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Glossary and Definitions 
 
AM  Association Mapping 
Bgt  Blumeria graminis f.sp. tritici 
CDS  Coding sequence 
CS  Wheat cultivar Chinese Spring 
FMMs  functional molecular markers 
gDNA  Genomic DNA 
GWAS  Genome-wide association studies 
IWGSC International Wheat Genome Sequencing Consortium 
MAF  Minor allele frequency 
MITE  Miniature inverted-repeat transposable elements 
NLR  Nucleotide-binding, leucine-rich repeat receptor 
PCR  Polymerase chain reaction 
Pm  Powdery mildew 
Sn  Stagonospora nodorum 
SNP  Single nucleotide polymorphism 
UZH   University of Zürich 
TE  Transposable element 
Vcf  Variant call format 
Wtk  Wheat tandem kinase 
WEW  Wild emmer wheat  
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Summary 
 
Objectives: Allele mining is a promising approach to dissect naturally occurring allelic 
variants of genes known for their involvement in resistance to biotic and abiotic stresses, or 
to provide valuable information on candidate genes for the same traits. The main aim of this 
task was to perform an allele mining for the wheat accessions of the Whealbi germplasm at 
two powdery mildew resistance loci (Pm2, Pm3), a Stagonospora susceptibility gene (Snn1) 
and an ortholog of a rice durable resistance gene (Xa21-like). We also searched for new 
major genes conferring race-specific resistance to powdery mildew using a GWAS approach 
and the SNP information based on the exome sequencing data. Finally, the allelic diversity 
was studied for the recently discovered Yr15 stripe rust resistance gene and for genes which 
are possibly involved in Fusarium head blight resistance. 
 
Rationale: The allele mining work was done using the CDS of resistance genes previously 
published and (partially) included in the exome capture array. From the .vcf files 
encapsulating all the variants, fasta files containing the sequence of all the accessions for a 
given locus were generated, aligned using muscle and further analysed. On the other hand, 
phenotyping results of 446 wheat accessions in response to four Blumeria graminis f. sp. 
graminis (Bgt) isolates reported in D3.4 were the basis of the GWAS-based discovery on 
new genes conferring resistance to powdery mildew. To identify candidate NLR genes, the 
genomic regions around the most significant SNP call for each association signal were 
screened for full-length NLR type genes using InterProScan. Further haplotyping analysis 
and PCR-based sequencing of susceptible and resistant wheat accessions unrevealed a 
new allele for the Pm2 gene gene and the discovery of a candidate gene that did not overlap 
with documented NLR genes conferring resistance to powdery mildew. One of the promising 
broad-spectrum Pst resistance genes is Yr15 that originated from WEW accession G25 
(G25) (Gerechter-Amitai et al. 1989). Yr15 was shown to be effective against more than 3000 
genetically and geographically diverse Pst isolates (Wan et al. 2017). Following inter-specific 
hybridization, Yr15 was transferred into spring wheat (T. aestivum) cultivars that are widely 
grown in the western United States, (Wan et al. 2017), but not much is known about its use 
in breeding programs in other countries. Therefore, the allelic variation of Yr15 functional and 
non-functional alleles was studied in the wide collection of the Whealbi collection, including 
461 lines and genotypes. Furthermore, the allelic diversity for genes involved in Fusarium 
head blight resistance was studied. 
 

Summary and Outcome: The fragmented nature and incomplete exome sequence 
capture chip allowed partial identification of the molecular diversity in the Whealbi wheat 
collection at the selected resistance loci. High diversity was found for Pm3 and Pm2 powdery 
mildew resistance genes and novel variants which are potentially active resistance alleles 
were discovered. For the Stagonospora susceptibility gene Snn1 as well as the wheat 
homolog of the durable rice resistance gene Xa-21 only very limited genetic diversity was 
found in the Whealbi wheat germplasm. The screening of the 461 genotypes by co-dominant 
gene-specific FMM markers for the Yr15 stripe rust resistance gene revealed that all of them 
contained the wtk1 non-functional allele, demonstrating the value of wild emmer wheat 
genetic resources. Genome-wide association studies (GWAS) for seedling resistance against 
the fungal pathogen powdery mildew revealed genetic loci in Whealbi lines. This allowed us 
to identify a large number of lines that carry the Pm2 resistance gene, a surprising result, as 
it was not known that Pm2 and allelic variants thereof are widespread in European wheat 
breeding programmes. Furthermore, a new genetic locus conferring resistance to powdery 
mildew identified and mapped at high resolution using GWAS. A candidate gene for this 
novel resistance was identified based on the newly available IWGSC reference genome 
sequence and is currently undergoing validation studies using functional assays. 

