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Abstract

:

Rusts and powdery mildew are diseases that have a major effect on yield loss in barley. Adult Plant Resistance (APR) is a post-seedling resistance mechanism and its expression is influenced by many factors, including host susceptibility and weather conditions, as well as the timing and severity of disease outbreaks. There are two mechanisms associated with APR: non-hypersensitive and minor gene APR. In this study, 431 European barley accessions were evaluated phenotypically over 2 years (2018–2019) under field conditions, scoring APR to powdery mildew (PM), barley brown rust (BBR), and stem rust (SR), and genotypically using DArTseq. Accessions were grouped into sub-collections by cultivation period (group A—cultivated prior 1985, B—cultivated after 1985, and C—Polish landraces) and by European country of origin or European region. GWAS was conducted for PM, BBR, and SR, and scored at the heading (HA) and milky-waxy (MW) seed stages in 2019 and maximum scores across all replicates were obtained 2018–2019. Disease severity was sufficient to differentiate the collection according to cultivation time and country of origin and to determine SNPs. Overall, the GWAS analysis identified 73 marker–trait associations (MTAs) with these traits. For PM resistance, we identified five MTAs at both the HA stage and when considering the maximal disease score across both growth stages and both years. One marker (3432490-28-T/C) was shared between these two traits; it is located on chromosome 4H. For BBR resistance, six MTAs at HA and one MTA at the MW stage in 2019 and seven MTAs, when considering the maximal disease score across both growth stages and both years, were identified. Of the 48 markers identified as being associated with SR resistance, 12 were on chromosome 7H, 1 was in the telomeric region of the short arm, and 7 were in the telomeric region of the long arm. Rpg1 has previously been mapped to 7HS. The results of this study will be used to create a Polish Gene Bank platform for precise breeding programs. The resistant genotypes and MTA markers will serve as a valuable resource for breeding for PM, BBR, and SR resistance in barley.
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1. Introduction


Barley (Hordeum vulgare L.) is an economically important cereal crop that is known to be dry, cold, salt-tolerant, and well adapted to low-input environmental conditions and changing climates [1,2]. It is cultivated at high altitudes, commonly under rain-fed conditions. Barley is often grown in marginal agricultural areas with low annual precipitation, often less than 220 mm [3]. It is ranked fourth in terms of the most cultivated crop (by area) in the world, after wheat, maize, and rice. Almost half of the world’s barley growing area is in Europe, including Poland, where it is ranked second in terms of the most cultivated crop after wheat. It is used for livestock feed, malt, and foods. Although domestic Polish barley supply has fluctuated substantially in recent years, it tended to decline from 1969–2018 [4].



Fungal pathogens are an economically significant factor limiting the size and quality of barley grain. Barley is often infected by powdery mildew fungus (Blumeria graminis DC. hordei), brown rust caused by Puccinia hordei (Ph), stripe rust caused by P. striiformis f. sp. hordei (Psh), and stem rust caused by Puccinia graminis f. sp. tritici (Pgt). The loss of yield caused by powdery mildew can reach up to 30%, at an average of 5–10% [5,6]. Yield losses caused by barley brown rust can be up to 60% in susceptible varieties [6,7,8]. However, the average yield losses of barley due to barley brown or stem rust often reach 10–25% [9,10,11]. The obvious alternative to fungicide treatment against plant diseases is the use of genetically resistant cultivars [12,13,14,15].



The potential yield loss caused by disease depends not only on host susceptibility and weather conditions, but also on the timing and severity of disease outbreaks relative to crop growth stage. The greatest yield losses occur when one or more of these diseases occur before the heading stage of development, and can be potentially important for the detection of early-activated pathogen-associated molecular patterns, which can trigger nonspecific defense cascades. On the other hand, resistance during late stages of growth, such as the milky-waxy stage, can be important for the identification of key resistance proteins. The early detection and proper identification of pathogens are critical to in-season disease management, future variety selection, and the use of these genes in breeding programs [14,16,17].



Two types of barley rusts and powdery mildew resistance have been described: (1) hypersensitive resistance (HR), and (2) adult plant resistance (APR). Resistance genes are pathogen race-specific in their action; they are responsible for HR and mostly encode immune receptors for nucleotide binding leucine rich repeat (NB-LRR). They are effective throughout all growth stages. By contrast, APR genes are only functional in adult plants and usually confer only partial resistance, albeit in a non-race-specific manner [17,18].



At least 38 different race-specific resistance genes/alleles to powdery mildew are known and used in varieties grown throughout Europe [19,20]. Barley cultivars with effective genes for resistance to powdery mildew have been an efficient means for controlling this disease [11,15,20,21,22,23,24,25]. Barley breeders use the following major seedling resistance genes: Mla6, Mla7, Mla9, Mla12, and Mla13; and Mlk, Mlg, MlLa, Mlh, and Mlra, which originate in landraces and in the subspecies, H. vulgare ssp. spontaneum.



More than 25 Rph (resistance to P. hordei) genes have been identified and mapped in barley [26], including 21 as seedling resistance [27]. Rph5 and Rph6 on chromosome 3H, Rph9 and Rph12 on chromosome 5H, and Rph15 and Rph16 on chromosome 2H have been described as alleles of the same gene. Only Rph7, Rph15, and Rph16 are still effective in Europe [28] and the number of effective Rph genes available to breeders is decreasing rapidly [26]. Among all the known Rph genes, only Rph1 has been isolated recently, using a newly developed cloning approach called Mutant Chromosome Sequencing (MutChromSeq) in combination with genetic mapping [29]. Six genes are known to confer barley resistance upon Pgt in the US, including well-characterized Rpg1, Rpg4, and Rpg5, as well as the less studied Rpg2, Rpg3, and Rpg6 [30].



APR is considered potentially more durable for controlling barley rusts or powdery mildew than seedling resistance genes. The use of race-specific resistance genes in barley quickly results in the selection of virulent races of B. graminis f. sp. hordei (PM) or Puccinia spp. When a cultivar containing one dominant resistance gene is grown on a large acreage, new virulent races can emerge within 4–5 years. Virulence has been detected for most seedling resistance genes but is unknown for APR genes [17].



