:6; MGDG(18:3/18:3) 4.82 0.0009 —1.19 0.44 G LC-MS
N1,N10-Caffeoylferuloylspermidine 2.46-4.89 0.0011-0.0121 1.57-2.96 2.97-7.78 E+G LC-MS
N1,N10-Dicaffeoylspermidine 1.34-4.28 0.0108-0.0059 1.64-2.27 2.91-4.82 E+G LC-MS
N1,N10-Diferuloylspermidine 4.83-12.61 0.0002-0.0175 1.36-2.84 2.57-7.16 E+G LC-MS
N1,N10-Di-p-coumaroylspermidine 2.02-5.07 0.0001-0.0116 2.72-2.78 6.59-6.87 E+G LC-MS
N1,N10-p-Coumaroylferuloylspermidine 9.45-9.54 0.0000-0.0093 1.80-2.83 3.48-7.11 E+G LC-MS
N-Feruloylspermidine 6.09 0.0000 2.15 4.44 G LC-MS
N-p-Coumaroyl-2-hydroxyputrescine 3.41-5.67 0.0021-0.0333 2.31-3.48 4.96-11.16 E+G LC-MS
N-p-Coumaroylputrescine 1.11-1.21 0.0012-0.0323 0.99-1.07 1.99-2.10 E+G LC-MS
N-p-Coumaroylspermidine 1.35-1.99 0.0058-0.0321 1.99-0.60 1.562-3.97 E+G LC-MS
PC 34:2; PC(18:2/16:0) 4.78 0.0242 1.45 2.73 G LC-MS
p-Coumaric acid 1.26-5.06 0.0140-0.1450 0.65-1.68 1.57-3.20 E+G GC-MS/LC-MS)
Phytol 1.85 0.0001 1.53 2.89 G GC-MS
P136:6; PI(18:3/18:3) 1.26-2.68 0.0024-0.0058 1.05-1.45 2.07-2.73 E+G LC-MS
Proline 1.29-1.43 0.0235-0.0366 1.08-1.15 2.11-2.22 E+G GC-MS
Quinic acid 1.76-1.49 0.0003-0.0016 —2.08t01.33 0.24-0.40 E GC-MS/LC-MS)
Succinic acid 2.10-1.77 0.0002-0.0057 —1.18t0 1.17 0.44-0.44 E GC-MS/LC-MS)
Tryptophan 1.24-14.09 0.0487-0.0496 —1.76t0 1.37 0.29-0.30 E GC-MS/LC-MS)
Uric acid 1.56 0.0051 —2.33 0.20 E GC-MS

apG, diacyl glycerol; DGDG, digalactosyl diacylglycerol; FA, fatty acid; GlcCer, glucosylceramide; MGDG, monogalactosy! diacylglycerol; PC, phosphatidylcholine; Pl,
phosphatidylinositol.

bVIP, variable importance in the projection, was obtained from the OPLS-DA model.

©The p-value was calculated from univariate statistical analysis.

dFC (fold change) was calculated as a binary logarithm of the average mass response (normalized peak area) ratio between BP vs BPF, where a positive and negative
value means that the average mass response of the metabolite in BP is larger and lower than that in BPF, respectively.

©BP/BPF, the normalized peak area ratio between BP and BPF groups.

'E, endosperm-bran fraction, G, germ fraction; GC-MS, gas chromatography-mass spectrometer; LC-MS, liquid chromatograph-mass spectrometer.
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TTTTGAGTCCOGTCTOACTATOTE
CaTO0CTCCCTCONAATAGATTAG
N CCOTa0CTCEETCONAN TAGATT
CTTTTONCCTCO0N TEAGOTAOOD
ATTAATCAGTOOATCTCTTCORGT
AGCAATACTOCCATCTTATITAAG
GAGAAAAGOACIOOAATCCATEAR
GCa00ACTTOC CAAAACTCCTTAR
AOAATOTA00ETTOCCETACAACT
GOTCAGCATCCAOCANOLCTTITT
TACCTCTETTCO0G0AGOCCTTAT
TCGEATAGOATOTOCTTOCA CANC

G CAGGEANAGA COOACOAAGOCT

G GRCCTOCAGATOOATEATT TCONTOAAAAACETTTTT
CET6Ca0RGOOACAT TACACAAR TATOAA GO COGGE TOOA-
CGTAACAAGOTTTCTGTAGGTOAACE TOCAGANGON TN T
TTTATTOTI0CTCOACCECTT TTAAAATC TCACCCAAAE
TOAGTCOTAGTCTCOTAOOTOACCTOCOOAG00A TCATT A
ARGTCOTAACAAGGTTTCCOTAGOTONACETOCOANAOOA-
GG TE TAATECEATCATCTATIATCCAAREACARGA -
CTGCaGAGOOATENT TACACAATANCAAGOEGAGETOOA -
FAGCA TATCAATAAGE GAAGEAAANGAAR CCANCAGOOA
TORGEAGEACTOCTCTOCOTATEACATACTTEACCOTAT -
CT0RORTOATEAT TTCOAGTOANACETITTTTCOOAGE:

et )

T
TGGATEATTAATG
TOGATCATTAATO
TGGATCATTAATO
TOGATCATTAATG
TOGATCATTAATG
TOGATCATTAATG
TOGATCATTAATG
TGGATCATIAATO
COTANCAAGETT T
ATCATTAGTOAATCTTTATIOCCATACTTCTCTICOAGAO: GGCTTOCCCTACAACCOEATE
GACCTGCAGATOOATCATTTCOATOARAAACCTTTTTTCN ACOAAAGCTCOATTTTTOCTC
GTGACCTOCAGATOOATCATTTCOATOAARAACCTTTTTT GGACGAAAGC TCOATTTTTOC
CCTGCG0AGEOACATTACACAAATATOAAGOCOOGETGOA ATAAGCO0AGOAA
COTAACAAGGTTTCTGTAGGTAAACE TACAGANGOATCAT- GATCACATAGAATOTGCTTOT
TTTATIOTG0CTCOACCCCTITTAAAATCTCACCCARACT. ACCTTAAGACCTCAAATCA
TGAGTCOTAGTCTCOTAGOTOACE TOCGOAGOOAT EATTA - TTCOAATCAGGAGOOGAATCE
AXGTCOTAACAAGOTTTCCOTAGATGAACCT GCIOAAGOA TAGGOATACCCOCTORACTTA
QTC00CTCTAATCCCATCATCTATTATECAAACACAAGAC CACGOAATOOTCTTOGACCA

CTGCOGAGOOATCATTACACAATAACAAGOCOOGC TOGAC s GOOA TACCCGCTOARCTTANG
TAGCATATCAATAAGCOOAGOAAAAGAAACCAACAOGOA T  GOAC TOAGOTCCOCIEATETO
TOAGCAGCACTGCTETOCO TATCACATACT TCACEATA TG TAACCTOOAA TOGTATOAGAS

AGGTTTTOATAATATCAGOAC

CTOCAGATGOATCATTTCOAGTOARACETTT I T ICCOAGO.
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Lr gene RL number

Lr1¥® RL6003
Lr2a¥® RL6016
Lrob™ RL6019
Lr2c® RL6047
Lr3a™ RL6002
Lr3bg® RL6042
Lr3ka*® RL6007
Lr9 RL6010
Lr10¥ RL6004
Lef1® RL6053
Lri2 RL6011

Lr13 RL6001

Lr14a¥® RL6013
Lr14b RL6006
Lr15%* RL6052
Lr16¥ RL6005
Lr17a*® RL6008
Lr17b¥ Harrier

Lr18¥ RL6009
Lr19 RL6040
Lr20¥ RL6092
Lr21 RL6043
Lr22a RL6044
Lr22b Thatcher
Lr23 RL6012
Lro4¥ RL6064
Lr25 RL6084
Lro6¥ RL6078
Lr28 RL6079
Lr29 RL6080
Lr30% RL6049
Lr32 RL6086
Lr33 RL6057
Lr34 RL6058
Lr35 RL5711

Lr37 RL6081

Lr38 RL6097
Lr44 RL6147
Lr45 RL6144
Lr52 RL6107
Lr60 RL6172
Lr63 RL6137
Lr64 RL6149
Lr67 RL6077

Pedigree

Thatcher*6/Centenario
Thatcher*6/Webster
Thatcher*6/Carina
Thatcher*6/Brevit
Thatcher*6/Democrat
Bage/8*Thatcher
Thatcher*6/Klein Anniversario
Transfer (Aegilops
umbellulata)/6*Thatcher
Thatcher*6/Exchange
Thatcher*6//E-1/Hussar
Exchange/6*Thatcher
Prelude*6/Loros
Selkirk/6*Thatcher
Thatcher*6/Maria Escobar
Thatcher*6/W1483
Thatcher*6/Exchange

Klein Lucero/6*Thatcher
Norin10/Brevor(seln14)//Kite sib/3/Kite
Thatcher*7/Africa 43

Thatcher*7/Translocation 4 (Lr19 derived
from Agropyron elongatum)

Thatcher*6/Timmo

Thatcher*6/RL5406(Tetra
Canthatch/Aegilops squarrosa var
meyeri-RL5289)

Thatcher*7/RL5404(Tetra
Canthatch/Aegilops squarrosa var
strangulata-RL5271)

Marquis/lumillo Durum//Marquis/Kanred
Lee 310/6*Thatcher
Thatcher*6/3/Agent//2*Prelude/8*Marquis
Thatcher*7/Transec

Thatcher*6/St-1-25

Thatcher*6/C-77-1
Thatcher*6//CS7D/Ag#11
Thatcher*6/Terenzio

Thatcher*6/3/Thatcher/Aegilops
squarrosa//Mq(K)

Thatcher*6/P158548
Thatcher*6/P158548

Marquis-K*8//RL5344/RL5346 (Triticum
monococcum)

Thatcher*8/VPM
Thatcher*6/T7Kohn

Thatcher*®/Triticum speltoides 7831
85GN 438

Thatcher*6/St-1
Thatcher*6/V336
Thatcher*3/V860
Thatcher*6/TMR5-J14-12-24
Thatcher*6/8404
Thatcher*6/P1250413

¥ Differential lines carrying these genes are used in southern Africa.
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Race (NA Locality Avirulence/virulence profile References
notation)*

PDRS? South Africa, Malawi Lr2a, 2b, 9, 15, 16, 17, 18, 23, 26/1, 2c, 3a, 3bg, Ska, 10, 11, 14a, Pretorius and Le Roux, 1988;
20, 24, 28, 30, B Pretorius and Purchase, 1990

SFDS South Africa Lr3a, 8bg, 3ka, 9, 11, 16, 18, 26, 30/1, 2a, 2b, 2¢c, 10, 14a, 15, 17, Pretorius and Le Roux, 1988
20, 23, 24, 28, B

SBDS South Africa, Zambia, Lr3a, 8bg, 3ka, 9, 11, 16, 18, 24, 26, 20/1, 2a, 2b, 2c, 10, 14a, 15, Pretorius et al., 1987

Zimbabwe 17,20, 23, 28, B

SDDS South Africa Lr3a, 8bg, 3ka, 9, 11, 16, 18, 26, 30/1, 2a, 2b, 2c, 10, 14a, 15, 17, Pretorius et al., 1987
20, 23, 24, 28, B

SCDS Malawi, South Africa 3a, 3bg, 3ka, 9, 11, 16, 18, 24, 30/1, 2a, 2b, 2¢, 10, 14a, 15, 17, Pretorius et al., 1990; Terefe
20, 23, 26, 28, B etal., 2014a

SDDN South Africa Lr3a, 3bg, 3ka, 9, 10, 11, 16, 18, 26, 30/1, 2a, 2b, 2c, 14a, 15, 17, Pretorius and Bender, 2010
20, 23, 24, 28, B

CCPS South Africa Lr1, 2a, 2b, 2¢, 9, 11, 16, 18, 20, 28, 24/3a, 3bg, 3ka, 10, 14a, 15, Terefe et al., 2014a,b)
17, 26, 28, 30, B

MCDS Zimbabwe, Zambia, Lr2a, 2b, 2c, 8ka, 9, 11, 16, 18, 20, 24, 28, 30/1, 3a, 3bg, 10, 14a, Terefe et al., 2014b

South Africa 15, 17, 23;126,,B

TCPS Zimbabwe, Zambia Lr9, 11, 16, 18, 24/1, 2a, 2c, 3a, 3ka, 10, 14a, 17, 26, 30, B

FBPT Zimbabwe, South Africa Lr1, 2a,2b, 9, 11, 15, 16, 20, 21, 23, 24, 26, 28/2c, 3a, 3ka, 10, Pretorius et al., 2015
14a, 17, 18, 80, B

CBPS South Africa Lr1, 2a,2b, 2¢c, 9, 11, 12, 13, 15, 16, 18, 20, 24, 26, 27, 31/3a, Boshoff et al., 2018
3bg, 3ka, 10, 14a, 17a, 30, B, Thatcher

CFPS (3SA10) South Africa Lr1, 2a, 2b, 2¢, 9, 11, 16, 18, 20/3a, 3bg, 3ka, 10, 14a, 15, 17a, Boshoff et al., 2018
24, 26, 30, B, Thatcher

CDPS South Africa Lr1, 2a,9, 26, 11, 16, 18, 26/3a, 3bg, 3ka, 10, 14a, 15, 17a, 20, Boshoff et al., 2018
24, 30, B, Thatcher

CFPS (35A248) South Africa Lr1, 2a,9, 2b, 2c, 11, 16, 18/3a, 3bg, 3ka, 10, 14a, 15, 173, 20, Boshoff et al., 2018