 
Teams involved: UZH, HU, INRA 
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1. Allele mining of key resistance loci in wild and bread 

wheat 

1.1 Material and Methods 
 
508 wild and bread wheat accessions were sequenced using an exome capture array 
(WP1/WP2). Single nucleotide polymorphisms were called using the IWGSC Chinese Spring 
(CS) genome (IWGSCv1.0) as reference (WP2) and were provided in a .vcf file. Due to the 
time of the design of the array more than 5 years ago, not all target genes were completely 
present on the array. Gene annotations of the IWGSCv1.0 have become available 
(Taes_HC_2017.gff3) after the release of the wheat reference genome sequence of cultivar 
Chinese Spring by the International Wheat Genome Sequencing Consortium. The approach 
used for allele mining can be summarized as follows:  
1) Download sequence of resistance gene (and of known alleles if possible) from NCBI.  
2) Test if the gene can be found within the IWGSCv1.0 reference genome.  
3) Test if the gene was part of the exome capture array. If not, no variants are present in the 
data.  
4) Extract the variants of the gene from the .vcf file.  
5) Construct a .gff file for the gene, based on the IWGSCv1.0 genome coordinates.  
6) To get a first impression of the influence of variations on the haplotypes, we run snpEff 
(http://dx.doi.org/10.4161/fly.19695) to annotate and predict the effects of the variants. 
Please note: snpEff results may be misleading, since snpEff considers only one variation at a 
time. For example, a variations reported to be a ‘stop gained’ variant, may have further 
variations in the same codon. Taken all variations of such a codon together, it is possible that 
it does not code for a stop codon. snpEff results should be handled carefully.  
7) Create a fasta file containing the sequence of all WHEALBI accessions at the given gene 
locus according to the vcf and the sequences of all known alleles.  
8) Run a multiple sequence alignment (MSA) using muscle 
(https://doi.org/10.1093/nar/gkh340, https://doi.org/10.1186/1471-2105-5-113).  
9) Analysis of the results. 

1.2 Results 

1.2.1 The wheat Pm3 powdery mildew resistance gene 

Pm3CS is an NLR encoding gene on chromosome 1AS. It represent the susceptible allele of 
the Pm3 allelic series of powdery mildew resistance gene in the wheat germplasm. It is 
present in the cultivar Chinese Spring (CS) for which also the reference genome was 
established (IWGSCv1.0). All mildew isolates tested so far have been virulent on Chinese 
Spring, demonstrating the susceptible nature of Pm3CS. Using blastn, the downloaded Pm3 
CDS sequence from NCBI returned two hits on chromosome 1A, the two exons of Pm3 from 
bp 4,497,769 to 4,501,924 and from bp 4,502,120 to 4,502,210. In total, 122 variants in the 
vcf file were found on chromosome 1A from 4,497,861 to 4,502,213. Additional variants 
before and after those two positions were outside of the gene and too far away (c.a. > 200 
Kbps), and hence, were not included in the analysis. The variant at position 4,502,213 is 
downstream of the gene and was not used in the allele mining (it was found in one Triticum 
durum accession; with exception of one cultivar, all remaining accessions have missing data 
at that variant position). In total, 61 Whealbi accessions showed variants to known Pm3 
alleles at 56 sequence positions.  

 

 

http://snpeff.sourceforge.net/
https://doi.org/10.1186/1471-2105-5-113
https://www.ncbi.nlm.nih.gov/nuccore/DQ251490.1
https://www.ncbi.nlm.nih.gov/nuccore/DQ251490.1
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1.2.2 The wheat Pm2 powdery mildew resistance gene 

Pm2 is a powdery mildew resistance gene on chromosome 5D. There is now functional Pm2 
gene in cultivar Chinese Spring and two pseudogenes are present at the Pm2 locus. 
Therefore, there is only an incomplete gene in the reference genome. Also the sequence 
capture array did not contain a complete gene. The two pseudogenes in cultivar Chinese 
Spring have a seven bp deletion compared to the resistant allele Pm2. In the first 
pseudogene the 7bp deletion leads to an early stop codon. The second pseudogene is in 
frame with the resistant Pm2 after the 7bp deletion. A part of the second pseudogene was 
present on the exome capture array. Therefore, we only considered the allelic diversity of a 
truncated version of the Pm2 gene. 
 