Two forms of durable resistance to powdery mildew are described. Mlo resistance (gene mlo) was identified as durable resistance to powdery mildew in barley landraces [31]. Since 1984, it has been well described and deployed in many barley cultivars throughout Europe [20,25,32,33]. The second form of durable resistance involves genes other than major R-genes. These may be expressed at one or more growth stages and include partial or quantitative resistance and adult plant resistance (APR). Three novel major-effect powdery mildew APR genes from landraces (Rbgh1, Rbgh2, and Rbgh3) were identified in the terminal regions of the barley chromosomes, 5HL, 7HS, and 1HS, respectively [34]. Among the genes for barley brown rust resistance, three genes, Rph20 and Rph24 on chromosome 5HS and 7HS, respectively, and Rph23 on chromosome 6HS, confer high, moderate, and low levels of APR, respectively [8,22,29,35,36,37,38,39].



World-wide, there are about 1800 gene banks, including more than 600 in Europe [40], with about 7.4 million accessions stored globally [41]. However, only 25–30% of these accessions are genetically unique [42]. There is a need for characterization of this germplasm in terms of its agronomic potential, including resistance to biotic and abiotic stresses and for establishing associations between markers and phenotypes. This knowledge is necessary to enable the use of specific accessions in breeding programs [42,43,44,45,46]. However, the genetic studies were conducted on a still limited number of accessions [47]. To determine the markers that determine a qualitative trait controlled by many genes, including APR, the assessed collection should be highly variable for these traits. Old European barley cultivars or landraces are an important source of genetic variation and resistance to biotic stresses, including powdery mildew and rusts [2,23,48,49,50,51,52,53,54].



The aim of this study was to associate genetic loci with adult plant resistance (APR) to powdery mildew (PM), barley brown rust (BBR) and barley stem rust (SR) at heading and the milky-waxy plant seed development stages. To achieve this, we used GWAS analysis of DArTseq-derived markers and phenotypic data relating to 431 barley accessions, which are stored in the Polish Gene Bank, segregating for these disease resistance traits.




2. Materials and Methods


2.1. Plant Material


A collection of 431 barley accessions, including landraces and old cultivars, stored at the Polish Gene Bank (National Centre for Plant Genetic Resources: NCPGR) were phenotyped and evaluated using DArTseq: 137 POL, 67 DEU, 38 SWE, 35 CSK, 34 FRA, 27 GBR, 25 DNK, 21 NLD, 12 AUT, 8 SUN, 6 NOR, 4 FIN, 3 IRL, 3 CAN, 2 USA, 2 HUN, 1 each from UKR, TUR, PRK, NZL, JPN, BEL, and 1 of unknown origin were evaluated. For evaluation using DArTseq 23, additional control genotypes were included.



Barley was one of the principal crops that accompanied the spread of agriculture into Europe during the 6th and 5th millennia BC and was dispersed along two main routes: a southern route along the Mediterranean, reaching the Iberian peninsula, and a northwards route passing through central Europe, eventually reaching northern Scotland [55,56]. Because of this, the accessions were grouped into sub-collections, either by country of origin or by European region. These sub-collections were: Polish; West-Central European (CSK, DEU, DNK, AUT); French; Great British; North European (FIN, NOR); and Swedish. The accessions were further classified into three groups: group A (206 accessions), representing old cultivars cultivated prior to 1985; group B (178 accessions), representing moderate and modern cultivars cultivated after 1985; and group C (37 accessions), representing Polish landraces (Table 1). These sub-collections correspond to barley domestication and adaptation in Europe and temporal trends in genetic diversity in European cultivars [57].



Landrace accessions are genotypes that were not improved by breeders. Old cultivars were improved and obtained based on selection during breeding programs.



The Polish accessions were selected to reflect the diversity of the Polish accessions held at the Gene Bank, with priority given to those with key phenotypic traits in Polish breeding programs. This was then supplemented with non-Polish accessions from countries where a particular trait is most frequent. The passport data, listed in Additional file 1 include: accession number (ACCENUMB), accession name (ACCENAME), country of origin (ORIGCTY), institute code (INSTCODE)/institute name, acquisition date (ACQDATE), donor institution code (DONORCODE)/donor institute name (DONORNAME), and type of germplasm storage (STORAGE).




2.2. Field Experiments and Phenotypic Evaluation


Field experiments were conducted in 2018 and in 2019 on the experimental fields of the Plant Breeding and Acclimatization Institute—National Research Institute (PBAI-NRI), Radzikow, near Warsaw, Poland. No specific permissions were required. No endangered or protected species were involved.



The experimental trials were conducted in a randomized complete block design. In 2018, seeds were sown in three replications (blocks), and in 2019 in two replications, in rows (row length of 2.0 m), with a plant spacing of 4.0 cm and a row spacing of 20.0 cm.



The powdery mildew (PM), stem rust (SR), and barley brown rust (BBR) were scored according to IPGRI descriptors (https://cropgenebank.sgrp.cgiar.org/index.php/learning-space-mainmenu-454/manuals-and-handbooks-mainmenu-533/descriptors-mainmenu-547 (accessed on 29 October 2021)), using a 1–9 scale, where 1 means no symptoms of the disease (immune reaction).



In 2019, a trait measurement was conducted at the heading stage (HA), when half of the heads had emerged for 50% of the plants in a plot (Z55, according to the Zadoks growth scale) and, 2 weeks later, at the early milky-waxy seed maturity stage (MW; Z75, according to the Zadoks growth scale) [58]. In 2018, the measurement was conducted once, in the milky-waxy stage.




2.3. Weather Conditions


The weather conditions, including the mean and maximum temperatures (°C) and precipitation (mm), were monitored during the second quarter of 2018 and 2019 (May–July) (Figure 1). This was a period when the plants were in the heading to physiological maturity and harvest stages.



The average air temperature and precipitation are presented for 10 days of each month. The maximum temperature is the maximum temperature that occurred in the month.




2.4. Statistical Analysis


A statistical analysis of all the traits, PM, SR, and BBR resistance at the HA and MW stages, was conducted using Statistica software (version 13.31984-2017 TIBCO Software). It was used to obtain the range, mean, standard deviation (SD), coefficient of variation (CV), and analysis of variance (ANOVA test; α ≤ 0.05) values to confirm the significance of the differences in PM, SR, and BBR resistance between the accessions and the sub-collections. The sub-collections were created using two criteria: (1) cultivation period or registration of cultivars (group A—cultivated prior 1985, B—cultivated after 1985 and C—Polish landraces) and (2) country of origin or geographical region. For the sub-collections, the results are presented in the form of graphs with ANOVA and SD bars. Based on the differences between the sub-collections, it was possible draw conclusions about the progress (gain) in the breeding programs over the years.