24, 26, 30, B, Thatcher

1This table is not necessarily exhaustive, only P, triticina races that have been predominant in southern Africa over the years are highlighted. Genes that are still effective
against most races across regions are in bold. ?Letter codes are based on virulence pattern of the races on the original 12 differential lines plus a supplemental set (LrB,
Lr10, Lr14a, Lr18). *“NA = North America.
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Lr gene Chromosomal General description Linked DNA marker Original source References
region
Major Genes
L9 6BL Confers resistance to leaf rust cMWG684 Aegilops umbellulata Schachermayr et al.,
PSR546 1994
J13
Lrig 7DL Effective against all races of leaf ~ STSLr19439 Agropyron elongatum Prins et al., 2001
rust in South Africa
Lr37 2AS Confers resistance to leaf rust Xemwg682 Triticumn ventricosum Helguera et al., 2003
Lr39 1DS Allelic or identical to Lr21 Triticum tauschii
Lr41 1D Confers resistance to leaf rust BARC124 Triticun tauschii ?
GMM210
GDM35
Minor Genes
Lr27/Yr30/Sr2/Pbc1 3BS Associated with pseudo-black csSr2-SNP Triticum turgidum Mago et al., 2011;
chaff (morphological marker); McNeil et al., 2008
confers slow rusting resistance
to leaf rust, yellow rust, stem
rust and powdery mildew
Lr34/Yr18/Sr57/Pm38/Ltn1 7DS Confers slow rusting resistance csLV34 Triticum aestivum Lagudah et al., 2006
to leaf rust, yellow rust, stem Swm10
rust, powdery mildew and cssfrl to cssfr7
yellow dwarf virus Associated
with leaf tip necrosis
(morphological marker) Cloned
Lr46/Yr29/Sr68/Pm39/Ltn2 1BL Confers slow rusting resistance csLV46 Triticum aestivum William et al., 2003
to leaf rust and stripe rust PstAAGMseCTA-1
Lr67/Yr46/Srb65/Pm46/Ltn3  4DL Confers slow rusting resistance gwm165 Triticum aestivum Moore et al., 2015
to leaf rust and stripe rust
Cloned Associated with leaf tip
necrosis (morphological marker)
Lr68 7BL Confers slow rusting resistance ~ Psy7-1 Triticum aestivum Herrera-Foessel et al.,
to leaf rust gwm146 2012
cs7BLNLRR
scGS
Lr74 3BS Confers resistance to leaf rust ctb5006 Triticum aestivum Kolmer et al., 2018a
Lr75 1BS Confers resistance to leaf rust gwm604 Triticum aestivum Singla et al., 2017
swm271
Lr77 3BL Confers resistance to leaf rust IWB10344 Triticum aestivum Kolmer et al., 2018b
Lr78 5DS Confers resistance to leaf rust IWA6289 Triticum aestivum Kolmer et al., 2018c

The most useful diagnostic markers are underlined.
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Name of compounds Source Activity
against MoT

Gageopeptide A Bacillus subtilis Active

Gageopeptide B B. subtilis Active

Gageopeptide C B. subtilis Active

Gageopeptide D B. subtilis Active

Gageotetrin B B. subtilis Active

Gageotetrin C B. subtilis Inactive

Gageotetrin A B. subtilis Inactive

Gageostatin A B. subtilis Inactive

Gageostatin B B. subtilis Inactive

Gageostatin C B. subtilis Inactive

Macrolactin A Bacillus sp. Inactive

Macrolactin W Bacillus sp. Inactive

Macrolactin B Bacillus sp. Active

Staurosporine Streptomyces Active
sp.

Feigrisolide C Streptomyces Active
sp.

Bonactin Streptomyces Active
sp.

Antimycin-A Streptomyces Active
sp.

Natamycin Streptomyces Inactive
sp.

Neomycin Streptomyces Active
sp.

Oligomycin A 4+ F Streptomyces Active
sp.

Oligomycin F Streptomyces Active
sp.

Oligomycin B Streptomyces Active
sp.

Penicillin G Penicillium sp. Inactive

2,4-Diacetylphloroglucinol (DAPG) Pseudomonas Inactive
fluorescens

Phloroglucinol (PG) Synthetic Inactive

Monoacetylphloroglucinol (MAPG) Synthetic Inactive

2,4-Dipropylphloroglucinol (DPPG) Synthetic Inactive

2,4,6-Triacetylphloroglucinol (TAPG 3) Synthetic Inactive

Chelerythrine chloride Chelidonium Active
majus

2-Methyl-5-(8Z-heptadecenyl) resorcinol Ardisia sieboldii Inactive

5-(8Z-Heptadecenyl) resorcinol A. sieboldii Inactive

Ardisiaquinone A A. sieboldii Inactive
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Compound Time (h) Effects of natural lipopeptides on developmental transitions of conidia of wheat blast
fungus M. oryzae Triticum (MoT)

Germinated conidia Major morphological change/developmental transitions in the
(% = SE?) treated conidia

Water 0 0 £ Of No germination

6 100 + Oa Germinated with normal germ tube and normal appressoria developed

12 100 + Oa Mycelial growth took place

24 100 + Oa Huge mycelial growth took place
Gageopeptide A (1) 0 0 £ Of No germination

6 61 +2.1b Germinated with a short germ tube

12 81 k176 Normal germ tube

24 27 +£1.6¢ Normal appressoria formed; no mycelial growth took place
Gageopeptide B (2) 0 0+ Of No germination

6 51 +2.1cd Germinated with a short germ tube

12 51 +£2.1b Deformed germ tube (swollen)

24 0 £ Of No appressoria formed; no mycelial growth took place
Gageopeptide C (3) 0 0 £ Of No germination

6 52150 Germinated with a short germ tube

12 10 £ 1.5e Deformed germ tube (swollen)

24 41 +0.7b 30% Normal appressoria and 11% abnormal appressoria (low

melanization) formed but no mycelial growth took place

Gageopeptide D (4) 0 0 £ Of No germination

6 25+ 1.7e Germinated with a short germ tube

12 25 +1.7d Deformed germ tube (swollen)

24 0+ Of No appressoria formed; no mycelial growth took place
Gageotetrin B (5) 0 0+ Of No germination

6 45 + 2.9d Germinated with a short germ tube

12 41 + 3.8¢c Deformed germ tube (swollen)

24 4 +1d Abnormal appressoria formed; no mycelial growth took place
Nativo® WG75 0 0+ Of No germination

6 0+ 0f No germination

12 0+ 0f No germination

24 0+ 0Of No germination

4Data presented here are mean value + SE of three replications in each compound. Means within a column followed by the same letter(s) are not significantly different as
assessed by Tukey’s honestly significance difference (HSD) post hoc (p < 0.05).
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TOBARIFES 1965 PO ues L1 e s2 A1
NORTENO MG 1967 s e s L1 UstsLris st

BAJO M67 1967 . wes La Lo s2 A1
SARIC F70 1970 e U 31 gL st RO
CHAPINGO VF74 1974 s wes 31 LausLes A1
VECORATOFT7 1977 + 3 31 LassLsis Anor
ORZABAT? 1977 + s 3 31 LRusLrisHs S2 A1
HUASTECOMBT 1981 o e L1 LaisLris s
VCTORAMS! 1981 + uis ues Loa LBasLrsHss S ALB!  AD!
GUARINABS 1985 s e uis A1
CURINDAMS? 1987 v+ U L s2

MOCHSTES 1988 . s ues L LRuLIsS S A1
TEPOCAMB) 1989 + s 81 e s2 o1
BATAN F92 1992 s e i sz o1
HUTES F95 1995 + s i st
PALVERIN F2005 2005 o e L1 sisLris A1
MAYASZ007 2007 o uis uis A1
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Year Rust Pathotype PBW723 PBW343
2014-2015 Stripe rust 78584 R S
465119 R S
1108119 — -
2385119 =
Brown rust 77-5 R MS
77-9 R R
104-2 R S
2015-2016 Stripe rust 78584 R S
465119 R S
1108119 MS S
2385119 S S
Brown rust 77-5 R MS
77-9 R R
104-2 R MS
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VARIETY Year of release  Morphological trait Molecular Marker Stom rust
LN  PBC  LGATCOIND Lrd6.snp TWAL? Lr6S(SNP) Lrgene Combination Sr2gerd3p

SUPRENO 211 1945 . R L5 Lsastrie
FRONTERA 1945 . 24 uis Les e s2
MARROQUI 588 1945 . . s w7 L7 sz
CHAPINGO 48 1948 . . uis w7 L7

KENTANA 48 108 . P s Lsistrio sz
CANDEAL 48 1948 . s uis s2
YAQUI48. 1048 . . uis uis

YAQUISO 1950 . . uis v L7

VERANO PELON 1950 . M uis Usistrie

NAYAR 1950 . s uis ey

CRESPO 63 1963 + P L5 Lsistri6

LERMA 1950 + s uis Usistrie

LERMA 50 1950 . w3 L5 Lsistrio

LERMA ROJO 1950 . P L5 Lsistrie

HUAMANTLA| 1950 + e Lis Lsarts

EGYPT 101 1950 + . uis es Lrii63 s2
KENTANA 51 1951 . 3 uis Lsastas

KENTANA 52 1952 + g L5 e

BAJO 52 1952 + . ws s Lsastis

CANDEAL 52 1952 N uis uis sz
YAKTANA TARD. 1052 = w3

YAGUIS3 1955 . . o7 o7 sz
CHAPINGO 53 1953 + . s v L7

CONSTITUCION 1953 + . o7 o7

TOLUGA 53 1953 . e s sastas

BAJO 53 1953 + P uis Lsistrie sz
MAYO 54 1954 . s w7 L7

LERMA ROJO 1954 + P L5 Usistrie

HUAMANTLA ROJO 1954 + g s Lsistrie

KENTANA 54 1954 . P L5 Lsistrie sz
NARINO 59 1950 . . e L5 Lsistrie
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Disease/condition Year PBW723 PBW343
HS ACI HS ACI
Stripe rust
Natural field conditions (no inoculations or epiphytotic 20132014 20S 5.0 80S 31.6
conditions created)
2014-2015 208 4.4 80S 55.0
2015-2016 108 5.0 80S 54.0
Artificial conditions (creation of epiphytotic conditions 20132014 108 3.3 100S 58.9
using a mixture of prevalent pathotypes 78584 and
465119)
2014-2015 208 6.4 1008 63.0
2015-2016 208 8.4 1008 69.0
Brown rust
Natural field conditions (no inoculations or epiphytotic 20132014 0 = 0 ~
conditions created)
2014-2015 0 - 0 -
2015-2016 = = = =
Artificial conditions (creation of epiphytotic conditions 2013-2014 0 - 408 8.1
using a mixture of prevalent pathotypes 77-5 and
104-2)
2014-2015 10S 1.3 1008 21.0
2015-2016 TS 0.1 408 10.5

— Indicates comparable data not available. HS, highest score; ACI, average coefficient of infection.
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2013-2014 2014-2015 2015-2016

State mean Zonal mean) % State mean Zonal mean) % State mean Zonal mean) %
(Punjab) (NWP2) Increase (Punjab) (NWPZ) Increase (Punjab) (NWPZ) Increase

PBW722 44.4 48.8 - - - —
(PBW343 + Yr15 +
Lr57/Yr40)
PBW723 49.3 48.7 63.3 48.5 59.5 49.8 -
(PBW343
Lr37/Yr17/Sr38 +
Yr70/Lr76)
PBW343 23.8 35.6 +36.79 48.3 M7 +16.31 54.4 42.0 +18.57
DPW621-50 42.6 47.7 +2.1 62.6 46.5 +4.3 BEIT 49.8 0
HD2967 45.5 49.4 -1.42 50.4 44.2 +9.72 54.7 46.9 +6.18
WH1105 52.6 52.5 -7.23 60.9 50.9 —-4.71 62.0 51.8 -3.86
GM 42.4 571 46.3 = 572 47.9 -
C.D(10%) 3.9 2.1 6.5 2.2 - 8.2 1.5 -

G.M, general mean of trial; C.D., critical difference (least significant difference); NWPZ, North Western Plain Zone.
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Testing under timely sown conditions

Testing under late sown conditions

Genotypes

PBW698
(PBW343 +
Yr10 + Yr15 +
Lr24 + Lr28)

HD2967
DPW621-
WH1105
DBW88
HD3086
G.M

C.D (10%)

Ludhiana

58.6

54
60.8
62.7
65.8
59.7

58

6.3

Bathinda

65.8

54.4
57.2
63.1
67.2
68.6
60
78

Gurdaspur

53.2

37.4
46.2
54.5
46.6
49
46.7
4.8

Kapurthala

59.2

57.1
56.5
59.4
59.8
60.6
571
6.5

State mean
(Punjab)

59.2

50.7
55.2
59.9
59.9
59.5

3.1

Zonal
mean)
(NWPZ2)

55.3

51.5
54.7
56.3
53.9
55.9

1.2

Genotypes

PBW703
(PBW343 +
Yr1i0 4+ Yr15 +
Lr24 + Lr28)

WH1021
HD3059
PBW590
WH1124
DBW90
G.M
C.D (10%)

G.M, general mean of trial; C.D., critical difference/least significant difference; NWPZ, North Western Plain Zone.

Ludhiana Kapurthala Gurdaspur Bathinda

55.5

29.3
53.4
28.8
49.4
53.3
46.4
4.2

43.2

311
44.6
33.8
42.3
401
38
4.5

49

25.5
47.6
22.3
46.4
45
401
4.3

47.2

42.9
50
50.7
461
48.6
48.5
5.1

State mean
(Punjab)

48.7

32.2
48.9
33.9
46
46.8

Zonal mean)
(NWPZ)

46.9

40.3
48.6
40
46
46.9

0.8
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Yield performance (quintals/hectare) at five locations in Punjab Rust (Leaf rust: mixture of races
77-5 and 104-2) and (Stripe rust:
mixture of races 78584 and
46S119) reaction at two
locations in Punjab

Ludhiana Bathinda Rauni Gurdaspur Kapurthala State mean Zonal Mean

Locations = (Punjab) (NWPZ)
Ludhiana Gurdaspur

Genotypes | Br Yr Br Yr
PBW683 46 491 49.7 41.9 49.6 47.3 50.6 0 408 0 408
(PBW343 +
Lr76/Yr70)
DPW621 -50 64.8 52.5 571 53.1 52 55.9 53 0 208 0 208
HD2967 72.7 53.8 56.5 571 54.7 59 53.3 0 10S 0 208
DBW17 62.1 55.7 55:2 34.7 52.8 521 50.6 0 60S 0 60S
WH1105 75.6 50.3 57.5 58.1 60.6 60.4 53.9 0 10S 0 58
GM 62.6 52.3 54.8 48.4 55.8
CD 6.2 4.7 3.3 2.6 2 2 1

G.M, general mean of trial; C.D., critical difference/least significant difference; NWPZ, North Western Plain Zone; Br, brown rust; Yr, yellow rust.
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Main Effect ‘Test weight(kg m™)

Cultivar
Harvest timing Susceptle Resistant
180 15% grain moisture 677 0 679A
20 to 22% grain moisture 6598 674A
P>F 00004

‘means wilh a ferent el within the same mah efect are signifcanty diferent
P < 0.05.
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Eflect

in-Furrow Phosphorus
oig ha"

47 kg ha*

PoF

Seccing Rato.
377 plants m*
603 plants m*
P>F

Harvest timing
13 10 15% grain moisturo.
20 10 22% grain moisturo.
P>F

Cultivar®

Susceptible

Resistant

P>F

“moans wih a @Soront ot i b samo column nd mai ofct ro sgrcanty oot P<0.05).