 
Figure 1. Alignment of the resistant allele of the Pm2 gene with two pseudo-genes of Chinese Spring 

(TraesCS2D01D01G044600.1 and Traes_5ds_3589CEE81.2.mrna) with the 7bp insertion that is 

characteristic for the resistant version of Pm2.  

 

 
442 Whealbi accessions containing the D sub-genome were considered for the analysis. 258 
accessions had a stop codon at position 43,408,812, resulting in the truncated protein form 
also found in cultivar Chinese Spring (177 accessions have missing data). From the rest of 
the collection, 52 accessions probably carry Pm2. Two wild wheat accessions possibly carry 
new Pm2 alleles, both of them are from the species Ae. tauschii. The remaining 50 
accessions do not show further variations compared to the resistant Pm2 gene and can 
therefore not be considered as new Pm2 alleles. Nevertheless, since there are many missing 
data points, re-sequencing of those accessions may result in new Pm2 alleles. Please note 
that many variations occur in accessions that have an early stop codon at position 1051. It is 
likely that accessions with many reported variations after bp 1051 that have missing data at 
the early stop codon position 1051 have in fact the SNP leading to an early stop at position 
2051. 

1.2.3 Snn1 

The wheat pathogen Stagonospora nodorum produces multiple necrotrophic effectors (also 
called host-selective toxins) that promote disease by interacting with corresponding host 
sensitivity gene products. SnTox1 was the first necrotrophic effector identified in S. nodorum, 
and was shown to induce necrosis on wheat lines carrying the susceptibility gene Snn1, 
located on chromosome 1B. 447 accessions with the B sub-genome were considered in our 
allele-mining approach. In total, four sequence variants (one intron variant and three 
synonymous variants) were found in the Snn1 coding sequence region for those accessions. 
One accession contains a synonymous variation that was not known before. Thus, the 
Whealbi germplasm contains minimal diversity in this gene as far as it can be deduced from 
the exome captured sequences.  

1.2.4 Xa21-like1 wheat homolog of the durable Xa21 gene in rice 

There are two homologs of the rice resistance gene Xa21 in wheat, Xa21-like1 and Xa21-
like2. Xa21-like1 is located on chromosome 4D from bp 503,785,960 to 503,789,191 while 
for Xa21-like2 there were no variants reported in the vcf file. 442 accessions with the D sub-
genome were considered for the analysis. In total two variants (a synonymous variant in two 
accessions and a non-synonymous variant in another accession) were found in the Xa21-
like1 region for those accessions. Thus, the Whealbi germplasm contains minimal diversity in 
this gene as far as it can be deduced from the exome captured sequences. 
 

https://www.ebi.ac.uk/ena/data/view/CZT14023&display=fasta
https://www.ncbi.nlm.nih.gov/nuccore/KP085710.1
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2. Identification of new race-specific resistance genes to 
powdery mildew 

2.1 Material and Methods 

2.1.1 Association analysis and Sanger-based sequencing allele mining 

Association Mapping (AM) for loci contributing to resistance to powdery mildew was 
performed using ~ 22,000 high confident SNPs (minor allele frequency (MAF) of < 5% and 
less than 20% of missing data) and a compressed mixed linear model implemented in the R 
package GAPIT. The significance threshold was set to 0.05, and the Bonferroni correction 
was applied to p-values of association tests in order to account for multiple testing. This is a 
cautious approach, since it assumes independence of all comparisons made. Indeed, it may 
be overly conservative especially in the presence of extensive LD, which leads to 
neighbouring markers being inherited together in a non-independent manner. Here, we 
decided to prioritize the reliability and reproducibility of obtained results over the sensitivity of 
the analysis. To identify candidate NLR genes, a genomic region of ~ 0.5Mb around the most 
significant SNP call for each association signal was defined. Afterwards, all open reading 
frames that potentially encoded proteins falling into those genomic regions were screened for 
NLR domains using InterProScan in search of full-length NLR type of genes.  

2.2 Results 

2.2.1 Identification of novel sources of race-specific resistance to wheat 
powdery mildew 

Using four different powdery mildew isolates, the GWAS approach identified two genomic 
regions in chromosomes 1D and 5D associated with powdery mildew resistance at seedling 
stage (Figure 2). 
 

 
Figure 2. Manhattan plots for GWAS of powdery mildew resistance in the Whealbi collection.  
 