The frequency distribution of the barley accession scores for PM, BBR, and SR in 2018–2019 was presented for collection and for each sub-collection separately in the form of the normal Gauss frequency distribution and as a regression analysis model to estimate the relationship between the disease resistance scores (accessions) and the frequency index. Correlations between traits were also analyzed.




2.5. Genotyping


In total, 454 barley accessions were genotyped by using Diversity Arrays Technology (DArT) Pty Ltd., Monana, Australia, using DArTseq [59]. The SNP decisions were taken using IBSC Barley Morex v2 assembly [60]. The Barley GBS 1.0 platform DArT genotyping service returned 28,530 in-silico DArT-seq markers.




2.6. Data Filtering Process


The DArT data were handled in the same manner as described previously for soybean [61]. That is, we used the dartR v1.1.11 package [62] in the R programming language. SNPs and genotypes were removed if SNP markers contained >5% missing data and genotypes contained >10% missing data, respectively. SNPs with a reproducibility score (RepAvg) <100% were removed. Where SNPs originated from the same fragment, a random SNP was retained while the others were discarded. Non-informative monomorphic SNPs were removed, as were rare SNPs with a minor allele frequency of <1%. After filtering, 453 (as well as 1 individual, which was removed due to having >10% missing calls) and 10,153 SNPs were retained for further analysis.




2.7. Genome-Wide Association Study (GWAS)


A GWAS analysis was conducted using the GAPIT v2018.08.18 R package [63,64]. We used the recently developed Bayesian information and Linkage disequilibrium Iteratively Nested Keyway (BLINK) model, which has been shown to produce fewer false positives, identify more true positives and scale very large data sets [63,64,65]. The physical genome positions of the markers were derived from the DArTseq SNP genotype file. Only markers with a physical position on one of the chromosomes and zero missing data were used as inputs to the GWAS analysis. GWAS for PM, SR, and BBR was conducted for disease resistance scoring at the heading and milky-waxy seed stages in 2019 and for maximum scores across all replicates in 2018–2019 based on the fact that, because of drought (temperatures were relatively very high during spring, while precipitation was at a low level), on average, the disease severity observed in the accessions was scored at a low level. In order to show the distribution of SNPs over the chromosome, Manhattan plots were also generated.





3. Results


The collection of 431 accessions evaluated under field conditions for powdery mildew (PM), barley brown rust (BBR), and barley stem rust (SR) was grouped into sub-collections according to cultivation time (group A: old cultivars cultivated prior to 1985, group B: moderate and modern cultivars cultivated after 1985, group C: Polish landrace) and country of origin. In 2018 and 2019, during the field experiments, there was a drought (temperatures were relatively very high during spring and precipitation was at a low level). Therefore, on average, the disease severity observed on the accessions was scored at a low level. However, the range of adult plant resistance (APR) variability to PM, BBR, and SR at both the heading (HA) and milky-waxy (MW) seed growth stages was sufficient to determine marker–trait associations (MTAs) with the investigated traits. Genome-wide associations were conducted for disease resistance scoring at the HA and MW stages in 2019 and for the maximum scores across all the replicates during 2018–2019.



Overall, an analysis of the GWAS for resistance to powdery mildew (PM), stem rust (SR), and barley brown rust (BBR) at the HA and MW stages in 2019 and for maximum scores across all the replicates during 2018–2019 indicate 73 markers associated with these traits. The highest number of significant markers identified was associated with SR resistance (Table 2).



3.1. Phenotypic Assessment of PM, SR, and BBR


The phenotypic data on PM, SR, and BBR severity at the HA and MW stages in 2019 and the MW stage in 2018 are presented in Supplementary File S2 and as summary statistics in Supplementary File S3. The frequency distributions of the barley accessions based on the PM, SR, and BBR resistance scores in both years in the two growth stages are presented in the figures with the normal Gauss frequency distribution models and with the regression analysis models to estimate the relationship between the resistance scores and the frequency index.



3.1.1. Powdery Mildew


In 2019, the average PM severity at the HA stage was scored at 2.1 in a scoring range from 1.0–7.0 with a standard deviation (SD) of 1.16 and a coefficient variation (CV) of 1.35%. At the MW stage, the PM severity was scored at 3.3 within the same range of scores, 1.0–7.0 (SD = 1.50, CV = 2.3%). In 2018, the disease severity at the MW stage was scored at 3.7 (SD = 0.98, CV = 0.96%) within the same range of scores, 1.0–7.0 (Figure 2, Supplementary Files S2 and S3).



On average, in 2019, the genetic variation index of the population at the MW stage (CV = 2.2%) was greater than at the HA stage (CV = 1.2%). The frequency distribution of the barley accessions based on the PM at the HA and MW in 2018 and 2019, along with the regression analysis model estimating the relationship between the PM resistance scores and the frequency index, is presented on the Figure 3.



The ANOVA suggested that the sub-collections differed for the PM resistance; this is shown in Figure 4 (Figure 4(A1). PM at HA stage in 2019: F = 3.1369, p = 0.0002; Figure 4(B1). PM at MW stage in 2019: F = 1.8195, p = 0.0381; Figure 4(C1). PM at MW stage in 2018: F = 2.884, p = 0005).



In general, the accessions belonging to the old cultivars (cultivated prior to 1985) group were more susceptible for PM than the modern cultivars (cultivated after 1985) (Figure 4). The most susceptible accessions originated in the Netherlands, Finland, and Norway (Group VA and VB), and the old accessions originated in France (Group IIIA).



Based on the results obtained in 2019, it was possible to observe positive genetic progress (gain) over time for Groups III and IV at the MW stages.




3.1.2. Barley Stem Rust


On average, the SR severity in the barley accessions was scored at a low level in both years. In 2019, at the HA stage, and in 2018, at the MW stage, symptoms of the disease were observed with a low frequency. At the MW stage, the severity of this disease was scored, on average, at 2.3 on a 1.0–5.0 range, with CV = 0.93% (Figure 5, Supplementary File S3).