Yield Test weight
(kg ha'") g m?)
080 o2
a920 A o7
003 osar2

Paning Timog®

Ociober Noveroer

51204 %E0C ont

510436608 o7
o018 00761

Plntg Twing__Paning Taiog

Ociober November Octaber Novermber

SI50A 200G 6HA 6020

S04 42808 698 6470
00004 oo
7208 -

49608 -
o007 =

Thousand Kemel
Weight (9]

03
03
07587
Plniing Tring

October Nowember

3108 8124
305C  s14A
00122

2098
2074
00001

2018
315
00001

Fusarium Damaged  Percent Kernel
Kemel Rating (%) Infection (%)
108 3
104 3
05073 05110
124 2%
19 2
0.1019 03045
PoningTng __ Planting Tiing
October Novermber October Nowember
838 144A  20C  37A
57C  141A  0C 38
00004 00010
18A A
018 318
<0001 <0001

“means witha dfrnt oterwii he pvtingtiing by mah efetinteraction aro sgnicanty ddecen (P<0.05).
i hrvst yoa 2017 th mockaotelysuscoptio s e was Cumbertand (entucky Smal Gra Gowers Assacton, Eashwond KY), i 2018 at 2019 he mockally sscoptbl

ek Pl SRR anton AL The Siccbiott dsbiae cinrsaads

Deoxynivalen (ppm)

21
20

24
23
o07es.

178
24A
<0000

23A
178
<0001

oS0 sl Frabacie SONE ANbriakie el ialt EhbersASacliA: Bacrsonit W
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Main Effect Spikes m?  Spikelots spike ' FHB incidence (%) FHB Severity (%) FHB Index  Days to Beginning Anthesis (Zadoks 60)
in-Furrow Phosphorus

0 kg ha! 78" 138 2 14 38 24

47 kg ha" 661 A 138 15 110 39 23

P>F 00087 08069 09025 06740 0950 01151

Pranting Tining®

Seeding Rato, October Novermber
377 plants m* 68 180A 2454 161 56 200 30A
603 plants m* 675A 1238 278 167 55 200 258
P>F <0001 <0001 00224 00750 02204 00057
Cultivar®

Susceptble 658 141 A 1638 1994 38 538
Rosistant 6t 1358 1844 1858 39 594

P>F o802 <0001 00007 00050 03069 <00001

"mans with a 6ot oo w4 5 ol anc man ot ro sipcanty 6ot (<005

“maans wiha dflront oo with 1o pating imng by mai ofoct eracion oo Soncanty derent (<0.05).

i harvst yea 2017 tho moderate susceptilo ultar used was Cumbetae (Kotucky Smal Gran Growers Associton, Eastwood, KY), i 2018 et 2019 the moderatey
suscaptis cuthva usod was Pionadr 26R53 (Cortoa, Johnston 4. Tho mockoatoy rasisant cultar sed il oo yoars was Pombroko 2016 (Kotucky Smat Grain Gromos
Adacelish. Sasbacact Ik
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Environment

Planting Timing

November

Noverber

Target Grain Moisture (%)

202
13015
202
11015
202
131015
202
131015
202
131015
202
1015
202
131015
202
131015

Harvest 2017
Actual Grain Moisture (%)

o
138
144
148
124
138
155
145
164
155
155
148

“Zanasvt 2017 (Evéonment 1) was ot s to b harvesto e 1o anvkormentlcondions.
ik S e e L b A e e s

Harvest 2018
Actual Grain Moisture (%)

3
150
190
150
209
139
200
129
251
123
22
7
8
25
21
133

Harvest 2019
Actual Grain Moisture (%)

155
155
143
133
157
165
138
129
212
189
150
124
156
147
181





OPS/images/fpls.2020.01158/table1.jpg
Environment  Soil Type. . graminarum Infestation

Type

' Crdor Sit Loam  Infested with
F. graminosnum inocuated
‘scabby com kemels.

2 Orcor St Loam  Infested with
F. graminearum bocuated with
scabty com kemels

3 Crdor SitLoam  NoF- gramineanum inoculum
was appied

s Zanesvt St Loam  No F. graminsanm inocukum
was appled

Fungicide Application
at Zadoks 60

Yo

Yes

Yes

Planting Date
PR )
200 180n 1row
N0 28Nor 2BNor
2500 180s 10t
N0 28Nor 28Nov
150 1800 0908t
2N 2Nor 2BNov
5o 1900 110a
N0 28hor 28Nov

2017

0Bn
210
12300
21hn
08wn
2thn
12900
21k
0Bn
21k
1290
210

Harvest Date
018 2010
8w 12
190n  13en
15 28un
2w 28
08 12
02U 13
159un  28en
i 28
8y 11
2w 134
1500 28-tn
2w 28
08 12uum
02U 13
159un  28kn
2w -

Cach enveorent had two plantng timings (October act Novemoer) and each plantig omig ha two harvest mings largeted at 20 t0 22% grain mostre ad 13 10 15% gran

st

"1 2017.an 2018, Prothioonazsio+ Tebwsonazde (Prosaro, BayerCrop Scince, St Lo, MO) woro appiod ata atoof 0.1 ki b +0.1 g . ha” and 0.01255% vl pon-onic
rtactat (- Spray 80, Hokna Cremical Compeny. o, TN was.acde o th say soion. n 2015, Caramt Metconzl, BASF, Rsaarch Trng Park NC) was appleda
00 L LT 185 ik N < o UL R0 -l vt vl Sk 8 S onier sk
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Altai 2017 Altai 2018 Novosibirsk 2017 Novosibirsk 2018 Omsk 2017 Omsk 2018
No. of isolates 20 14 31 16 18 16
Kw2 0.155 0.107 0.316 0.356 0.232 0.344
DT, KW)° 3.645 2254 9.779 5.482 4721 5.416
"nD(T, KW)° 0.139 0.006 0.293 0.299 0.218 0.204

aDispersion of solates within samples (Kosman and Leonard, 2007; Kosman, 2014).
bEffactive number of different isolates (Equation 7).
©Normalized effective number of different isolates (Equation 2).
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Regions

Novosibirsk
Omsk
Altai

sr21

57.4
67.7
0

Sr9e

383
441
353

Sr7b

44.7
911
235

sri1

43
342
29

sr6

576
7.7
88.2

Sr8a

59.6
58.8
91.2

Sro9g

96.7
79.4
100

Sr36

723
911
529

Sr9p

57.4
67.7
59

Sr30

4.3
14.7
o

sr17

9.7
64.7
1

Srod

68.1
64.7
1

SrTmp

40.4
85.3
o

sr24

0
1.7
0
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Chromosome Position (cM)*
1A 72.25-75.74
18 8.24-9.93
18 24.64-26.22
1D 1.69-3.38
1D 95.56-95.70
2A 83.23-83.60
2A 176.07-179.61
28 102.12-104.59
28 126.67-126.67
28 182.52-182.52
3A 84.43-84.43
3A 248.16-250.41
3B 245.19-245.57
3D 160.44-167.71
3D 167.71-169.40
3D 175.97-178.60
A 214.31-214.72
48 89.57-92.16
6A 80.46-80.46
6A 215.37-221.75
68 109.86-109.86
68 142.73-142.73
68 147.99-150.38
6D 17.65-18.61
6D 183.03-183.03

*Regions found common for all three rusts are

YR

QYrramp-1A.2

QYrramp-18.3

QYeramp-10.1

QTL for field response®

LR

QLrramp-1A.2

QLrramp-1B.2
QLrramp-18.3

QLrramp-1D

SR

QSrramp-1A.2

QSrramp-1B.2
QSrramp-1B.4

QSrramp-1D.1

QYeramp-1D.3 - QSrramp-10.4
- QLrramp-2A.3 QSrramp-2A.2
QYrramp-24.4 QLrramp-2A.5 -
QYrramp-28.4 QLrramp-28.7 QSrramp-28.6
- QLrramp-2B.8 QSrramp-28.7
- QLrramp-28.9 QSr.ramp-2B.8
- QLrramp-3A.3 QSrramp-3A.3
- QLrramp-3A.7 QSrramp-3A.7
QYrramp-38.4 - QSrramp-38.7
- QLrramp-30.4 QSrramp-3D.2
- QLrramp-3D.5 QSrramp-30.3
- QLrramp-30.6 QSrramp-30.4
- QLrramp-4A.4 Qsr.ramp-4A.3
QYr.ramp-48 QLrramp-4B.2 -
QYrramp-6A.2 QLr.ramp-6A.2 -
QYrramp-6A.5 QLr.ramp-6A.4 QSr.ramp-6A.5
QYr.ramp-6B.2 QLr.ramp-6B.4 -
QYr.ramp-6B.3 QLr.ramp-6B.5 -
QYr.ramp-6B.4 QLr.ramp-68.6 QSr.ramp-68.3
QYrramp-6D.2 QLr.ramp-6D.1 QSrramp-6D
QYr.ramp-6D.4 QLr.ramp-6D.3 -
in bold. *QTL in bold

References”

Rosewarne et al., 2012; Jighly et al., 2015;
Laidd et al., 2015; Gao et al., 2016

Singla et l., 2017

Schlegel and Korzun, 1997; Maccaferri et al.,
2015a; Mago et al., 2005; Ren et al., 2009
Sambasivam et al., 2008; Zwart et ., 2010;
Ren et al., 20122; Vazquez et al., 2012; Gil
etal, 2019

Godoy et al., 2018

Lietal., 2014; Zhang et al., 2017

Feng et al.,, 2015; Aoun et al., 2019; Liu et al.,
2020

Friebe et al., 1993; Jiang et al., 1993

Muleta et al., 2017a; Kolmer et al., 2019;
Sharma et al., 2019

Santra et al., 2008; Maccaferri et al., 2015b;
Buli et al.,, 2016; Nirmala et al., 2016; Li et al.
2020

Mebrate et al., 2008; Gebrewahid et al., 2020

nts the APR loci. * Details are given in the text.
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Putative QTL*

Q¥zramp-1A.1
QYeramp-18.1
QYeramp-18.3

QVeramp-10.2
QVeramp-2A.1
QYeramp-28.4
QVeramp-3B.1
QVzramp-5A.1
QYeramp-6A.5

QLeramp-1A2
QLramp-18.3

QLrramp-28.3
QLrramp-26.7

QLeramp-3A6
QLrramp-3A.7
QLLramp-38.5
QLeramp-38.8
QLrramp-38.9
Qrramp-38.11
QLEramp-3D.3
QLrramp-3D.4
QLramp-3D.5
QLrramp-3D.6
QLrramp-3D.7
QLrramp-58.2
QLrramp-5B.7
QLeramp-7A

SNP(35K)  Chrom®

AX-04448779
AX-95119512
AX-04768106

AX-94911855
AX-04691448
AX-94637676
AX-94573417
AX-95229410
AX-94926681

AX-04979481

AX-04904215

AX-04441179
AX-04554810

AX-95226287
AX-94883935
AX-95176613
AX-94871275
AX-04977862
AX-94805563
AX-04968108
AX-04874313
AX-94435339
AX-95224631
AX-95082799
AX-94673667
AX-94480370
AX-95233333

1A
B
1B

0

2A
]
]
A
6A

Position (M)

57.21-68.94
824-9.93
2390-26.22

34.26-35.95
0.00-1.59
102.12-10381
079-2.24
12.21-1225
217.8-221.75

60.85-74.11

24.64-26.22

76.24-76.62
103.81-104.5¢

23909
25041
83.60-85.27
202.68-204.37
22684
245.19-245.57
158.35
160.44-167.71
169.4
174.29-178.60
191.16-194.75
163.5¢
27033-272.82
27.21-29.90

Allele®

T(128/0(348)
Tieayc(aes)
T(106/C377)

A387YGO1)
A29/G(451)
T(86)/C(396)
AGHYGE2)
A77)/G(E02)
T(367)/C(112)

A203/GRTT)

C(158/G(319)

T(213/C267)
T(72)/C(308)

Tisoyc26)
A428)/C4)
Ts2/C(5)
C424)/G(53)
T(06/C(372)
Tarycss)
A151)/G(326)
AA14YE0ET)
Tia16/G(47)
AEE/G@22)
T(255/C220)
AB32)/G(149)
TI433/C(40)
Ti4a4)C(38)

MAF>

027
020
022

019
008
018
017
037
023

033

0.44
038

011
011
005
011
022
010
032
014
042
012
046
031
009
008

%PVE (R2)*

524
391
481

275
427
305
267
222
404

230

372
156

354987
3.73-10.84
283
3.06-8.67
2.38-3.05
439-12.32
245320
351-7.84
3.41-10.97
256-10.09
364
215-394
210375
345

Associated

AX-94838936
94741250
AX-94500816
AX-94451305
AX-95173669
AX-94448314
AX-94670661
AX-94632746
94592812
AX-95094933

AX-04449010
AX-94897502
AX-94908596.
X 04899483
AX-94838738
AX-04705001
AX-94492853

AX-94477684
AX-94852024
AX-94915269
AX-94681641
AX-94958018

AX-94644716.