The significant association of SNPs in the long arm of chromosome 1D did not overlap with 
documented R genes conferring race-specific resistance to powdery mildew. One predicted 
NLR gene in very close proximity to the peak signal in the GWAS showed a high association 
between the haplotypes and the phenotypes. Sanger sequencing of 25 potential donor lines 
identified by exom SNP analysis which were phenotypically resistant to the Bgt98230 isolate 
all contained an identical NLR gene, which is 4,623 bp in length and it is structured in three 
exons. This candidate gene has seven SNPs at gDNA level compared to the Chinese Spring 
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gene version. At the protein level, those SNPs led to three amino acid changes. Full-length 
gene amplification and sequencing of the same gene derived from 12 susceptible lines to the 
Bgt98230 isolate unraveled the presence of the CS variant. This provides further evidence 
for the hypothesis that the allele of this gene in the identified donor lines confers powdery 
mildew resistance. The functional validation through VIGS and particle bombardment will be 
done in the near future. 

2.2.2 Identification of a novel allele of the wheat powdery mildew 
resistance gene Pm2  

In the wheat Whealbi germplasm, strong associations were found for SNPs linked with the 
recently cloned Pm2 gene in chromosome 5D. Further haplotyping analysis, long-range PCR 
amplification and sequencing of the complete Pm2 coding region for the accessions showing 
the characteristic polymorphism for Pm2 revealed a novel allelic form of the gene, 
temporarily named Pm2j. The Pm2j allele recognizes the AvrPm2 gene of the powdery 
mildew pathogen in the heterologous, transient gene expression system based on 
Agrobacterium infiltration of Nicotiana benthamiana. This demonstrates the biological 
functionality of this novel allele (Figure 3).  
 
 

 
Figure 3 Functional validation of the AvrPm2-Pm2j interaction by agroinfiltration in Nicotiana 

benthamiana. The agroinfiltration assays demonstrate induction of HR upon specific of AvrPm2 by Pm2j (Top 

left). Pm2j was also co-expressed with GUS as control showing that Pm2j alone does not induce HR (top 

right). As a positive control, AvrPm2 was co-expressed with Pm2a (bottom).  

 

3. Allelic variation of the yellow rust Yr15 resistance gene 
in wheat 

The recent cloning of Yr15 revealed that it encodes a protein with kinase (KinI) and 
pseudokinase (KinII) domains arranged in tandem, designated as Wheat Tandem Kinase 1 
(WTK1) (Klymiuk et al. 2018). The unique protein architecture of Yr15 was found to be 
prevalent across the whole plant kingdom, leading to the discovery of a novel protein family 
designated as tandem kinase-pseudokinases (TKPs) (Klymiuk et al. 2018). Non-functional 
alleles from chromosome 1B (wtk1), as well as homoeologs and paralogs of WTK1 were 
found on group 1 and group 6 chromosomes of bread wheat (T. aestivum) and WEW 
genomes (Klymiuk et al. 2018a). The non-functional alleles (wtk1) from T. aestivum Chinese 
Spring (CS; Appels et al. 2018) and T. dicoccoides, Zavitan (ZV; Avni et al. 2017) differ from 
the functional allele (Wtk1) by insertions of a 2.5 kb Veju transposable element (TE) in intron 
1, and a 2.4 kb Harbinger TE in intron 3. CS wtk1 allele also contained a 150 bp MITE in 
intron 3. The screening of a set of durum and common wheat by dominant gene-specific 
markers uncovered the presence of Wtk1 allele only in Yr15 introgression lines, while all the 
rest contained wtk1 allele. A screening of WEW populations from the entire Fertile Crescent 
showed that most of them carry wtk1 and only 18% of the accessions contained Wtk1 
(Klymiuk et al. 2018). 
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3.1 Methods and Results 
 
SNPs that can differentiate between Wtk1 and wtk1 alleles were detected based on multiple 
alignments of the selected DNA sequences, carried out with BioEdit v7.0.5, and used for the 
development of KASP FMMs. The allelic variation of the functional and non-functional alleles 
of Yr15 were studied in the Whealbi collection, including 461 lines of T. aestivum T. durum T. 
spelta, T. sphaerococcum, T. dicoccon, T. timopheevii, T. zhukovskyi, T. monococcum of 
cultivated wheat species and 16 genotypes of wild wheat relatives, such as T. araraticum, T. 
urartu, T. boeoticum, Ageilops speltoides, A. tauschii. The StepOne Plus Real-Time PCR 
system (Applied Biosystems, Carlsbad, CA, USA) was used for Yr15 allele detection 
(Klymiuk et al. 2019). The screening of the 461 genotypes by co-dominant gene-specific 
FMM markers revealed that all of them contained the wtk1 non-functional allele. 