The frequency distribution of the spring barley accessions for the stem rust resistance scores during 2018–2019 with the regression analysis model estimating the relationship between SR the resistance scores and the frequency index is presented in Figure 6.



The differences in SR resistance between the sub-collections were significant; this is presented in Figure 7 (Figure 7(A1) at MW stage in 2019: F = 3.8204, p < 0.0001; Figure 7(B1) at MW stage in 2018: F = 3.0235, p < 0.0001). The highest variability at the MW stage was observed for the sub-collection IVB—modern cultivars originating in Great Britain (CV = 1.36%) and the sub-collection VIA—old collections originating in Sweden (CV = 1.36%) (Figure 7, Supplementary File S3).




3.1.3. Barley Brown Rust


On average, the genetic variation index at the MW stage (CV = 1.78% in 2018 and CV = 1.26% in 2019) was higher than at the HA (CV = 1.0% in 2019) (Figure 8, Supplementary File S3).



In 2019, the average severity of BBR at the heading stage showed the highest resistance in both old cultivars (average = 1.6; CV = 0.72%) and modern cultivars (average = 2.1; CV = 1.0%).



Figure 9 presents the frequency distribution of the barley accessions based on BBR at the HA and MW in 2018 and 2019 and the regression analysis models estimating the relationship between the BBR resistance scores and the frequency index.



The summary statistics for the BBR accessions belonging to the sub-collections evaluated during 2018–2019 are presented in Supplementary File S3. The differences between the sub-populations for the BBR and the accession distribution based on the BBR are presented in Figure 10 (Figure 10A1. BBR at HA stage in 2019: F = 7.1146, p < 0.0001; Figure 10B1. BBR at MW stage in 2019: F = 5.829, p < 0.0001; Figure 10C1. BBR at MW stage in 2018: F = 5.107, p < 0.0001). At the MW stage, the cultivars that belonged to group IVA (cultivated prior to 1985 and originating in Great Britain) were scored at 2.1 on average (CV = 1.55%) and group IVB scored at 2.4 on average (CV = 1.14%). Similarly, at the HA stage, the accessions originating in Great Britain were the most resistant (with average disease severity of the IVA group at 1.6 and of the IVB group at 1.8) and the most susceptible were the VA and VB sub-collections from the Netherlands, Finland, and Norway.



At the MW stage, the most susceptible were the accessions from group V: NLD, FIN and group VI: SWE (with average disease severity in a range from 4.1–4.8). On average, the cultivars from the VA sub-collections (cultivated prior to 1985) were more resistant than the modern varieties at the HA and MW stages. The most resistant were the accessions originating in Great Britain (with an average disease severity in the IVA group at 2.1 and in the IVB group at 2.5) and old cultivars and the landraces from Poland (with an average disease severity of 2.8 in both groups). In 2018, the severity of disease at the MW stage scored significantly higher than in 2019 (average = 5.6, range = 1.0–9.0).



In 2018, the most resistant were the modern cultivars from Great Britain (with average disease severity scored at 4.9) and the most susceptible were from the Netherlands, Finland, and Norway (Group V).




3.1.4. Relationship between PM, BBR, and SR


In 2019, the PM severity scored at the HA stage strongly correlated with the PM scored at the MW stage (r = 0.771 ***, p ≤ 0.001) (Table 3). A weaker positive linear relationship between BBR and PM scored at the heading stage in 2019 was observed (r = 0.309 **, p ≤ 0.01). BBR, scored at the milky-waxy stage in 2019, strongly correlated with PM scored at the same stage in 2019 (r = 0.488 ***, p ≤ 0.001). In 2018, a linear relationship between BBR disease severity and SR at the milky-wax stage was observed (r = 0.383 **, p ≤ 0.01).





3.2. GWAS Analysis for Marker Trait Associations


We identified 73 marker–trait associations with the 9 traits investigated. Of these, six markers were significantly associated with multiple traits (Figure 11).



3.2.1. Powdery Mildew GWAS


The GWAS for powdery mildew (PM) resistance identified five marker–trait associations (MTAs) at both the heading stage and when considering the maximal disease score across both growth stages and both years (Table 2 and Table 4, Figure 12). Only one marker (3432490-28-T/C) was shared between these two traits; this resided on 4H.




3.2.2. Barley Brown Rust GWAS


The GWAS for barley brown rust (BBR) resistance identified six MTAs at the 2019 heading stage, one MTA at the 2019 milky-waxy stage and seven MTAs when considering the maximal disease scores across both growth stages and both years (Table 2 and Table 5, Figure 13).




3.2.3. Stem Rust GWAS


The GWAS for stem rust (SR) resistance identified 22 MTAs at the 2019 heading stage, 26 MTAs at the 2019 milky-waxy stage and 1 MTA when considering the maximal disease score across both growth stages and both years (Table 2 and Table 6, Figure 14). One marker (7242068-56-C/G) was shared between the heading and milky-waxy stages.






4. Discussion


This study is a part of a larger effort focused on developing and implementing a national management system for major crop plant genetic resources stored in the Polish Gene Bank, which incorporates phenotypic and genotypic data (https://agrobank.cdr.gov.pl/index.php (accessed on 29 October 2021)). This management system, with data sets for major crops, will facilitate more effective breeding of new cultivars well adapted to changing climate conditions.



There are many examples of the utility of landraces or old cultivars as potential sources of new genes and alleles for crop breeding. In barley, the genetic variability of old cultivars or landraces was not fully exploited at the beginning of modern breeding.



Among barley diseases, the most relevant in Europe, including Poland, as well as Australia, Asia, and the US, are Blumeria graminis f. sp. hordei (Bgh), which causes powdery mildew; Puccinia hordei (Ph), which causes barley brown rust; P. striiformis f. sp. hordei (Psh), which causes stripe rust; and Puccinia graminis f. sp. tritici (Pgt), which causes stem rust. Seedling tests using sets of isolates virulent or avirulent to known resistance genes provide a means to differentiate resistance to such pathogens. However, the use of specific resistance genes in barley quickly results in the selection of virulent races of Rbgh, Rpg, and Rph.