No. of
MTAS

~logiolp)

YR pathotypes

YR_46S119 YR_110S119 YR 2385119 YR_110S84 YRT

- - - 33448 82207

- 63342 - - 63456

- 5.6034 33111 - 7.6201

- - - 34822 46689

- 5.3691 - 47365 -

- - 33727 - 51017
41367 - - - 45486
30734 - - - 38789
50844 - 36115 - -

LR pathotypes

LR106  LR125 LR104-2 LR77-9 LR77-5 LR77-1
30847 - - 32634 32010 -
30970 34977 - 32543 - -
31481 - - - - sa291
42803 3.1461 314748 - - -

- 7.0831 75785 105717 129567 51087
33933 55415 7.2823 121087 140301 56772
- 3.8068 - - 45076 -

- 46575 65729 77139 123379 50884
- - 35205 34349 48088 -
- 6.3846 9.1131 123215 16503 62255
- - 35997 38460 50179 -
- 5.2404 7.6624 91212 110555 5205
- 54111 8178 110265 148984 59561
- 5.6468 80652 99604 138254 58167
- - 3252 - 56019 -
- 3.4472 43824 48432 60107 -
N - - 30122 57506 -
- - 36353 46082 - -
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Associated  No. of
Putative QTL* Representative SNP SNPs MTAS ~log1o(p)

SR pathotypes.

SR40-3 SR21A2 SR 122 SR 117-6 SR40A SR 11 SR 341

QScramp-1A1  AX-9M448779 1A 5879-6106  T(128/0(348) 027 257  AXGMI182 17 - - 33167 88465 47283 46978 3.0281
AX-94979364
AX-94405956
AX94963297
QScramp-1A2  AXOMBIS08 1A 72257486 AQI/CES) 019 826 AXO4BA5AS1 24 36987 - 33512 - 31361 42983 7.2645
AX-95080736
AX-94627776
QStramp-1A3  AX-9AOT6AT4 1A BO34-6871  AGTAYC(100) 021 175 AX94601815 2 - - 34656 39451 - - -
QStramp-18.3  AX-94567638 18 1565 ABOT/GEN 019 205 AX94518139 6 - - - - 30735 35196 -
OScramp-18.4  AX94608698 18 20902464  AQII/G(145) 030 220401 AX95166367 52 - - 3674 - 54927 627192 -
AX-95124337
QScramp-1D2  AX-9501559 1D 30823595  AQO/C(92) 0.9 150-280  AX-04722864 6 - - - - aeseo  a7iie -
QStramp1D3  AX 04546280 1D 72107608  TOIVC@SE) 020 261 AX06I3604 2 - - 3344 - - 43155
QStramp?A1 AX-94850836  2A 159 A136/GE44) 028 193-283  AX-4BS6AET 59 - asaz7 - - - - 640
QStramp-285  AX-95180258 23 80.05 AB9S/GEY 018 192837  AX04621204 11 - 40095 - - - - 7ams
QScramp-28.6  AX-OATT8ST9 28 102.12-10450 C(I0BYGE70) 023 171 AX-OM5581 11 - 33367 - 35125 - asMT 4437
AX-95017376
AX-94492853
QScramp-34.1  AX-94407346 O 70277406 TE8BYGE7 018 255  AXQ45IETA2 6 - - 3.0052 - - saam
QScramp-3A6  AX-95226287 GA 23909 TSOYCW26) 0.1 138298 6 32747 303 31341 35889 40977 47683
QScramp-34.7  AX-94883935 OA 25041 A42/CG4) 011 1.80-253 - 2 30239 - - - azme -
QStramp-38.1  AXGASTINT 33 ) AGMVGE2) 017 1.79-255 2 - - - - 34756 42301
QSramp-38.3  AX-OATI4S3 38 B369-8527  TERABVC(12 026 140 AX-94902398 2 - - - azsaz 34922
QScramp3B6  AXGABTIZI5 33 2026820437 CUA/GE3 011 153254  AXGA7BAIB 4 - - - Bs242  ABT67 35767
QStramp-38.7  AX-OA805563 93 2051924557  TATYOM3N) 010 1.67-3.46  AX-04980774 8 3791 36742 44798 42037 55216 -
QScramp-3D2  AX948T431I3 3D 16044-16771  A4I4YGET) 014 151-351 AXQ41473 6 32765 - 35044 34926 4161 4827 -
QScramp-3D.3  AX-94436339 30 1694 TWIB/GET) 012 139825 AX04982712 B 37705 - 3525 32463 40488 52082 -
OScramp-3D4  AX-94681641 3D 174.67-17860 C415/G(4 0712 133-010  AX-94862539 29 - 33016 40116 87167 50067 -
QStramp5A3  AXOMTBEI SA 00159137  AMO/GA32) 010 188 AXO5I07770 2 - - - 31316 36164 - -
QScramp-58.10  AX-94450834 58 23387 CU9/GE9Y 017 240 AX95I00204 2 - - 3107 - - aome -
QScramp-5B.11 AX-GA6T74T6 58 27033 TMA/CEEE 024 161811 - 2 - - - - 31796 50269
QStamp-68.2  AX-9426734 63  6167-6283  T(95/C(B8) 018 238 AXG47IB 15 - 35848 - - - 3ms4 3613
AX-95028059
QStramp6D  AX-94400568 60  17.65-1861  CO7/GE@BE 020 218 AXQ4413225 4 - - 37012 - azs14 87021 -
AX-94803211
QScramp- 741 AX-95092895 TA  29.86-8334  TROOYC(9T) 040 266  AX-94634646 3 30999 - 3.0066 - - 4 -
AX-95251246
“Remaining QL associated with Table $9. *The numbers indicate the frequency of the aflele in the panel; Spercentage of phenotypic variation explained

(PVE. R2). Chrom, Chromosome. "MAF Mmoraﬂde Vrequencx
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Putative QTL* Representative SNP Associated  No. of —~logro(p)

SNPs MTAs
SNP (35K) Chrom? Position (cM) Allele* MAF® %PVE (R?)® YRE1 YR_E2 YR_E3 YR_E4
QYrramp-18.3  AX-95222999 1B 2464 AA0B)/C(TT) 0.16 215 AX-94903617 2 3.0259 3.3988 - -
Qviramp-18.4  AX94516822 1B 6173 CEEVGEAD) 008 242355  AXO4TE6T6 6 - - 41825 50791
Qviramp-10.1 AX-G4508418 1D 338 T44BYCRE 006 214-2.44 - 2 34973 37765 - -
QViramp-1D.3  AX-94444583 1D 9556-9570  AB3/GEEH 020 AX94918964 4 - - 36071 30063
Qvrramp-28.3  AX-94761936 28 88.33 Cl43)/G(440) 0.09 - 2 3.4389 B 3.1554 =
Qvtramp-20.1  AX-048427%0 2D 2572 Te2/0UsY) 005 - 5 30408 34817 3.4908 38662
Qviramp-38.3 AX-04541758 3B 8527 A123/G348) 026 210259 - 3 41191 3333 - -
Qvrramp-38.4  AX-94680284 38 245.57 T(255)C(221) 0.46 2.08-2.62 - 2 3.4187 4.0166 - -
QViramp-aA1  AX94437374  4A 5659 AGI/GEa2) 007 219227 - 4 - - 35111 34591
Qviramp-5A2  AX-95684362  SA 70367380 ATG/GEO 0.6 185199 AX95002679 3 32955 - 32128 -
QYrramp-68.4  AX-95209190 68 147.99 C(241/G(401) 0.10 2.53-3.55 AX-94777981 4 4.5647 5.2201 - -
Qvrramp-6D.1  AX-94963269 60 o TR74Y/G(192) 0.41 1.93-2.02 - 2 = = 3.2415 3.1352
Qvrramp-60.2  AX-85215612 6D 17.65 CIB7)/G(388) 018 1.80-2.39 AX-95632341 12 - - 3.5407 3.6068
QY 60 1 1 T(37)/C(436) 0.08 2.20-2.53 - 4 - - 36192 3.786
Qvrramp-6D.4  AX-85176310 60 183.08 A415)/G(62) 013 208-2.22 - 2 = = 3.4617 3.3988
QYrramp-7D.2  AX-85205886 0 6.96-10.82 T(369)/C(107) 022 1.20-2.09 = 3 - - 3.4674 3.1032
LR ET LR E2 LR ES LRES
QLiramp-1A2  AX95080736 1A 72257411 AM2BYGUS) 010 - 1 45164 4008 - 45249
QLrramp-1B.1  AX-85092361 18 079 A(296)/C(185) 0.38 AX-94456747, 5 - 35824 38205 3.7671
AX-95222141
Quiramp 182 AX-94692514 1B 824 CReB/GERTZ) 0.4 255 Axoagoraze 4 - - 3776 3089
QLeramp-18.3 AX-G451700 18 20642622 C42YGUE 0.0 508 Ax9s712%, 26 58111 - 68053 30183
AX-94538509
QLrramp-1D AX-94541931 10 3.38 A(360/G(113) 024 2.35-3.37 AX-94641589 6 4.0322 5.3001 = 3.0538
OLrramp-2B.7 AX-04962080 28 10881-10459  TEIVGSY) 038 222 AX95019601, 7 38020 37829 - 30012
AX-95149329
QLrramp-2B.8  AX-94481202 28 126.67 A29)/G(448) 0.06 2.48-362 = 3 5.0863 56499 3.69 -
QLrramp-3A.1  AX-94394356 3A 3091 A(340/C(136) 029 1.90-1.94 - 2 - 3.3009 - 33312
QLrramp-38.6  AX-94925132 3B 117.54 T(359)/C(105) 023 1.75-1.99 - 2 3.1401 - 3.0643 -
QLrramp-4A.4  AX-84708164 AA 214.72 A(131/G(343) 0.28 2.44-3681 - 4 5.8523 4.0148 3.9499 4.7453
QLrramp-5A AX-94889598 5A 12.25-16.13 A(228)/C(256) 0.47 2.08 AX-95168494 2 36276 - - 31295
QLrramp-58.2  AX-94515669 5B 161.41-161.85  T(316)/C(156) 033 226 AX-94996993 4 - 3.7482 3.1212 -
QLrramp-6A.1  AX-84653398 6A 0.00-0.82 T(157V/G(316) 033 1.74-2.67 AX-94585745, 14 39121 35047 3.9293 3.7568
-94800842
QLrramp-6A.4  AX-95147877 €A 217.80-221.75 T(®7)/C(385) 0.19 1.83-2.04 AX-94411794, 6 31277 3.3368 - 3.5439
AX95014734

QLrramp-6B.5  AX-94638655 &8 142.73 TEBS/CI21S)  0.45 1.76-2.53 - 2 4294 3027 - -
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Putative QTL* Representative SNP. Associated  No. of ~log1olp)

SNPs MTAS
SNP(35K)  Chrom?  Position(cM)  Allele” MAF®  %PVE (R%)® LRE1 LR E2 LRE3 LRE4
QLiramp-6B.6  AX-94877284 68 147.99-15038  T(@93/C76)  0.16 1.84-2.73 - 4 3.1683 45831 -
Quiramp-7B.1  AX95100168 78 172251 ARBSYG(74) 038 160221 AX04767833, 5 agan 79 a0u8 31978
AX-94617870
QLrramp-7D.2  AX-94674448 7D 1837 TEONCE0 015 194279 - 4 34277 - aor77 -
SR_E1 SR E2 SR ES SRE4
QStramp-1A.1  AX-94620244 1A 54.04-6894  T@S5/C(122) 026 276407 AX94831912 16 - 55236 38788 3.9088
QStramp-1A2  AX95002467 1A 74117486 T@890E) 019 380 Acoarasess, 17 - 36200 3579 51442
AX-94845461
QScramp-18.2 AX-95108068 18 824-993  AQTOVGET) 0.9 219-263  AX-94602901 2 36636 37892 a4 35776
QStramp-1B3  AX-94518139 1B 1565 casayGE) 019 206-2.46 - 3 - 35756 35198 30799
QStramp-184  AX-94608698 18 24542622 ABIIYG(145) 030 181-283  AX-94414930, 3¢ 4.4578 41201 46302 37215
AX 94538509
QScramp-1D1 AX-94842940 1D 169 AB8/GE9Y) 018 1.96-2.60 - 3 - 37503 33773 33816
QScramp-1D2  AX-94911855 1D 3082-8595  AGBT/GOT) 019 168257  AX-04722864 8 3.1839 3.9222 40705 3.47%
QStramp-1D3  AX-94546280 1D 76.08 TE/CEE 020 1.57-3.24 - 4 3.0005 3.3608 5.200 4.1243
QStramp-1D4  AX-94842331 1D 9.7 TEOS/0EE 018 1.88-252 - 3 - 36653 32692 33673
OSramp-2B6  AXO46I6T6 28 10212-10450  TE6YCEH 0.8 207226 AX-9462285 5 3.2455 3.3308 - 3.0644
QStramp-28.7  AX-94784324 28 12667 TR15/0065 045 171 AX94481202 2 3.461 3.465 - -
QStramp3A6  AX-05226287  GA 289.00 TeOVCE26) o.M 1.83-3.83 - 4 34185 4.0281 60209 angr
QScramp-9A.7  AX-4883035  OA 25041 A428/Cls4) O 239316 - 3 - 34977 5.1024 3.4855
QScramp-38.1  AX-94479164 38 079 A106/GETS) 022 189 A9573417, 5 35179 3.3687 32188 3.439
AX-94581339
QScramp-38.6  AX-94915269 33 20487 Cl28/GE)] 010 243267 5 35456 4.4059 37619
OScramp-38.7 AX-94805563 3B 245.19-24557  TWTVCW3Y 0.0 1.96-4.18 - 5 36265 45159 6.5041 4582
QScramp-3D.1 AX-94901185 3D 76.05 TeT4/CEY 020 202-2.06 2 3.0328 3.0419
QStramp-3D2  AX-O4874313  BD  16044-167.71  AWIGYGE.) 014 208240  AX-94391473 6 41716 - 52554 3.408
OScramp-3D3  AX-94436339  AD  167.71-16940  TW1B/GWT) 0.2 228-379 9 41324 47983 59778 42819
QScramp-3D.4  AX-95224631 3D 175.07-17860  AS/GI422) 0.2 183353 AX94681641, 52 4.1038 43769 56016 43799
AX94724171
QStramp-4A.2  AX-O4807136  4A 18385 AT2/GE92) 016 227333 3 4646 38328 4.3236
QStramp-4A.3  AX-04508043  4A 21431 TETVCHIE) 014 231 AX-94630583 2 3.1965 2.387
QStramp-4D1 AX-94516693 4D 0 T@s2YC28) 026 1.79-210 - 2 - - 3137 30059
QScramp-54.1  AX-94560538  SA 5099 Taar/eEs 008 293 AX-94519690 9 32318 - - 41142
QScramp-58.10 AX-94450834 58 233,87 croreEs) 017 1.70-306 - 3 - 43001 3.0007 3.4288
QScramp-68.2  AX-94426734 68 6283 TE9S)CEY 018 1.88-2.52 3 32,6653 2692 33673
QScramp-6D  AX-94805044 6D 18241861 TEHCEHY 014 256 AX-04409568 3 45629 36741 39384