 

4. Allele mining for FHB resistance genes 
Our aim was to identify at least 100 candidate genes involved in resistance against Fusarium 
head blight (FHB). First, we identified 10 genes from the literature (Table 1). Only genes 
functionally validated were selected. Among others, this includes transcriptional factors such 
as WRKY genes (Bahrini et al., 2011; Kage et al., 2017a), a lipoxygenase (Nalam et al., 
2015) and an ABC transporter (Walter et al., 2015). Then, we used proteomic data obtained 
from a time-course infection (four early time points, from 24hpi to 96hpi) of the susceptible 
French cultivar Recital by F. graminearum (data under submission). Among the 4977 
quantified proteins, 249 showed a significant change in abundance. They were selected for 
SNP identification. Finally, thanks to another project, we phenotyped the TILLING population 
derived from the hexaploid wheat cultivar Cadenza after spray-inoculation with F. 
graminearum. While the vast majority of families behaved as Cadenza, we observed 59 
families that were either more susceptible or more resistant compared to the parental line. 
We hypothesized that resistance or susceptibility genes against FHB were mutated in these 
families. Therefore, we used the online database of mutations (http://www.wheat-tilling.com) 
to identify genes carrying nonsense mutations in either all resistant families or in all 
susceptible families. A total of eleven genes were identified. These three different 
approaches led us to gather a set of 270 genes potentially involved in wheat resistance or 
susceptibility against FHB. 
Using a BLAST search against the RefSeqv1.0, we identified the physical positions of all 
these genes. We then extracted all SNP present in these intervals and identified with the 
wheat exome capture performed in WP1. A total of 264 SNP were identified on 49 genes. 
Unfortunately, none of this SNP were shown to be significantly associated with the 19 QTL 
associated with FHB related traits in WP2. 

 
Table 1: List of genes involved in resistance against FHB from the literature 

Gene names References 

Methionyl-tRNA synthetase (Zuo et al., 2016) 

TaFROG (Perochon et al., 2015) 

ABC transporter (Walter et al., 2015) 

9-lipoxygenases (Nalam et al., 2015) 

Xylanase inhibitor TAXI-III (Moscetti et al., 2013) 

TaLTP5 (Zhu et al., 2012) 

TaWRKY45 (Bahrini et al., 2011) 

TaACT (Kage et al., 2017b) 

TaWRKY70 (Kage et al., 2017a) 

UGT (PhD Miriam Gatti) 
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Conclusion 
 
For several resistance loci, we identified new haplotypes compared to known 
genotypes/alleles. The determination of a final number of different haplotypes in the Whealbi 
germplasm was mostly not possible due to missing and incomplete sequence data in the 
datasat. We describe all the identified novel haplotypes and established a list of haplotypes 
with differences to the reference allele(s). Missing data were not considered as difference. 
Imputation of missing data could result in loosing interesting genotypes for allele mining and 
was not appropriate for our research questions. Therefore, missing data were not imputed. 
Reduction of missing data points by re-sequencing the data at key loci using for example 
Sanger sequencing is a possible solution towards identification of all different haplotypes. 
Nevertheless, the identification and validation of a new functional allele of the Pm2 gene and 
the finding of a candidate NLR gene in chromosome 1D demonstrates the power of GWAS 
for the rapid identification of major genes conferring resistance to powdery mildew using 
“ready-to-use” germplasm collections genotyped by exome capture sequencing technologies. 
However, this approach to find novel resistance genes entirely depends on the presence of 
the susceptible allele of the gene of interest in the exome capture array. Another limiting 
aspect is the chose minor allele frequency threshold of 5%. Clearly, some resistance genes 
are possibly rare in the germplasm studied, excluding them from GWAS identification. 
  
The data obtained in this study demonstrates the importance of WEW as a unique and 
valuable source for yellow rust resistance genes, which were left behind during early events 
of domestication. The absence of the WTK1 functional allele in all of the tested WHEALBI 
collection of bread and durum wheat emphasize the high potential of this gene to protect 
future wheat supply in Europe and elsewhere around the globe.   
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