Adult plant resistance (APR) is considered to be potentially more durable for controlling barley disease development and yield losses. This is complicated due to many factors influencing the final yield losses caused by disease. For instance, during the development stage at which infection first occurs, agroclimatic conditions favorable for pathogen development and the plant’s resistance to the infection all play a role. Because of this, there is a need for developing genome-assisted breeding strategies, in parallel with genomic studies, to understand these traits. The most important stages of plant development connected with final yield are the heading and milky-waxy seed stages [66].



In this study, we aimed to determine the markers for a qualitative trait such as APR to PM, BBR, and SR in a collection of 431 accessions covering a large range of origins and years. The accessions were stored as a seed sample at the Polish Gene Bank (National Centre for Plant Genetic Resources—NCPGR) at the Plant Breeding and Acclimatization Institute—National Research Institute (PBAI-NIR).



Like other gene banks, the Polish Gene Bank, not only plays an important role in the conservation of plant genetic resources, but also as a source of new genetic alleles. Gene banks are invaluable sources of genetic material for important traits in breeding programs [40]. Without well curated genetic collections, material stored in gene banks will continue to be underutilized. Therefore, the long-term development plans of traditional gene banks should pivot to becoming biological resource centers and provide access to the wealth of metadata connected with their accessions. This should include phenotypic data (e.g., stress tolerance).



The introgression of new alleles into elite cultivars is performed more simply and effectively with old cultivars and landraces than with wild relatives [17,67,68]. For this reason, old barley cultivars and landraces collected in European countries should be thoroughly mined for new genes [12,69,70].



Based on our study, we found that accessions originating in Northern Europe were more susceptible to PM, SR, and BBR than genotypes originating in other European countries. The genetic gain obtained during breeding programs for PM in the sub-collection originating in Great Britain was the highest. This is consistent with the breeding history in this region, since PM was responsible for significant yield losses during the 1960s and 1970s. This resulted in breeders paying particular attention to this disease in subsequent years.



Previous studies have identified multiple markers associated with powdery mildew resistance on chromosome 7H, which explained 8.9% of the total genetic variance [71]. Other reports have described PM resistance markers on 3H, 4H, and 5H [72] as well as novel major-effect APR genes for PM (Rbgh1, Rbgh3, and Rbgh3) on chromosomes 5HL, 7HS, and 1HS, respectively, in landraces [34]. Our findings suggest that of the five markers associated with the maximum PM disease score, two are on chromosome 2H and may represent novel sources of resistance. APR to PM is very important since the resistance of most high-yielding European spring barley cultivars is determined by mlo [20].



Previous studies have reported markers for BBR resistance on chromosome 5H, which correspond to a region containing the APR gene Rph20 [33,37], on chromosome 2H [37] and the APR-to-BBR resistance gene Rph23, located on chromosome 7HS [38]. We confirmed markers localized on the chromosome 5H and 7H and identified additional markers on chromosome 1H and 3H.



However, symptoms of the SR occurred on the barley plants later than the HA; resistance to this disease is among the most serious problems preventing barley grain yield [73,74,75,76]. Rpg1 is the resistance gene deployed in many barley varieties and provides remarkably durable resistance to most races of this pathogen. The Rpg4 and Rpg5 genes were well characterized [30]. In our study, the frequency of the accessions with disease symptoms at the HA stage was very low, but it was possible to find some markers associated with this disease. This should be confirmed during our next study. Of the 48 markers identified as being associated with SR resistance, 12 were on chromosome 7H, 1 was in the telomeric region of the short arm, and 7 were in the telomeric region of the long arm. Rpg1 was previously mapped to 7HS [76].



This study confirmed that old barley cultivars and landraces are an important source of genetic variation and valuable sources of resistance to biotic stresses, including powdery mildew and rusts [2,23,48,49,50,51,52,53,54]. The method of GWAS with DArT data used in this study was proven to be very efficient at identifying markers of APR to PM, BBR, and SR.



This will help plant breeders to use characterized germplasm for APR to PM, BBR, and SR in their breeding programs.



Moreover, the APR markers identified in this study can be used in combination with major R-genes in the same cultivar or in different cultivars with different R-genes, both in spring and winter barley. APR exerts less selective pressure for pathogens on developing plants than R-gene resistance and it can serve as an additional and important resistance factor in case of the breakdown in effectiveness of specific R-genes. Such diverse deployment of many sources of resistance to both APR and R-genes will result in more durable and efficient genetic control of PM, BBR, and SR [34,76].



Our study provided genotypic and phenotypic information on a diverse set of previously un-characterized Polish Gene Bank accessions. This work was conducted to develop and implement a national management system for crop plant genetic resources as part of the AGROBANK project at the Polish Gene Bank (NCPGR) (https://agrobank.cdr.gov.pl/index.php (accessed on 29 October 2021)). It will play a leading role in incorporating the phenotypic and genotypic data of crop plants of agronomic importance to Polish agriculture and food production, such as wheat and barley (http://dane.agrobank.pcss.pl/jbrowse/ (accessed on 29 October 2021)).




5. Conclusions


Gene banks play an important role in the conservation of plant genetic resources, and are sources of new genetic alleles.



The present study provides new knowledge about the genomic regions associated with barley APR to PM, BBR, and SR and confirmed the observation, in a previous study, that GWAS with DArT data can efficiently indicate markers associated with such traits. This study provides an opportunity to create a gene bank platform containing descriptions of these traits that would be suitable for use in breeding programs and research [44,77,78].



This study suggests that the APR mechanism is influenced by many factors, including the timing and severity of disease outbreaks. For PM resistance, we identified at the marker (3432490-28-T/C) on chromosome 4H at the heading stage. For BBR resistance, we confirmed markers localized on the chromosomes 5H and 7H and identified additional markers on chromosomes 1H and 3H. For SR, we confirmed localization markers on chromosome 7H, where gene Rpg1 has previously been mapped.