*Remaining QL associated with single environment are provided in Supplementary Table S11. * The numbers in parenthesis indicate the frequency of the allele in the panel. $Percentage of phenotypic variation
explained (PVE, F2). #Chrom. Chromosome. PMAE Minor allele frequancy.
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(A) Disease response summary at the seedling stage

P, stritiformis (Pst)

Number of Genotypes (Percentage)

Races YR_110S119 YR.T YR_238S119 YR_46S119 YR_110S84

Resistant 7 {3.5) 131 (27.8) 101(21.5) 227 (48.1) 137 (28.3)

Moderate 3.5 71 (16.2) 69 (14.7) 72 (15.2) 49 (10.2)

P. triticina (Pt)

Races LR_106 LR_77-1 LR_77-5 LR_77-9 LR_12-5 LR_104-2

Resistant 361 (75.7) 166 (36.8) 63 (13.0) 51 (11.1) 119 (25.5) 98 (20.3)

Moderate 37 (7.7) 116 (25.7) 61 (12.6) 53 (11.6) 156 (33.5) 75 (15.5)

Susceptible 79 (16.5) 168 (37.3) 389 (74.3) 354 (77.3) 190 (40.8) 310 (64.1)

P. graminis (Pgt)

Races SR_40A SR_21A2 SR_11 SR_34-1 SR_40-3 SR_117-6 SR_122
Resistant 76 (16.7) 248 (54.7) 162 (34.3) 357 (75.9) 246 (55.0) 255 (52.8) 273 (57.6)
Moderate 217 (45.0) 149 (32.8) 146 (31.0) 53 (11.3) 115 (25.7) 110 (22.8) 126 (26.6)
Susceptible 189 (39.2) 57 (12.5) 164 (34.7) 60 (12.7) 86 (19.1) 118 (24.4) 75 (15.8)
(B) Disease response summary at the adult plant stage

Stripe rust

Environment COL_YR_E1 COL_YR_E2 COLYR_E3 COL_YR_E4

Resistant 183 (37.9) 217 (45.0) 142 (29.4) 218 (45.1)

Moderate 148 (30.7) 158 (32.7) 156 (32.3) 168 (34.8)

Susceptible 152 (31.4) 108 (22.3) 184 (38.2) 96 (19.9)

Leaf rust

Environment COI_LR_E1 COI_LR_E2 COI_LR_E3 COI_LR E4

Resistant 367 (76.0) 343 (74.0) 373 (78.6) 382 (79.1)

Moderate 56 (11.5) 75 (16.0) 59 (12.4) 71 (14.6)

Susceptible 6 (12.5) 46 (10.0) 43 (9.1) 30 (6.2)

Stem rust

Environment COI_SR_E1 COI_SR_E2 COI_SR_E3 COI_SR_E4

Resistant 299 (62.3) 316 (65.6) 233 (49.0) 300 (62.3)

Moderate 129 (26.8) 137 (28.4) 177 (37.2) 152 (31.5)

Susceptible 52 (10.8) 28 (5.8) 65 (13.6) 30 (6.2)
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Stripe rust Leaf rust Stem rust
Subject IR DS col IR DS col IR DS col
ug, 5.30e-02"** 6.51e + 02 6.63e + 02*** 6.80e-02***  3.49e + 02***  3.47e 4+ 02**  6.37e-02"** 1.73e + 02"  2.23e + 02
02 4.77e-056" 1.16e + 02" 5.80e + 01*** 5.49e-03*** 9.03e-02" 1.16e-01" 9.43e-05" 1.08e + 01**  1.02e + 01"
agxe 0.00e + 00" 0.00e + 00"  0.00e 4 00" 1.31e-02*** 1.99e + 00"  4.60e + 00"  0.00e + 00"  2.50e + 01**  2.58e + O1***
o? 1.30e-03"** 0.00e + 00" 3.27e + 00"  0.00e + 00"  4.90e + 00***  6.36e + 00™*  0.00e + 00" 6.85e-01" 9.03e-01*
- 214e-02"  3.36e+ 02"  259e+ 02" 3.92e-02"  1.49e+ 02"  151e+02"  2.24e-02"  1.20e+02"  1.11e 4 02
Mean 0.57 52.37 36.08 0.74 19.08 18.50 0.74 27.55 23.20
Minimum 0.2 0 0 0.2 0 0 0.2 0 0
Maximum 1 100 100 1 100 100 1 100 100
H? 0.91 0.82 0.88 0.78 0.90 0.90 0.92 0.78 0.83

@|R, Infection response; DS, Disease severity; COI, Coefficient of infection. Asterisks *, **, and *** indicates P < 0.05, 0.01, and < 0.001, respectively, and ns = not

significant.
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Location and year of sample
(number of isolates)

Race (number of
isolates)

Virulent to Sr genes

Avirulent to Sr genes

Novosibirsk, 2017 (31) LCOSF (1) 5, 9a, 9d, 9g, 10, 17, 38, McN 6, 7b, 8a, 9, 9e, 11, 21, 24, 30, 31, 36, Tmp
LCHSF (1) 5, 9a, 9b, 9d, 9g, 10, 17, 38, MoN 6, 7b, 8a, 98, 11, 21, 24, 30, 31, 36, Tmp
LCRSF ) 5, 9a, 9b, 9, 9g, 10, 17, 36, 38, McN 6, 7b, 8a, 96, 11, 21, 24, 30, 31, Tmp
LHRSF (2) 5,6, 9, 9b, 9d, 9, 10, 17, 36, 38, McN. 7b, 8a, 98, 11, 21, 24, 30, 31, Tmp
QCHSF (3) 5, 9a, 9b, 94, 9g, 10, 17, 21, 38, McN 6, 7b, 8a, 98, 11, 24, 30, 31, 36, Tmp.
QORSF (6) 5, 9a, 9b, 9d, 9g, 10, 17, 21, 36, 38, McN 6, 7b, 8a, 9e, 11, 24, 30, 31, Tmp
LKCSF (2) 5,6, 8, 9a, 9d, 9, 10, 17, 38, McN 7b, 9b, 9e, 11, 21, 24, 30, 31, 36, Tmp
MCMSF (1) 5, 7b, 9a, 94, 9g, 10, 17, 36, 38, McN 6,8, 9, 90, 11, 21, 24, 30, 31, Tmp
NFMSF (2) 5, 8a, 9a, 9d, e, 9, 10, 17, 36, 38, McN 6, 7b, 9b, 11, 21, 24, 30, 31, Tmp.
QHHSF (1) 5,6, 9, 9b, 9d, 9g, 10, 17, 21, 38, McN. 7b, 8a, 98, 11, 24, 30, 31, 36, Tmp
RFPTF (2) 5, 7b, 8a, 9, 9d, 9g, 10, 17, 21, 30, 36, 38, 6,9b, 9, 11, 24, 31

MeN, Tmp
TKRPF (8) 5,6, 7b, 8, 9a, 9b, 9e, 9g, 10, 17, 21, 36, 38, 9d, 11,24, 30, 31
MeN, Tmp
Omsk, 2017 (18) RRGTF (1) 5,6, 7b, 9a, 9b, 90, 9g, 10, 11, 21, 38, McN, 8a, %, 17, 24, 30, 31, 36
Tmp
TKRPF (7) 5, 6, 7b, 8a, 9a, 9b, e, 9¢, 10, 17, 21, 36, 38, 9d, 11, 24, 30, 31
McN, Tmp
RKRSP (1) 5,6, 7b, 8a, 9a, 9, 9d, 9, 10, 17, 21, 24, 36, 9, 11,30, 31, Tmp
38, McN
RFASF (1) 5, 7b, 8a, 9, 9b, 9d, 9g, 10, 17, 21, 36, 38, 6, 9e, 11, 24, 30, 31, Tmp
MN
THRTP (2) 5,6, 7b, 9a, 9b, 9d, 9e, 9, 10, 17, 21, 24, 36, 8a, 11,30, 31
38, MN, Tmp
QHHSF (1) 5, 6, 9a, 9b, 9d, 9g, 10, 17, 21, 38, McN 7b, 8a, 9e, 11, 24, 30, 31, 36, Tmp
RCRTF (1) 5, 7b, 9a, 9b, 9d, 9g, 10, 17, 21, 36, 38, McN, 6, 8a, 9, 11, 24, 30, 31
Tmp
SHHSF (1) 5,6, 9, 9b, 9d, 9e, 9, 10, 17, 21, 38, MoN 7b, 8a, 11, 24, 30, 31, 36, Tmp
RCRTP (1) 5, 7b, 9a, 9, 9d, 9g, 10, 17, 21, 24, 36, 38, 6, 8a, 9, 11,30, 31
MeN, Tmp
QFRCF (1) 5, 8a, 9, 9b, 9d, 9g, 10, 17, 21, 36, 38, McN. 6, 7b, 9, 11, 24, 30, 31, Tmp
RFRTF (1) 5, 7b, 8a, 9, 9b, 9d, 9g, 10, 17, 21, 36, 38, 6,90, 11, 24,30, 31
MeN, Tmp

Altai, 2017 (20) PKOSF (5) 5,6, 7b, 8a, 9a, 90, 9e, 9g, 10, 17, 38, McN 9b, 11, 21, 24, 80, 31, 36, Tmp
LKGSF (3) 5,6, 8a, 9a, 9d, 9, 10, 17, 38, McN 7b, 9b, 9e, 11, 21, 24, 30, 31, 36, Tmp
LKMSF (4) 5,6, 8a, 9a, 9d, 9g, 10, 17, 36, 38, McN 7b, 9b, 9e, 21, 24, 11, 30, 31, Tmp
LTMSF (1) 5,6, 8a, 9a, 94, 9g, 10, 11, 17, 36, 38, McN. 7b, 9b, 9e, 21, 24, 30, 31, Tmp
NFMSF (4) 5, 8a, 9, 9d, 9, 9, 10, 17, 36, 38, McN 6, 7b, 9b, 11, 21, 24, 30, 31, Tmp
LHCSF (1) 5,6, 9a, 9d, 9g, 10, 17, 38, McN 7b, 8a, 9b, %, 11, 21, 24, 30, 31, 36, Tmp
LHMSF (2) 5,6, 9a, 9d, 9g, 10, 17, 36, 38, McN 7b, 8a, 9b, %, 11, 21, 24, 30, 31, Tmp.

Novosibirsk, 2018 (16) TKRPF (7) 5,6, 7b, 8a, 9a, 9b, 9, 9g, 10, 17, 21, 36, 38, 9d, 11, 24, 30, 31

MeN, Tmp
MLLTF (2) 5, 7b, 9a, 9b, 10, 11, 36, 38, McN, Tmp 6, 8a, 9b, 98, 9g, 17, 21, 24,30, 31
LKCSF (4) 5,6, 8a, 9a, 9d, 99, 10, 17, 38, McN 7b, 9b, 9e, 11, 21, 24, 30, 31, 36, Tmp
LKMSF (2) 5,6, 8a, 9a, 9d, 9, 10, 17, 36, 38, McN 7b, 9b, 9e, 11, 21, 24, 30, 31, Tmp
PKCSF (1) 5, 6, 7b, 8a, 9a, 9d, 9e, 9g, 10, 17, 38, McN 9b, 11, 21, 24, 30, 31, 36, Tmp

Omsk, 2018 (16) MPLTF (2) 5, 7b, 8a, 9a, 9d, 9, 10, 11, 36, 38, McN, Tmp 6,9, 9e, 17, 21, 24, 30, 31

MTNTF (1) 5,6, 7b, 8a, 9a, 90, 9g, 10, 11, 30, 36, 38, 9b, 9, 17, 21, 24, 31

MeN, Tmp
MTLTF (1) 5,6, 7b, 8a, 9a, 90, 9g, 10, 11, 36, 38, Mch, 9b, 9e, 17, 21, 24, 30, 31

Tmp
TKRPF (7) 5,6, 7b, 8a, 9a, 9b, 9, 99, 10, 17, 21, 36, 38, 9d, 11,24, 30, 31

McN, Tmp
MLNTF (2) 5,7b, 9a, 94, 10, 11, 30, 36, 38, McN, Tmp 6,8a, 9b, 98, 9g, 17, 21, 24, 31
MONTF (1) 5,6, 7b, 9a, 9d, 10, 11, 24, 36, 38, McN, Tmp 8a, 9b, 9, 9g, 17, 21, 24, 31
MLLTF (1) 5, 7b, 9a, 9d, 10, 11, 36, 38, McN, Tmp 6,8a, 9b, 98, 9g, 17, 21, 24, 30, 31
MQLTF (1) 5,6, 7b, 9a, 9d, 10, 11, 36, 38, McN, Tmp 8a, 9b, 9, 9g, 17, 21, 24, 30, 31

Altai, 2018 (14) LKMSF (5) 5,6, 8a, 9, 90, 9g, 10, 17, 36, 38, McN. 7b, 9b, 9e, 11, 21, 24, 30, 31, Tmp
LKCSF (4) 5, 6, 8a, 9a, 9d, 9g, 10, 17, 38, McN 7b, 9b, 9e, 11, 21, 24, 30, 31, 36, Tmp
PKCSF (3) 5,6, 7b, 8a, 9a, 9d, 9e, 9g, 10, 17, 38, McN 9b, 11, 21, 24, 30, 31, 36, Tmp
LKRSF (2) 5,6, 8a, 9a, 9b, 9d, 9, 10, 17, 31, 38, McN 7b, 9e, 11, 21, 24, 30, 31, Tmp
33 races

Total: 115 isolates
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Country and region

Argentina
Australia, Victoria
Australia, Victoria

Australia, New South
Wales

Australia, Western
Australia

Canada

China, south and east of
Gansu Province

China
China

Denmark
Europe
Finland
France
Germany
India, Punjab

India, New Delhi
italy

Kenya

Malaysia
Netheriands
New Zealand
Poland

South Africa
South Africa

USA

USA, Nebraska

USA, Nebraska
USA, Montana
United Kingdom
United Kingdom
United Kingdom
Uruguay

Application timing Year References
10-20% SR incidence from stem elongation (GS32) (proposed as a preliminary guideline) 2017/2018 Carmona et al., 2019
At seeding (applied on or adjacent to seed at sowing) 1983/1984 Brown etal., 1985
1f SR is present before ear emergence, spray before 1% severity (~35 leaves per 100 have 2018 Hollaway, 2019

stripe rust). When SR is first detected at ear emergence, only the most susceptible
cultivars may need spraying.