The evaluated landraces and old cultivars may offer the added value of use in the preservation of agrobiodiversity through a range of diverse strategies.
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Figure 1. Temperature and precipitation in the fields where the experiment was performed: mean and maximum temperatures and precipitation during plant development stages from heading to physiological maturity in 2018 and 2019. 
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Figure 2. Summary data for powdery mildew (PM) severity on spring barley accessions phenotyped under field conditions in 2018–2019. Average value of disease severity, SD (p ≤ 0.05) and CV (%) at the heading (PM_HA) and the milky-waxy (PM_MW) stages in 2019 and at the milky-waxy (PM_MW) stage in 2018. Disease severity was scored on the 1–9 scale (1 = immune reaction). 
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Figure 3. Frequency distribution of the barley accessions for powdery mildew (PM) resistance scores at heading (HA) and milky-wax (MW) stages in 2019 and MW stage in 2018. Figures (A1), (B1), and (C1) present the normal Gauss frequency distribution. Figures (A2), (B2), and (C2) present regression analysis model to estimate relationship between PM resistance scores and frequency index. Disease severity scored on the 1–9 scale (1 = immune reaction). 
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Figure 4. Powdery mildew (PM) resistance accessions belong to the sub-collections evaluated in 2018–2019 and their frequency distribution for the PM resistance scores. Figures (A1), (B1), and (C1) present the results of the ANOVA (p ≤ 0.05) and the bars represent the SD (p ≤ 0.05). Figures (B1), (B2), and (C2) present the regression analysis model estimating the relationship between the PM resistance scores and the frequency index. The sub-collections (groups) of accessions were created using two criteria: (1) cultivation period and registration of cultivars (group A—cultivated prior to 1985, B—cultivated after 1985 and C—Polish landraces) and (2) country of origin or geographical region: I—POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII: other non-European. 






Figure 4. Powdery mildew (PM) resistance accessions belong to the sub-collections evaluated in 2018–2019 and their frequency distribution for the PM resistance scores. Figures (A1), (B1), and (C1) present the results of the ANOVA (p ≤ 0.05) and the bars represent the SD (p ≤ 0.05). Figures (B1), (B2), and (C2) present the regression analysis model estimating the relationship between the PM resistance scores and the frequency index. The sub-collections (groups) of accessions were created using two criteria: (1) cultivation period and registration of cultivars (group A—cultivated prior to 1985, B—cultivated after 1985 and C—Polish landraces) and (2) country of origin or geographical region: I—POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII: other non-European.



[image: Agronomy 12 00007 g004a][image: Agronomy 12 00007 g004b]







[image: Agronomy 12 00007 g005 550] 





Figure 5. Summary data for stem rust severity in spring barley accessions phenotyped under field conditions in 2018–2019. Average value of disease severity, SD (p ≤ 0.05) and CV (%) at the heading (SR_HA) and milky-waxy (SR_MW) stages in 2019 and at the milky-waxy (SR_MW) stage in 2018. Disease severity was scored on the 1–9 scale (1 = immune reaction). 
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Figure 6. Frequency distribution of the barley accessions for stem rust (SR) resistance scores at milky-wax (MW) stage in 2018 and 2019. Frequency distribution of the barley accessions for SR at MW stage in 2019 Figures (A1) and (A2). Frequency distribution of the barley accessions for SR at MW stage in 2018 Figures (B1) and (B2). Figures (A1) and (B2) present the regression analysis model estimating the relationship between the SR resistance scores and the frequency index. Disease severity was scored on the 1–9 scale (1 = immune reaction). 
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Figure 7. Stem rust (SR) resistance accessions belong to the sub-collections evaluated in 2018–2019 and their frequency distribution for the SR resistance scores. Figures (A1) and (B1) present the results of the ANOVA SD (p ≤ 0.05) and the bars represent SD (p ≤ 0.05). Figures (B1) and (B2) show the regression analysis model estimating the relationship between the SR resistance scores and the frequency index. The sub-collections (groups) of accessions were created using two criteria: (1) cultivation period and registration of cultivars (group A—cultivated prior to 1985, B—cultivated after 1985 and C—Polish landraces) and (2) country of origin or geographical region: I—POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI SWE; VII: other non-European. 
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Figure 8. Summary data for barley brown rust severity on spring barley accessions phenotyped under field conditions during 2018–2019. Average values of disease severity, SD (p ≤ 0.05) and CV (%) at the heading (BBR_HA) and the milky-waxy (BBR_MW) stages in 2019 and at the milky-waxy (BBR_MW) stage in 2018. Disease severity was scored on the 1–9 scale (1 = immune reaction). 
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Figure 9. Frequency distribution of the barley accessions for the barley brown rust (BBR) resistance scores at the heading (HA) and milky-wax (MW) stages in 2019 and MW stage in 2018. Figures (A1), (B1), and (C1) present the normal Gauss frequency distribution. Figures (A2), (B2), and (C2) present regression analysis model to estimate relationship between the BBR resistance scores and the frequency index. Disease severity scored on the 1–9 scale (1 = immune reaction). 
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Figure 10. Barley brown rust (BBR) resistance accessions belong to the sub-collections evaluated in 2018–2019 and their frequency distribution for the BBR resistance scores. Figures (A1), (B1), and (C1) present the results of the ANOVA (p ≤ 0.05)) and the bars represent SD (p ≤ 0.05). Figures (B1), (B2), and (C2) show the regression analysis model estimating the relationship between the BBR resistance scores and the frequency index. The sub-collections (groups) of accessions were created using two criteria: (1) cultivation period and registration of cultivars (group A—cultivated prior 1985, B—cultivated after 1985 and C—Polish landraces) and (2) country of origin or geographical region: I—POL; II: CSK, DEU, DNK, AUT; III: FRA; IV: GBR, IRL; V: NLD, FIN, NOR; VI: SWE; VII: other non-European. 
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Figure 11. UpSet plot showing the number of marker–trait associations (MTAs) identified via GWAS. Markers identified as significant for more than one trait are shown as intersects between sets. 
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Figure 12. Single-nucleotide polymorphism (SNP) significantly associated with powdery mildew (PM) resistance in barley identified by genome-wide association study (GWAS) with BLINK model. Manhattan plot and quantile–quantile plot for 2019 heading stage Figures (A1) and (A2); Manhattan plot and quantile–quantile plot for maximum disease scores across both growth stages and years Figures (B1) and (B2). 
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Figure 13. Single-nucleotide polymorphism (SNP) significantly associated with barley brown rust (BBR) resistance in barley identified by genome-wide association study (GWAS) with BLINK model. Manhattan plot and quantile–quantile plot for 2019 heading stage Figures (A1) and (A2); Manhattan plot and quantile–quantile plot for 2019 milky-waxy stage Figures (B1) and (B2); Manhattan plot and quantile–quantile plot for maximum disease scores across both growth stages and years Figures (C1) and (C2). 
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Figure 14. Single-nucleotide polymorphism (SNP) significantly associated with stem rust (SR) resistance in barley identified by genome-wide association study (GWAS) with BLINK model. Manhattan plot and quantile–quantile plot for 2019 heading stage Figures (A1) and (A2); Manhattan plot and quantile–quantile plot for 2019 milky-waxy stage Figures (B1) and (B2); Manhattan plot and quantile–quantile plot for maximum disease scores across both growth stages and years Figures (C1) and (C1). 






Figure 14. Single-nucleotide polymorphism (SNP) significantly associated with stem rust (SR) resistance in barley identified by genome-wide association study (GWAS) with BLINK model. Manhattan plot and quantile–quantile plot for 2019 heading stage Figures (A1) and (A2); Manhattan plot and quantile–quantile plot for 2019 milky-waxy stage Figures (B1) and (B2); Manhattan plot and quantile–quantile plot for maximum disease scores across both growth stages and years Figures (C1) and (C1).



[image: Agronomy 12 00007 g014]







[image: Table] 





Table 1. Number of accessions per sub-collection and groupings. Group A corresponds to old cultivars cultivated prior to 1985, group B corresponds to moderate and modern cultivars cultivated after 1985, and group C corresponds to Polish landraces.
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Sub-Collection

	
Country of Origin

	
Group

	
Germplasm Numbers (n)






	
Polish

	
POL

	
I

	
A

	
51




	
B

	
49




	
C

	
37




	
West-Central European

	
CSK, DEU, DNK, AUT

	
II

	
A

	
91




	
B

	
59




	
French

	
FRA

	
III

	
A

	
14




	
B

	
21




	
Great British

	
GBR, IRL

	
IV

	
A

	
22




	
B

	
8




	
Other European countries

	
NLD, FIN, NOR

	
V

	
A

	
16




	
B

	
15




	
Swedish

	
SWE

	
VI

	
A

	
12




	
B

	
26




	

	
Other non-European countries

	
VII

	

	
10




	

	

	
Total

	

	
431











[image: Table] 





Table 2. Summary of the number of significant (false discovery rate adjusted to ≤0.05) marker–trait associations per chromosome per trait.
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Chromosome

	
Powdery Mildew (PM)

	
Stem Rust (SR)

	
Barley Brown Rust (BBR)




	
2019

	
Maximum Scores Across All Replicates 2018–2019

	
2019

	
Maximum Scores Across All Replicates 2018–2019

	
2019

	
Maximum Scores Across All Replicates 2018–2019




	
Heading Stage (HA)

	
Milky-Waxy Stage (MW)

	
Heading Stage (HA)

	
Milky-Waxy Stage (MW)

	
Heading Stage (HA)

	
Milky-Waxy Stage (MW)






	
1H

	
2

	
0

	
0

	
2

	
6

	
0

	
2

	
0

	
0




	
2H

	
0

	
0

	
2

	
5

	
4

	
0

	
1

	
0

	
1




	
3H

	
1

	
0

	
1

	
2

	
0

	
0

	
0

	
0

	
3




	
4H

	
1

	
0

	
1

	
4

	
1

	
0

	
0

	
0

	
0




	
5H

	
1

	
0

	
0

	
3

	
3

	
0

	
2

	
0

	
1




	
6H

	
0

	
0

	
1

	
3

	
3

	
0

	
0

	
1

	
0




	
7H

	
0

	
0

	
0

	
3

	
9

	
1

	
1

	
0

	
2




	
Total

	
5

	
0

	
5

	
22

	
26

	
1

	
6

	
1

	
7
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Table 3. Pearson correlation coefficients between resistance to powdery mildew, barley brown rust, and stem rust at heading (HA) and milky-waxy (MW) seed stages.
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Disease

	
Year

	
Growth Stage

	
Powdery Mildew (PM)

	
Barley Brown Rust (BBR)

	
Stem Rust (SR)




	
2019

	
2018

	
2019

	
2018

	
2019




	
HA

	
MW

	
MW

	
HA

	
MW

	
MW

	
HA

	
MW






	
Powdery mildew (PM)

	
2019

	
HA

	
1.000

	

	

	

	

	

	

	




	
MW

	
0.771 ***

	
1.000

	

	

	

	

	

	




	
2018

	
MW

	
0.315 **

	
0.186 *

	
1.000

	

	

	

	

	




	
Barley brown rust (BBR)

	
2019

	
HA

	
0.309 **

	
0.194 *

	
0.149 *

	
1.000

	

	

	

	




	
MW

	
0.215 **

	
0.123 *

	
0.089

	
0.695 ***

	
1.000

	

	

	




	
2018

	
MW

	
0.144 *

	
0.050

	
0.488 ***

	
0.329 **

	
0.122 *

	
1.000

	

	




	
Stem rust (SR)

	
2019

	
HA

	
0.174*

	
0.126 *

	
0.022

	
0.166 *

	
0.133 *

	
0.054

	
1.000

	




	
MW

	
0.174 *

	
0.092

	
−0.012

	
0.277 **

	
0.231 **

	
−0.012

	
0.074

	
1.000




	
2018

	
MW

	
0.100 *

	
0.036

	
0.347 ***

	
0.227 **

	
0.174 *

	
0.383 ***

	
0.062

	
−0.019








*, **, *** significance at the level 5%, p ≤ 0.05, 1%, p ≤ 0.01 and 0.1%, p ≤ 0.001, respectively.