Spray when hot-spots are first seen, or when the incidence of stripe rust is 10-20 infected 2000s Murray et al., 2005
leaves per 100 green leaves.

IfSRis present before ear emergence (GS59), then crops must be sprayed before the 2010s McLean et al., 2010
level of infection reaches 1% leaf area affected (this is when ~35 leaves per 100 have

stripe rust).

Before all the heads had completely emerged (GS 55) 1984/1987 Conner and Kuzyk, 1988
On seedlings before winter - Chen and Kang, 2017b
5-10% SR severity from flag leaves fully expandied to heading (GS49 to Z59) 2001/2002 Wean et al., 2004
Decisions about fungicide applications during grain filing based on knowledge of crop 2011/2013 He etal., 2019

physiology. Application timing recommended: option (1) during grain filing; option (2)
according to crop physiology.

>1% plants with attack. GS 29-60 (S). >10% plants attacked after GS 6171 (S) Current recommendation Eurowheat, 2020
Atflag leaf emergence (GS 37-39) 2015/2016 Eurowheat, 2020
>1% plants with attack or foci (S) GS 29-59. >10% plants with attack (R) Current recommendation  Eurowheat, 2020
From GS 31: at first symptoms. Before GS 31: if spots are present and they are active  Current recommendation  Eurowheat, 2020
First foci present Current recommendation  Eurowheat, 2020
Spray either at flag leaf emergence (GS 37-39) or when about 20% leaves showed SR 2010/2011, 2011/2012 Bal, 2014
‘symptoms

At flag leaf emergence (GS 87-39) 2014/2015,2016/2016  Singh et al., 2016
First symptom occurrence on the upper 2 leaves Current recommendation  Eurowheat, 2020
Two applications at tilering (GS 22) and flowering (GS 62) 2013 and 2014 Wanyera et al,, 2016
Seed treatment and foliar spray applied at the 7 leaf stages. 1985 Chan, 1985

At first symptoms Current recommendation  Eurowheat, 2020
Stem elongation (GS32)/awn emergence (GS59) 1980s Gaunt and Cole, 1991
At GS 30-31: 25-30% tillers with lesions Current recommendation Eurowheat, 2020
Seed treatment combined with foliar fungicides 1990s Boshoff et al., 2003
Seven leaves unfolded (GS 16-19)/awns visible to emergence of spike completed = flag 1990s Boshoff et al., 2003
leaf (GS 49-59)

Mixing fungicide with herbicide at the time of herbicide application if needed and apply  Current recommendation  Chen and Kang, 2017b
fungicide at flag-leaf stage if necessary.

Atfirst detection of SR in the field if the following conditions are met: (1) SR-favorable 2012 Jackson-Ziems et al.,
weather (cool, wet conditions) is forecast, (2) the flag leaf has emerged, (3) SR has been 2016
confirmed in southern states, and (4) SR has been detected in the field. If disease

pressure is heavy in southern states and SR appears earlier than flag leaf emergence, a

pre-flag leaf fungicide application may be warranted followed by a flag leaf application.

At flag leaf emergence (GS 37-39) 2015 Wegulo, 2015

At flag leaf emergence (GS 37-39) 2016 Tumer et al., 2016
Seed treatment 1989, 1990 Cheer etal., 1990
Period between flag-leaf emergence (GS 37-39) and early ear emergence (GS 39-55) 1988/1990 Hims and Cook, 1991
1-2% severity or foci present Current recommendation  Eurowheat, 2020
Atfirst symptoms Current recommendation  Germén et al., 2018
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Country  Trade mark

Argentina®  Miravis® Triple Pack

Eatus® Ace

Orquesta Utra®

Alegro®
Opera®
Sphere max®
Nanok®
Ouett plus®
Amistar xtra®
Cripton®

Cripton xpro®

Stinger®
Rubric®
Azoxy Pro®

Foliarflo C®, Apparent
suntan®, Baytan T®,
Triadimenol T®, Proleaf T®
Triadimefon 125 EC®,
Singshot®, Triad®, Turret®
Aurora®, Prestige®,
Sipstream 250 EC®

Orius 430 SC®, Stingray
430®, Tebuconazole 430

Australia

Accord 126%, Opus 126
Jockey® Stayer®, Quantum

Pro
Armour C®, Arrow C®
Impact Endure®, Jubilee®
Bayonet®
Opera®
Titt Xtra 250 EC®
Amistar Xtra®
Uniform®

Canada  Quit®

Trivapro®

Miavis Acs®
Nufarm Propiconazole®

Headine SC®
Prosaro 250 EC®

Folicur 250 EW®
Homet™ a32F
Delaro 325 SC®

Caramba®
Nexicor™

Twinine™

Stratego 250 EC®

China Bayleton®
it®

Stratego®
Prosaro®
Quit®
Euito®
Quaciis®

it 250 EC®
Opus Team®

Egypt
Europe

Proline 250 EC®
Caramba 90®
Folicur 250 EW®
Osiis®

Prosaro 250 EC®

India Nativo 75 WG®

Opera®

Amistar 250 SC®
Score 250 EC®
it 250 EC®
Folicur 250 EC®
Bayleton 50 Wp®
Topas 100 EC®
Dithane 75 WP®
Precict®

Tit 250 EC®
Nativo 3005C®

Amistar Xtra®

Cherokee 487.5 SE®

New Zealand Atto 100 SL®
TitEc®
Opus 1259
Systiva®

i®
Ao 1005L®
Apacus® Advance

Pakistan
Russia
South Africa

Acanto 250 SC®

Amistar Xtra®

Foliour 250 EW®

Bumper 250 EC®, Tit®
Acanto 250 SC + Capitan
250 EW®

Cabrio/Folicur

Prosper Trio/Prosaro 250

Proline®
Bassoon®
Imtrex®
Comet®
Anistar®
Amistar Opti®
Mobius®
Ascra Xpro®
Eatus Era®
Revystar XE®
Uuguay”  Stigmarxtra®
Opera®
Stratego®
Alegro®
Abacus SC
Stigmar Plus®
Xantho®

Aproach SC®

Tit 3.6 EC®, Bumpor 41.8
£C®, Fitness®, Propitax 3.6
@

Proline 480 SC®

Folicur 3.6 F®, Embrace®,
Monsoon®, Muscle 3.6 F®,
Onset 36 L®, Tebucon 3.6
F®, Tebustar 3.6 F®, Tebuzol
3.6 F®, Tegrol®, Toledo 3.6

Prosaro 421 SC®

Quit 200 5C®

Quitt Xcel 22 SE®, Avaris
2xs®

Miravis Ace SE®
Stratego 250 EC®
Stratego YLD®

Aproach Prima SC®

Topguard®
Topguard EQ®

Lucento®
Alto +NIS 0.26% vA®

Prosaro 421 SC + NIS
0.125% vy ®

Trivapro + NIS 0.25% vA®
Custodia™

DexterT™ Max XCEL®
Evito 480 SC®

Headine SC®

Caramba 0.75 SL®
Twinline 1.75 EC®

Priaxor®
Absolute Maxx SC®
Delaro 325 SC®

Nexicor EC®

Preemptor SC®

Vertisan®
Viathon®

Active ingredients (%)

Propiconazole (25) +
benzovindifiupir (4) +
pydiflumetofen (20)
Propiconazole (26) +
benzovindiflupir (4)
Fluxapyroxad (50) +
epoxiconazole (50) +
pyraclostrobin (81)
Kresoxim methyl (12.5) +
epoxiconazole (12.5)
Pyraclostrobin (13.3) +
epoxiconazole (5)
Trifloxystrobin (37.5) +
cyproconazole (16)
Azoxystrobin (12.5) +
futiafol (12.5)
Epoxiconazole (3.75) +
metconazole (2.75)
Azoxystrobin (20) +
cyproconazole (8)
Trifloxystrobin (15) +
prothioconazole (17.5)
Trifloxystrobin (15) +
prothioconazole (17.5) +
bixafen (12.5)
Picoxystrobin (20) +
cyproconazole (8)
Azoxystrobin (20) +
epoxiconazole (10)
Azoxystrobin (20) +
cyproconazole (8)
Tradimenol (18) +
cypermethrin (0.4)

Triadimefon (12.5)
Propiconazole (25)

Tebuconazole (43)

Epoxiconazole (12.5)
Fluguinconazole (16.7)

Flutiafol (10) +
cypemethrin (0.4)
Flutiafol (50)

Flutriafol (25)

Pyraclostrobin (8.5) +
epoxiconazole (6.25)
Propiconazole (25) +
cyproconazole (8)
Azoxystrobin (20) +
oyproconazole (8)
‘azoxystrobin (32.2) +
metalaxyl-m (12.4)
Azoxystrobin (7.8) +
propiconazole (12.6)
Azoxystrobin (10.8) +
propiconazole (11.9) +
benzovindiflupyr (2.9)
Pydiflumetofen (15) +
propiconazole (12.5)
Propiconazole (41.8)

Pyraciostrobin (25)
Prothioconazole (12.5) +
tebuconazole (12.5)
‘Tebuconazole (25)
Tebuconazole (43.2)
Trifloxystrobin (15) +
prothioconazole (17.5)
Metconazole ©)
Pyraclostrobin (20) +
propiconazole (128) +
fluxapyroxad (3)
Pyraclostrobin (13) +
metconazole (8)
Trifloxystrobin (12.5) +
prothioconazole (12.5)
Triacimenol (12.5)
Propiconazole
Propiconazole +
ifloxystrobin
Prothioconazole +
tebuconazole
Propiconazole +
azoxystrobin
Fluoxastrobin
Azoxystrobin
Propiconazole (25)
Epoxiconazole (8.9) +
fenpropimorph (25)
Prothioconazole (25)
Metconazole (9)
Tebuconazole (25)

Epoxiconazole (5.625) +
metconazole (4.125)
Tebuconazole (12.6) +
prothioconazole (12.5)
Trifloxystrobin (25) +
tebuconazole (50)
Pyraclostrobin (13.3) +
epoxiconazole (5)
Azoxystrobin (25)
Ditenocenazole (25)
Propiconazole (25)
‘Tebuconazole (25)
Triacimefon (50)
Penconazole (10)
Mancozeb (7.5)
Azoxystrobin (1) +
tebuconazole (18.3)
Propiconazole (25)
Trifloxystrobin (10) +
tebuconazole (20)
Azoxystrobin (20) +
oyproconazale (8)
Chiorothalonil (37.5) +
propiconazole (6.25) +
yproconazale (5)
Cyproconazole (10)
Propiconazole (25)
Epoxiconazole (12.5)
Fluxapyroxad (6.25)

Propiconazole (41.8)
‘Oyproconazole (10)
Epoxiconazole (6.25) +
pyraciostrobin (6.25)
Picoxystrobin (25)

Azoxystrobin (20) +
cyproconazole (6)
Tebuconazole (25)

Propiconazole (25)
Picoxystrobin (25) +
fusiazole (25)
Pyraciostrobin
(@5)ebuconazole (25)
Tebuconazole (16.7) +
triacimenol (4.3) +
spiroxamine
(@5/prothioconazole (12.5)
+tebuconazole (12.5)
Prothioconazole (27.5)
Epoxiconazole (8.3)
Fluapyroxad (6.25)
Pyraclostrobin (20)
Azoxystrobin (25)
Azoxystrobin (10) +
chlorothalonil (50)
Trifloxystrobin (15) +
prothioconazole (17.5)
Bixafen (6.5) + fluopyram
(6.5) + prothioconazole (13)
Benzovindiflupyr (7.5) +
prothioconazole (18)
Fluxapyroxad (4.75) +
mefentrifiuconazole (10)
Azoxistrobin (25) +
ciproconazol (10)
Pyraclostrobin (13.3) +
epoxiconazole (5)
Trifloxystrobin (12.5) +
propiconazole (12.5)
Kresoxim methyl (12.) +
epoxiconazole (12.5)
Pyraclostrobin (26) +
epoxiconazole (16)
Azoxistrobin (20) +
tebuconazole (15)
Pyraclostrobin (8.1) +
epoxiconazole (5) +
fuxapyroxad (5)
Picoxystrobin (22.5)
Propiconazole (41.8)

Prothioconazole (41)
Tebuconazole (38.7)

Prothioconazole (19) +
tebuconazole (19)
Azoxystrobin (7) +
propiconazole (11.7)
Azoxystrobin (13.5) +
propiconazole (11.7)
Pydiflumetofen (13.7) +
propiconazole (11.4)
Trifoxystrobin (11.4) +
prothioconazole (11.4)
Triloxystrobin (32.3) +
prothioconazole (10.8)
Picoxystrobin (17.94) +
cyproconazole (7.17)
Flutriafol (11.8)
Azoxystrobin (25.3) +
flutriafol (18.63)
Bixafen (15.55) + flutriafol
6.47)
Cyproconazole (8.9)
Prothioconazole (19) +
tebuconazoe (19)
Azoxystrobin (10.5) +
propiconazole (1.9) +
benzovindiflupyr (2.9)
Azoxystrobin (1) +
tebuconazole (18.3)
Azoxystrobin (3.09) +
tebuconazole (2.72) +
mancozeb (27.25)
Fluoxastrobin (40.3)
Pyraclostrobin (22.5)
Metconazole (8.6)
Pyraclostrobin (12) +
metconazole (7.4)
Pyraclostrobin (28.6) +
fluxapyroxad (14.3)
Triloxystrobin (22.6) +
tebuconazole (22.6)
Tiiloxystrobin (13.7) +
prothioconazole (16)
Pyraclostrobin (18.7) +
propiconazole (1.7) +
fluapyroxad (2.8)
Fluoxastrobin (14.8) +
flutriafol (19.3)
Penthiopyrad (20.6)
Tebuconazole (3.3) +
potassium phosphite (49)