[image: Table] 





Table 4. Significant marker–trait associations (MTAs) for resistance to powdery mildew (PM) at heading stage (PM_HA) and maximum disease scores across all replicates 2018–2019.
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	Trait
	SNP ID
	Chromosome
	Alleles
	SNP Physical Localization
	p-Value
	FDR_Adjusted_p-Values





	PM-HA
	3911365-45
	1H
	G/A
	368985776
	<0.0001
	0.0698



	PM-HA
	3262583-22
	1H
	A/C
	519071852
	0.7863
	0.9757



	PM-HA
	3259998-68
	3H
	G/C
	17670801
	0.0114
	0.6563



	PM-HA
	3432490-28
	4H
	T/C
	627441392
	0.3438
	0.8421



	PM-HA
	4169584-26
	5H
	G/T
	650318560
	0.0362
	0.6563



	PM
	6278248-38
	2H
	T/C
	706966122
	<0.0001
	<0.0001



	PM
	3255391-29
	3H
	G/A
	611444890
	<0.0001
	<0.0001



	PM
	3432490-28
	4H
	T/C
	627441392
	<0.0001
	<0.0001



	PM
	6270346-59
	6H
	C/G
	352566440
	0.0826
	0.7632



	PM
	3254946-37
	2H
	C/T
	69199631
	0.2554
	0.9025










[image: Table] 





Table 5. Significant marker–trait associations (MTAs) for resistance to BBR MW seeds stage and maximum disease scored across all replicates 2018–2019.
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	Trait
	SNP ID
	Chromosome
	Alleles
	SNP Physical Localization
	p-Value
	FDR_Adjusted_p-Value





	BBR-MW
	3432368-45
	6H
	A/G
	541093516
	<0.0001
	<0.0001



	BBR
	3254780-21
	2H
	C/T
	745071336
	0.2754
	0.7942



	BBR
	3255391-29
	3H
	G/A
	611444890
	0.5133
	0.9340



	BBR
	3398205-7
	3H
	A/G
	611554417
	0.5133
	0.9340



	BBR
	3432906-23
	3H
	T/G
	173445890
	0.1095
	0.7760



	BBR
	3256738-34
	5H
	A/G
	371708131
	0.4108
	0.8968



	BBR
	3919209-42
	7H
	G/C
	632737838
	0.3551
	0.8500



	BBR
	5260969-17
	7H
	T/G
	638276193
	0.6841
	0.9699
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Table 6. Significant marker–trait associations (MTAs) for resistance to stem rust (SR) at heading, (HA) milky-wax (MW) seed stage and maximum disease scored across all replicates 2018–2019.
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	Trait
	SNP ID
	Chromosome
	Alleles
	SNP Physical Localization
	p-Value
	FDR_Adjusted_p-Value





	SR-HA
	3916722-6
	1H
	G/A
	443692735
	<0.0001
	<0.0001



	SR-HA
	7242068-56
	1H
	C/G
	54281150
	<0.0001
	<0.0001



	SR-HA
	3257827-54
	2H
	A/G
	612548328
	<0.0001
	<0.0001



	SR-HA
	3254861-28
	2H
	T/G
	672603288
	<0.0001
	<0.0001



	SR-HA
	3920041-34
	3H
	G/A
	553941251
	<0.0001
	<0.0001



	SR-HA
	3920041-34
	3H
	G/A
	553941251
	<0.0001
	<0.0001



	SR-HA
	100017008-29
	3H
	T/G
	236509272
	<0.0001
	<0.0001



	SR-HA
	3260326-22
	5H
	C/T
	584321761
	<0.0001
	<0.0001



	SR-HA
	3911523-28
	5H
	G/A
	582296115
	<0.0001
	<0.0001



	SR-HA
	3926286-9
	6H
	T/C
	582688589
	<0.0001
	<0.0001



	SR-HA
	8658544-48
	6H
	C/A
	19549390
	<0.0001
	<0.0001



	SR-HA
	3665999-27
	6H
	G/A
	89415341
	0.0018
	0.2114



	SR-HA
	6437148-27
	7H
	G/C
	625898188
	0.9998
	1.0000



	SR-HA
	7242117-49
	7H
	G/T
	576216690
	<0.0001
	0.0086



	SR-MW
	3911365-45
	1H
	G/A
	368985776
	<0.0001
	0.0059



	SR-MW
	3924215-36
	1H
	C/T
	368983947
	0.0001
	0.0157



	SR-MW
	3255467-46
	1H
	A/G
	361648993
	0.0001
	0.0200



	SR-MW
	6429360-14
	1H
	C/T
	361649059
	0.0001
	0.0200



	SR-MW
	4007106-27
	1H
	T/A
	87353500
	0.0001
	0.0269



	SR-MW
	7242068-56
	1H
	C/G
	54281150
	0.0003
	0.0462



	SR-MW
	3256098-57
	2H
	A/G
	724576571
	0.0002
	0.0300



	SR-MW
	4329845-19
	2H
	G/C
	724652573
	0.0002
	0.0344



	SR-MW
	3256445-31
	2H
	G/T
	651160368
	0.0002
	0.0398



	SR-MW
	3255089-30
	2H
	G/C
	760930749
	0.0003
	0.0462



	SR-MW
	3924288-41
	4H
	A/G
	36945544
	0.0001
	0.0160



	SR-MW
	14350408-63
	5H
	T/C
	453639849
	0.0001
	0.0183



	SR-MW
	3254700-12
	5H
	C/G
	622959955
	0.0002
	0.0360



	SR-MW
	3398368-6
	5H
	C/G
	623060574
	0.0003
	0.0398



	SR-MW
	7244989-23
	6H
	G/A
	56338324
	<0.0001
	0.0115



	SR-MW
	3261100-7
	6H
	G/A
	549171429
	0.0001
	0.0200



	SR-MW
	4790439-14
	6H
	C/G
	548288936
	0.0002
	0.0360



	SR-MW
	3925588-20
	7H
	T/G
	472163680
	<0.0001
	0.0049



	SR-MW
	4792770-43
	7H
	A/G
	384858359
	<0.0001
	0.0049



	SR-MW
	3918497-64
	7H
	A/G
	552832603
	<0.0001
	0.0049



	SR-MW
	3920255-11
	7H
	G/A
	553641369
	<0.0001
	0.0049



	SR-MW
	6277097-23
	7H
	C/G
	555109356
	<0.0001
	0.0049



	SR-MW
	3432458-59
	7H
	T/C
	357545360
	<0.0001
	0.0049



	SR-MW
	5258884-14
	7H
	G/T
	372119583
	<0.0001
	0.0049



	SR-MW
	13142583-10
	7H
	G/A
	556433100
	<0.0001
	0.0049



	SR-MW
	3258004-51
	7H
	T/C
	606094789
	0.0003
	0.0445



	SR
	3918497-64
	7H
	A/G
	552832603
	<0.0001
	0.0049
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