Quadis®, Equation 2.08 SC® Azoxystrobin (22.9)

Labelrate  Application rate
(mLha=1) (grs ai. ha=1)
500 4+ 150~ 600 125 +20 + 30~ 150
+200 +24 440

500600 125+ 20-150+24

1,000-1,200 50 + 50 + 8160 +

60+97.2
750-1,000 9375 +93.75-125
+125
1,000 133 + 50

250-400  93.75+40-150+64

600700 75+ 75-87.5+87.5
1,200 45+33
400 80+ 32
700 10541225
700 105 + 1225 + 87.5
400 80+32
500 100+ 50
400 80+82
1.5 Uton seed -
500-1,000 63-125
500 125
290 125
500 63
3.0 Lton seed -
100 mL/100kg N
seed
100-200 50-100
100-200 25-50
500-1000 43 +31-85+625
250600  63+20-125+40
400-800  80+32-160+64
200-400 64.4-1288
1,000 75+ 125
750-1,000 79489 +22-105 +
119429
1,000 150+ 125
300 125
300-400 75-100
800 100 + 100
376-500 944125
220-202 95-126
572 858+ 100
500-700 45-63
500 100 + 63 + 45
380-500 49+ 30-65+40
500 63+63
500 )
500 125
1,500 126
800 200
1,000 EY
1,000 250
2,000 125+ 825
1,000 125
300400 75 +150~ 100 + 200
1,000 133 +50
500 125
500-1,000 250-500
741 @) 824136
500 125
1,250 125 + 250
400 80+32
1,200 450 +75 +60
400 a0
500 125
500 )
0.75-1.25 It per
ton of seed
292 122.1
400 40
1,000 625+ 625
300 75
500 100+ 40
750 187.5
400 100
300 + 400 75+ 100
2507750 625 +187.5
500400 83.5+215+125/50
+50
720 198
1,500 1245
2,000 125
1,250 250
1,000 250
1,500 150 + 750
1,000 150 + 175
15500 975 +97.5+ 195
1,000 75+ 150
1,500 150 +7125
350 875+35
1,000 133 + 50
500750  62.5+62.5-96.75~
9375
1,000 1254125
500 130 +80
500 100475
1,200 97.2 460 + 60
439-877 96.8-197.3
202 1224
366-417 150-171
202 13
475699 903-1138+903-
1138
768-1028  54+90-72+120
768-1023  103.7-138.1+90~
119.7
1,000 137 + 114
731 833+ 833
202 943+315
249497 447-892+17.9-
356
366-612 43-60
219292  55+41-74+54
219402 34+58-63+106
402 36
366 19419
667-1,000  72+82+20-105+
119+29
750 8254 137.3
3,500 108 + 95 + 956
146-202 589-117.8
439-658 %8.8-148.1
731-1,243 629-1069
512658  614-79+37.9-
487
292685  83.5-167.3+418-
87
366 827 +827
585 80.1+936
512950  96+60+14-178+
11427
292439 43+56-65+85
731-1,754 151-361.3
2,340 70+ 1147
202-677 67-200

Chemical group

DM+ SDHI + SDHI

DM + SDHI

SDHI + DM + Qol

Qol +DMI

Qol +DMI

Qol +DMI

Qol +DMI

oMl

Qol +DMI

Qol +DMI

Qol + DM+ SDHI

Qol +DMI

Qol +DMI

Qol +DMI

oM

oM

oMl

oM

oM

oM

oM

oM

oM

Qol +DMI

oM

Qol +DMI

Qol

Qol +DMI

Qol + DMI + SDHI

DM+ SDHI

oM

Qol
oM

oMl
oM
Qol +DMI

oMl

Qol + DM+ SDHI

Qol +DMI

Qol +DMI

oMl
oMl
DM+ Qol

DM

DM+ Qol

DM
oM
oM
oM

oM

Qol +DMI

Qol +DMI

oM

Qol +DMI

oM
Qol +DMI

Qol +DMI
M+ DMI
DM
oM

oM
SDHI

oM
oM
DM+ Qol

Qol

Qol +DMI

oM

oM
Qol +DMI

Qol +DMI

Qol + DM+
morpholine

oM
oM
SDHI
Qol
Qol
Qol+ M

Qol +DMI

SDHI + SDHI + DMI

SDHI + DMI

SDHI + DMI

Qol +DMI

Qol +DMI

Qol +DMI

Qol +DMI

Qol +DMI

Qol +DMI

Qol + DM + SDHI

oMl

oM
oM

oMl

Qol +DMI

Qol +DMI

SDHI + DMI

Qol +DMI

Qol +DMI

Qol +DMI

oMl
Qol +DMI

SDHI + DMI

oM
oM

Qol + DMI + SDHI

Qol +DMI
Qol +DMI +M
Qol
Qol

oMl
Qol +DMI

Qol + SDHI

Qol +DMI

Qol +DMI

Qol + DMI + SDHI

Qol +DMI

SDHI
DM+

Qol

Mode of action FRAC
group
Gl4-demethylase in sterol biosynthesis + 7 +3
succinate-dehydrogenase
Gld-demethylase in sterol biosynthesis + 7 +3
succinate-dehycrogenase
Succinate-dehydrogenase + T+3+
Gl4-demethylase in sterol biosynthesis + 11
cytochrome be1 (ubiquinol oxidase)
Cytochrome be (ubiquinol oxidase) + 1+3
Gi4-demethylase in sterol biosynthesis
Gytochrome bt (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Gytochrome bet (ubiquinol oxidase) + 1M+3
Cl4-demethylase in sterol biosynthesis
Gytochrome bot (ubiquinol oxidase) + 143
Gid-demethylase in sterol biosynthesis
Gid-demethylase in sterol biosynthesis 3
Gytochrome bo1 (ubiquinol oxidase) + 1+3
Gi4-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 143
Gid-demethylase in sterol biosynthesis
Gytochrome bet (ubiquinol oxidase) +  11+3 +
Gid-demethylase in sterol biosynthesis + 7
succinate-dehycrogenase
Cytochrome bet (ubiquinol oxidase) + 1M+3
Gid-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 1M+3
Gid-demethylase in sterol biosynthesis
Gytochrome bot (ubiquinol oxidase) + 1+3
Gi4-demethylase in sterol biosynthesis
Gid-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
G14-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
Gi4-demethylase in sterol biosynthesis 3
G14-demethylase in sterol biosynthesis 3
Ctd-demethylase in sterol biosynthesis 3
Cld-demethylase in sterol biosynthesis 3
Cytochrome bot (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Gi4-demethylase in sterol biosynthesis 3
Cytochrome bet (ubiquinol oxidase) + 1+3
Cd-demethytase in sterol biosynthesis
Cytochrome bt (ubiquinol oxidase) 11
Cytochrome b (ubiquinol oxidase) + 1+3
Cl4-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) +  11+3+
Cid-demethylase in sterol biosynthesis + 7
succinate-dehydrogenase
Gid-demethylase in sterol biosynthesis + 7 +3
succinate-dehycrogenase
Ctd-demethylase in sterol biosynthesis 3
Cytochrome bt (ubiquinol oxidase) 11
Ctd-demethyfase in sterol biosynthesis 3
Cl4-demethylase in sterol biosynthesis 3
G14-demethylase in sterol biosynthesis 3
Cytochrome bet (ubiuinol oxidase) + 1+3
Cld-demethytase in sterol biosynthesis
Gid-demethylase in sterol biosynthesis 3
Cytochrome bet (ubiuinol oxidase) +  11+3+
Cid-demethylase in sterol biosynthesis + 7
succinate-dehycrogenase
Cytochrome be1 (ubiquinol oxidase) + 1+3
Cid-demethylase in sterol biosynthesis
Cytochrome bot (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Gid-demethylase in sterol biosynthesis 3
C14-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis + 3+ 11
cytochrome bet (ubiquinol oxidase)
Cl4-demethylase in sterol biosynthesis 3
Cl4-demethylase in sterol biosynthesis + 3+ 11
cytochrome be (ubiduinol oxidase)
Cytochrome bet (ubiquinol oxidase) 11
Cytochrome bt (ubiquinol oxidase) 11
C1d-demethylase in sterol biosynthesis 3
Cld-demethytase in sterol biosynthesis 3
Gtd-demethylase in sterol biosynthesis 3
C14-demethylase in sterol biosynthesis 3
Cid-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
C14-demethylase in sterol biosynthesis 3
Cytochrome bet (biquinol oxidase) + 143
Cd-demethyfase in sterol biosynthesis
Cytochrome bot (ubiuinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Cl4-demethytase in sterol biosynthesis 3
Gytochrome bot (ubiquinol oxidase) + 143
Cl4-demethylase in sterol biosynthesis
Cid-demethylase in sterol biosynthesis 3
Cytochrome bot (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Cytochrome bet (ubiuinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Mutisite + C14-demethylase in sterol MOS +3
biosynthesis
Ctd-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
Cl4-demethytase in sterol biosynthesis 3
Succinate-dehycrogenase 7
Ctd-demethylase in sterol biosynthesis 3
Gi4-demethylase in sterol biosynthesis 3
Cl4-demethylase in sterol biosynthesis + 3+ 11
cytochrome be (ubiquinol oxidase)
Cytochrome be1 (ubiquinol oxidase) "
Gytochrome bt (ubiquinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Ctd-demethytase in sterol biosynthesis 3
Ctd-demethylase in sterol biosynthesis 3
Gytochrome bet (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 1+3
Cid-demethyfase in sterol biosynthesis
Gytochrome bet (ubiquinol oxidase) +  11+3+
Gid-demethylase/14-reductase and 8-7 5
isomerase in sterol biosynthesis
Gid-demethylase in sterol biosynthesis
Gtd-demethylase in sterol biosynthesis
Sucdinate-dehycrogenase
Gytochrome bet (ubiquinol oxidase) "
Cytochrome bet (ubiauinol oxidase) il
Cytochrome be (ubiquinol oxidase) +
Mutisite
Gytochrome bet (ubiquinol oxidase) + 143
Gid-demethylase in sterol biosynthesis
Succinate-dehydrogenase + 7+3
Gi4-demethylase in sterol biosynthesis
Succinate-dehydrogenase + 7+3
Gi4-demethylase in sterol biosynthesis
Succinate-dehycrogenase + 7+3
Gid-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Gytochrome bot (ubiquinol oxidase) + 1+3
Gi4-demethylase in sterol biosynthesis
Gytochrome bo1 (ubiquinol oxidase) + 1M+3
Gi4-demethylase in sterol biosynthesis
Gytochrome bt (ubiquinol oxidase) + 1+3
Ctd-demethylase in sterol biosynthesis
Cytochrome bet (ubiuinol oxidase) + 1+3
Gid-demethylase in sterol biosynthesis
Gytochrome bt (ubiquinol oxidase) + 143
G14-demethylase in sterol biosynthesis
Gytochrome bet (ubiquinol oxidase) +  11+3+
Cla-demethylase in sterol biosynthesis + 7
succinate-dehydrogenase
Cytochrome be1 (ublainol oxidase) "
Gi4-demethylase in sterol biosynthesis 3
Gtd-demethylase in sterol biosynthesis 3
Gid-demethylase in sterol biosynthesis 3
Cl4-demethylase in sterol biosynthesis 3
Cytochrome be1 (ubiquinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Oytochrome bet (ubiuinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Succinate-dehycrogenase + 743
Cld-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 143
Cld-demethylase in sterol biosynthesis
Gytochrome bo1 (ubiquinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Oytochrome bet (ubiquinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Cld-demethylase in sterol biosynthesis 3
Gytochrome bot (ubiquinol oxidase) + 143
Cld-demethylase in sterol biosynthesis
Succinate-dehydrogenase + 748
Cld-demethylase in sterol biosynthesis
Cld-demethylase in sterol biosynthesis 3
Cld-demethylase n sterol biosynthesis 3
Cytochrome be1 (ubicuinol oxidase) + 1M+3+
Cld-demethylase in sterol biosynthesis + 7
succinate-dehydrogenase
Cytochrome bot (ubiquinol oxidase) + 143
Cl4-demethylase in sterol biosynthesis
Oytochrome bet (ubiquinol oxidase) + 11+ 3+
Cla-demethylase in sterol biosyntnesis +  MO3
Multisite
Oytochrome bet (ubiquinol oxidase) i
Cytochrome bet (ubiquinol oxidase) 1
Gld-demethylase in sterol biosynthesis 3
Oytochrome bet (ubiquinol oxidase) + 1+3
Cld-demethylase in sterol biosynthesis
Cytochrome be1 (ubiquinol oxidase) + M+7
succinate-dehydrogenase
Gytochrome bot (ubiquinol oxidase) + 143
Cld-demethylase in sterol biosynthesis
Cytochrome bet (ubiquinol oxidase) + 143
Cld-demethylase n sterol biosynthesis
Oytochrome bet (ubiquinol oxidase) + 11+ 3+
Cld-demethylase in sterol biosynthesis + 7
succinate-dehydrogenase
Cytochrome bot (ubiquinol oxidase) + 143
Cld-demethylase in sterol biosynthesis
Succinate-dehydrogenase 7
Cla-demethylase in sterol biosynthesis + 3+ P07
host plant defense induction @)
Cytochrome bef (ubiquinol oxidase) 1

Main Action
type

Preventive +
curative

Preventive +
curative
Preventive +
curative

Preventive +
curative

Preventive +
curative

Preventive +
curative

Preventive +
curative
Curative

Preventive +
curative

Preventive +
curative
Preventive +
curative

Preventive +
curative

Preventive +
curative

Preventive +
curative

Curative

Curative

Curative

Curative

Curative
Curative

Curative

Curative

Curative

Preventive +
curative

Curative

Preventive +
curative

Preventive

Preventive +
curative

Preventive +
curative

Preventive +
curative

Curative

Preventive
Curative

Curative
Curative

Preventive +
curative:

Curative

Preventive +
curative

Preventive +
curative

Preventive +
curative

Curative
Curative

Curative +
preventive
Curative

Curative +
preventive
Preventive
Preventive
Curative
Curative

Curative
Curative
Curative
Curative

Curative

Preventive +
curative

Preventive +
curative

Curative

Preventive +
curative

Curative

Preventive +
curative

Preventive +
curative

Preventive +
curative

Curative
Curative
Curative
Preventive

Curative
Curative

Curative +
preventive
Preventive

Preventive +
curative

Curative

Curative

Preventive +
curative

Preventive +
curative

Preventive +
curative

Curative
Curative
Preventive
Preventive
Preventive

114 MO5 Preventive

Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative

Preventive
Curative

Curative
Curative

Curative

Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Preventive +
curative
Curative
Preventive +
curative
Preventive +
curative
Curative
Curative

Preventive +
curative

Preventive +
curative
Preventive +
curative

Preventive
Preventive
Curative

Preventive +
curative

Preventive

Preventive +
curative
Preventive +
curative
Preventive +
curative

Preventive +
curative
Preventive
Curative +
preventive
Preventive

Plant
organ

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Seed

Foliar
Foliar
Foliar
Foliar
Seed
Seed
Foliar,
in-furrow
Foliar,
in-furrow
Foliar
Foliar
Foliar
In-furrow
Foliar

Foliar

Foliar
Foliar,
in-furrow
Foliar
Foliar

Foliar
Foliar
Foliar

Foliar

Foliar

Foliar

Foliar

Foliar
Foliar
Foliar

Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar

Foliar
Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar
Foliar

Foliar
Foliar
Foliar
Foliar
Foliar
Seed
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar

Foliar
Foliar

Foliar

Foliar

Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar
Foliar

Foliar
Foliar

Foliar
Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar
Foliar

Foliar

Foliar
Foliar

Foliar

Foliar
Foliar
Foliar
Foliar

Foliar
Foliar

Foliar

Foliar

Foliar

Foliar

Foliar

Foliar
Foliar

Foliar
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Syngenta Agro S.A.

Syngenta Agro S.A.

BASF Argentina SA.

BASF Argentina S.A.
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(In registration)
(n registration)
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(n registration)

(In registration)
(n registration)
(n registration)

SARDI, 2020
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Syngenta Canada Inc.
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Syngenta Canada Inc.
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Singh etal., 2016

Singh etal, 2016

Singh etal., 2016
Singh etal., 2016
Singh etal., 2016
Singh etal., 2016
Singh etal., 2016
Singh etal., 2016
Singh etal., 2016
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Wanyera et al., 2016

Syngenta Inc.
Syngenta Inc.
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Beresford, 2011

Syngenta Inc.
Syngenta Inc.

ARC Small Grain
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Wanyera et al., 2010
ARG Small Grain
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Wanyera et al,, 2010

ARC Small Grain
Institute, 2014
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Institute, 2014
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AHDB, 2019
AHDB, 2019
AHDB, 2019
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AHDB, 2019
AHDB, 2019

AHDB, 2019
AHDB, 2019

AHDB, 2019

AHDB, 2019
Germén etal, 2018
Germén et al., 2018
Germén etal, 2018
Germén etal, 2018
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Germén etal, 2018
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WSV, 2019
WSU, 2019

WSU, 2019

WSU, 2019
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encoded
Lr21 NLR Huang et al., 2003
Lr10 NLR Feuillet et al., 2003
Lr1 NLR Cloutier et al., 2007
Lr34/Yr18/Sr57/Pm38 ABC transporter Krattinger et al., 2009
Yr36/WKS1 Kinase-START Fu et al., 2009
Sr33 NLR Periyannan et al., 2013
Sr35 NLR Saintenac et al., 2013
Sr50 NLR Mago et al., 2015
Lr67/Yr46/Sr65/Pm46 Hexose transporter Moore et al., 2015
Sr22 NLR Steuernagel et al., 2016
Sr45 NLR Steuernagel et al., 2016
Lr22a NLR Thind et al., 2017
Sri13 NLR Zhang W. et al., 2017
Sr21 NLR Chen et al., 2018
Yr7 NLR Marchal et al., 2018
Yr5 (Yrba) NLR Marchal et al., 2018
YrSP (Yr5b) NLR Marchal et al., 2018
Yr15 Tandem Klymiuk et al., 2018
kinase-pseudokinases
Sr46 NLR Arora et al., 2019
SrTA1662 NLR Arora et al., 2019
YrAS2388 NLR Zhang et al., 2019
Sr60/WTK2 Tandem kinase Chenet al., 2019
Sr26 NLR Zhang et al., under review
Sr61 NLR Zhang et al., under review






OPS/images/fpls.2020.01309/fpls-11-01309-g002.jpg





OPS/images/fpls-11-00678/fpls-11-00678-t002.jpg
Cloning strategies

Requirements

Advantages

Limitations References

Wheat rust R
gene cloned

Map-based cloning

Targeted-sequencs
Enrichment and
Sequencing (TEnSeq)

MutRenSeq

MutChromSeq

TACCA

AgRenSeq

High-resolution
segregating
mapping
population

Loss-of-function
mutants

Loss-of-function
mutants,
chromosome flow
sorting,
chromosome
location of the
target gene
Mapping
population,
chromosome flow
sorting, long-range
sequencing and
assembly
Adequate diversity
of pathotype for
association analysis

Generally suitable
for cloning any
types of genes, low
cost

Rapid cloning of
NLR resistance
gene from the large
genome

Rapid cloning of
genes regardless of
the type of the gene

Rapid cloning of
genes from the
large genome,
regardless of the
type of the gene

Cloning NLR gene
from diverse
germplasm panel

Laborious and
time-consuming,
difficult to apply on
gene target
situated in
pericentromeric
regions or from
alien introgressions

Keller et al., 2005

Suitable only for Steuernagel et al.,
cloning NLR-type 2016
resistance gene

Rely on Sanchez-Martin
chromosome etal., 2016
isolation and the

chromosome

location of the
target gene

Rely on Thind et al., 2017
chromosome

isolation. Requires

map information of

the gene

Suitable only for Arora et al., 2019
cloning NLR-type

resistance gene.

Rely on the

diversity of cognate

pathotype

Lr1,Lr10, Lr21,
Lr34/Yr18/
Sr57/Pm38,
Lr67/Yr46/
Sr65/PmA46,
8r13,8r21,
Sr33, Sr35,
Sr50, Sr60,
Yri5, Yr36,
YrAS2388

Sr22, Sr26,
Sr45, Sr61,
Yr5, Yr7, YrSP

N/A

Lr22a

Sr46,
SrTA1662





OPS/images/fpls.2020.01309/fpls-11-01309-g001.jpg





OPS/images/fpls-11-00748/cross.jpg
3,

i





OPS/images/fpls-11-00748/fpls-11-00748-e000.jpg
Ypar = W+ g, + g+ eg+gep, +epg





OPS/images/fpls-11-00678/fpls-11-00678-g002c.jpg
1. Panel of wildtype with target genes;

Resistant to pathotype A

Resistant to pathotype B

Susceptible to pathotype A

Resistant to pathotype B

Resistance to pathotype A

Susceptible to pathotype B

Susceptible to pathotype A

Susceptible to pathotype B

2. NLRs captured;

" o
\* ¥ W &

% & ¥
\* ¥ v &

e O R
4

W &

@« W

“«w P

Cp ¥R
2 R

|
|
|
|
|
I
|

|

/

/
/
/
%

3. Candidate gene screening by association
mapping analysis between genotype and
phenotype patterns;

/
/
/

|
/
/
/
J/
/ \
/ \
/ \
/ \
/ \
{ ! \

|
/
;
/
/
o

-
W)

N

\E

N
(@)

N\

5
/

Ve

4. Candidate gene identified
against each pathotype.

(Pathotype A)

(Pathotype B)





OPS/images/fpls-11-00678/fpls-11-00678-g002d.jpg
5. Candidate gene identified.

4. Candidate gene screening by SNV

calling;

3. Chromosome sorting and gene

annotating;

2. Generating mutants;

D 1. Wildtype with target gene;

)
/

T =

\
\
\
\






OPS/images/fpls-11-00678/fpls-11-00678-g002e.jpg
1. Wildtype with target gene; 2. Resistance stock VS Susceptible stock; 3. Chromosome sorting and gene

annotating;

4. chromosome assembly based on short 5. Candidate gene identified.
reads sequencing and proximity ligation of
in vitro-reconstituted chromatin;

Resistant

Susceptible

Non-NLR

N Genetic Marker
Mutated NLR or Non-NLR
Candidate gene

RI1-R5, R5-2 Regions representing genetic interval

C1-C3 Regions representing independent chromosome





OPS/images/fpls-11-00678/fpls-11-00678-g003.jpg
| No virulence in pathogen population,
cultivar become dominant

A

3 T
g VR
4 (AN MRS

|

|

|

|

|

RERkRRY |
MY :
|

|

|

|

Resistance
“Boom and Bust Cycle”

| |
[ W A A

T

!
W’i’v"i’&"v"d’a’i'i’f'i’f’i’i'f”""’/’&'&'&’f’i’i'f’f’f

(AT
R

Pathogen population under great selection pressure,
virulent pathotype become dominant |

-





OPS/images/fmicb-11-01976/fmicb-11-01976-g009.jpg
Ectopic AZtRIm I#1 AZtRIm I#2






OPS/images/fmicb-11-01976/fmicb-11-01976-g008.jpg
Branch intensity

100 —

80—

60—

40—

20—

WT

Ectopic

B 5

AZtRIm1#1

fih

AZtRIm1#2

Hyphal filaments (uM)

3000 =

2000 —

1000 —

E WA
B3 PDA

Iy

'y

WT

T
Ectopic

AZtRIml1#1

AZtRIm1#2





OPS/images/fmicb-11-01976/fmicb-11-01976-g007.jpg
c3

—————--AZtRIm ] -~ -=--mooo- W T AZIRIm -

P - —

\'f

|||||||||||||||||||||<\K/l|l|l|l|l|l|||||||..-|L |||||||||||,|||||||||<QAH|||||||||||||||||||||





OPS/images/fmicb-11-01976/fmicb-11-01976-g006.jpg
N —
<
<H

= H =
= H -

JW¥IZ JO [9AJ] uoIssaIdxa danePy





OPS/images/fmicb-11-01976/fmicb-11-01976-g005.jpg
AZtR[m/






OPS/images/fmicb-11-01976/fmicb-11-01976-g004.jpg
Ectopic

WT
Y AZwrlml#l
O AZwriml#2

[ ]
<©

25

[ o4 0

15 20

10
Days post inoculation

T T T T T
= = = ~ L]
— > > > =

e
=
=

m (%) eipruddd Surieaq vaae Jed| d13013N

_
(o]
[ 1+4 »0O . =
o
[ 24 »
® »0O L
[ 243 | 3]
«©
o2
-
I T T T T =
> ® o - o <
- = = = = =

< (9/,) BaJae JE3[ 2130.199U-0.10[)

post inoculation

Days





OPS/images/fpls-11-00748/fpls-11-00748-i003.jpg
Oerror





OPS/images/fmicb-11-01976/fmicb-11-01976-g003.jpg
Ectopic AZIRImI#1 AZiRImI#2





OPS/images/fmicb-11-01976/fmicb-11-01976-g002.jpg
N D
$ §§
&S\‘\
s & F ¥

ZtRImI1-F1 ZtRImI-R1

ZtRImI1-PRF-F1  ZtRimI-PRF-R1 > 2 ZtRIm1-PRF-F2 ZtRIm1-PRF-R2 743 bp
— - ZRim1 - z e -
. / ownstream
X pstream / / \\ 7
\ 4 \ /
/
\ ’ \ !
\
\ ’ % /
\ 4 \ /
\ /’ N/
? N 764 bp
\ A
4 \
/ \ / %
/ \ / \
’ \ 1 \
/ \ hph¥1  hphR1 / \
// \ 9 e / \
{ hph I z 2065 bp
; ZtRImI-R2






OPS/images/fmicb-11-01976/fmicb-11-01976-g001.jpg
69

87

97 p—— M. oryzae:MoMigl

52

100

e— G graminis: GgMEF2type

F. oxysporum: Rlm1
2 ) e— B. cinerea: Bcmadsl

e . sclerotiorum: SS1G 06124
56— Z. tritici: ZtRIlm1

L— P witici-repentis:RImA

A. fumigatus:RImA

S. cerevisiae: Rlml1

100

50 p=—— S. cerevisiae: Mcm1

49

e— 7 rritici: ZtMcml

A. fumigatus: Mcml
75 = M. oryzae: MoMcml]

be— G. graminis: GgMADS

MEF-type

SRF-type





OPS/images/fmicb-11-01976/cross.jpg
3,

i





OPS/images/fpls-11-00748/fpls-11-00748-g007.jpg
YR disease response (COI)

80

[
o

N
o

N
o

y =-3.5281x + 96.322
R2=0.2328

r=-0.4825

No. of favorable alleles

B

LR disease response (COI)

[e4)
o

(&)
o

N
o

N
o

L 2 4

=-2.0934x + 77.095
R2=0.3914
r=-0.6256

2
No. of favorable alleles

N w B [&)] [©] ~
o o o o o o

SR disease response (COI)

N
o

=-1.369x + 44.666

R2=0.3335
* =-0.5775
*
*
*
X *
*
* o
* * o
o o
L N
. T XS
XX *® °*
% o s, *
egeg o8
$

No. of favorable alleles





OPS/images/fmicb-11-01976/fmicb-11-01976-t001.jpg
Primer name

ZtRIm1-PRF-F1
ZtRIm1-PRF-R1
ZtRIm1-PRF-F2
ZtRIm1-PRF-R2
ZtRIm1-F1
ZtRIm1-R1
hph-F2
ZtRIm1-R2
hph-R1

hph-F1

Sequence (5’-3’)

GAGGGCAATGTGTTCAGACTGG
CGACCCGGAACCTGGCCAA
GGACTTAAUGGTGAGGAGCGAGGGAGG
GGGTTTAAUGGTGAGGACGGAGATTTGGCTT
GGGTCGTCGAAAGATTGAGATCAAA
TGGATTGTGAGCGTGGTCCAA
CAGCCAAGCCCAAAAAGTGCTC
TTGCGAGTTGTTGGTCGAGGA
TGGCTTGTATGGAGCAGCAGA
GAAGAGGAGCATGTCAAAGTACAATT
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