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Summary
Objectives The aim of this task was to identify and functionally validate new
candidate genes (CGs) or new alleles of CGs for race-nonspecific pathogen
resistance in barley.
Rationale: The results of the phenotyping of 267 barley genotypes in response to
two poly-virulent Blumeria graminis f. sp. hordei (Bgh) isolates were reported in D3.4
and formed the basis for the work described here. After a meta-analysis for known
resistance genes and in combination with the provided SNP data of 403 Whealbi
genotypes, 201 accessions were selected for the calculation of a genome-wide
association study (GWAS) using a mixed linear model (MLM). After correcting for
multiple testing, the significant SNPs were used to identify CGs based on the current
reference genome of barley (Mascher et al. 2016). To further validate the CGs, a
‘megablast’ analysis against related species (like Aegilops tauschii and
Brachypodium distachyon) was performed and the allele status of the confirmed CGs
were determined on the basis of the significant SNPs. In consequence of performed
amplification tests, the four most promising CGs were selected for functional
validation. The generated RNAi (RNA interference) constructs were used for transient
assays based on particle bombardment to achieve a transient gene silencing in
single cells from a resistant and a susceptible genotype. Additionally, the defined fulllength alleles from three of the CGs were cloned in an overexpression (OX) vector
and they were also tested by particle bombardment.
The deliverable had to be postponed to M60 because the necessary phenotyping
was delayed in the beginning because of lacking seeds and the work required more
time than assumed in the beginning due to technical problems.
Teams involved: IPK.
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Identification of candidate genes for racenonspecific resistance in barley against Blumeria
graminis f. sp. hordei.
1.1. Material and Methods
1.1.1. Genome-wide association study (GWAS)
In D3.4, the results of the phenotyping of 267 barley accessions against the two polyvirulent Bgh isolates D35/3 (JKI-242) and RiIII (JKI-75) were reported. Additionally, a
meta-analysis was carried out to assess the presence of known resistance genes.
The 13 identified mlo (mildew locus O) carriers and the ten race-specific resistant
lines were excluded from the GWAS to achieve a bias for race-nonspecific
associations. A final set of 201 genotypes was selected for the association study,
because from 47 of our phenotyped barley accessions no exome capture data were
provided. From the selected genotypes, the best linear unbiased estimations
(BLUEs) for the two isolates were calculated as outlined by Henderson (1975) and
Piepho et al., 2003. Moreover, an in silico mixed inoculation was performed, which
was named Max, because always the higher BLUE value from the two isolates was
selected in order to increase the bias for race-nonspecific associations.
The genotypic data were again filtered for a minor allele frequency (MAF) of 5 %,
which lead to a final set of 424 567 SNPs (single nucleotide polymorphisms). The
GWAS itself was carried out as MLM based on the approach suggested by Yu et al.,
2006 using the R package ASReml-R (Butler et al., 2009). To correct for the
underlying population structure, the Rogers’ distances (Reif et al., 2005) were used to
estimate the marker-derived kinship matrix. For the determination of the significant
threshold, a multiple testing correction called simpleM (Gao et al., 2008) was applied
and the following criteria were used: (1) the percentage cutoff C was set to 99.8%, (2)
the correlation matrix was calculated chromosome wide, (3) the effective number of
independent tests Meff_G was 1414, and (4) αe was set to 0.05.
1.1.2. Identification of CGs
All SNPs with a -log10 (p-value) ≥ 4.45 were considered as significant. Because of the
focus on race-nonspecific resistance, all significant SNPs form the trait Max were
used for the determination of the CGs. The significant SNPs that were only significant
in the D35/3 and/or RiIII trait were treated as potential race-specific resistances. At
least 2 kb of the flanking genomic regions (current reference genome, Mascher et al.,
2016) of the significant SNPs from the trait Max were extracted with the help of the
IPK Galaxy Server and the sequences were used for a BLAST analysis with the
BARLEX Server (Colmsee et al., 2015). Based on these results, the corresponding
Gene-IDs and gene positions were used to assign the CGs. To confirm the annotated
gene models, the 33 identified CGs were verified via ‘megablast’ analysis with the
NCBI (National Center for Biotechnology Information, 1988) Server. The candidate
gene models were compared with similar sequences of (predicted) genes in related
species like Aegilops tauschii subsp. tauschii or Brachypodium distachyon to confirm
especially the start and stop codons of the candidates. Moreover, only these
candidates were selected for further analyses where potential cDNA clones and
expressed sequence tags from barley could be identified with the help of the
BARLEX Server.
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The twelve confirmed CGs were analysed concerning their expression in the
reference genotype Morex and via PCR based amplification of the determined (fulllength) alleles. Moreover, they were analysed in regard of their allele status based on
the significant SNPs (trait Max). The results were used to select the four most
promising CGs for the functional validation tests. For the defined alleles, the average
infected leaf area (ILA) was calculated from the BLUEs and to detect significant
differences between the alleles, we performed an unpaired, two-tailed t-test using
GraphPad Prism 7.01 for Windows.
1.1.3. Functional validation tests
To carry out the functional validation, a method called biolistic gene transfer or
particle bombardment was used. In these experiments, the CGs were either
transiently silenced or overexpressed in single epidermis cells.
1.1.3.1. Transient-induced gene silencing (TIGS)
This approach is based on RNAi via expression of hairpin constructs which produce
small interfering RNAs (siRNAs). The SiFi tool (Douchkov et al., 2014) was used to
predict the region with the most efficient siRNAs, but without potential off-targets. The
cloning of the four selected CGs and the bombardment were performed similarly as
described by Douchkov et al., 2005. The bombarded leaves of the resistant (WB-052)
or the susceptible genotype (Morex, WB-101) were inoculated 48 h after
bombardment with Bgh isolate CH4.8 (JKI-247) with a spore density of
450-530 spores/mm2 and the relative susceptibility index was calculated according to
the following formula:

To detect possible significant differences, the mean values of the relative SIs per
construct from five independent experiments were used for an ordinary one-way
ANOVA (analysis of variance) in comparison with the empty vector control, followed
by Dunett’s multiple comparisons test using GraphPad Prism 7.01 for Windows.
1.1.3.2. Overexpression (OX) approach
For this approach, the defined full-length alleles form three CGs were cloned into
pIPKTA9 (Zimmermann et al., 2006), which led to an (over-) expression of the CG
alleles under control of the cauliflower mosaic virus 35S promoter. The cloning of the
fourth CG failed. The bombardment was performed similarly as described by
Douchkov et al., 2005, but without the additional randomized pinning of the leaves
after bombardment. The bombarded leaves of WB-052 or Morex were inoculated
after 4 h with Bgh isolate CH4.8 with a spore density of 150-250 spores/mm2 and the
relative SI was calculated. The determination of significant differences was done as
described for the TIGS approach, but only from four independent experiments.
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1.2. Results
1.2.1. Analysis of potential race-nonspecific CGs
On the basis of the reported phenotyping results including the previously described
meta-analysis for the presence of known resistance genes (D3.4) and the provided
exome capture data, an association study with the BLUEs form 201 genotypes was
performed. The Figure 1 depicts the resulting Manhattan plots for the three traits: the
in silico mixed inoculation Max and the single isolates (RiIII and D35/3).

Figure 1: Manhattan plots of the –log10-transformed p-values for the three traits (Max, RiIII
and D35/3).
The significance threshold of -log10 (p-value) = 4.45 is displayed as pink dotted line and the 15
potential race-nonspecific loci were numbered and labelled with grey errors. The assumed racespecific loci were labelled with green errors.

Fifteen potential race-nonspecific loci were identified in the trait Max on the
chromosomes 1H to 6H. An analysis of the significant SNPs revealed 33 annotated
genes based on the current reference genome and the corresponding gene models
were further confirmed via a ‘megablast’ analysis with related species. The Table 1
gives an overview of the twelve confirmed CGs including the total number of SNPs,
the number of significant SNPs and the number of determined alleles. All confirmed
CGs display only two alleles even if more than one SNP was significant and one of
the two alleles was always more frequent in the analysed genotype panel.
Table 1: Overview of the twelve CGs with confirmed annotation.
The column ‘Candidate’ represents the CGs, which annotation were confirmed after the ‘megablast’
analysis and the column ‘Loci number’ refers to the numbering of the loci in Figure 1. The column
‘Total number of SNPs’ designates the number of all SNPs that where located within the annotated
gene model and the column ‘Number of significant SNPs’ represents the number of significant SNPs
for the Max trait. These SNPs were used for the determination of the alleles and their total number per
CGs is given in the column ‘Number of alleles’.

Candidate Loci number
WB-CG-6
WB-CG-7
WB-CG-8

5
6
7

Total number
of SNPs
37
8
26

Number of
Number
significant SNP of alleles
1
2
1
2
3
2
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Table 2: (continued)

Candidate Loci number
WB-CG-11
WB-CG-13
WB-CG-14
WB-CG-17*
WB-CG-19*
WB-CG-20
WB-CG-23*
WB-CG-28*
WB-CG-31

8
10
10
12
12
13
13
13
13

Total number
of SNPs
48
17
24
16
18
13
18
27
54

Number of
Number
significant SNP of alleles
1
2
1
2
1
2
1
2
1
2
1
2
1
2
2
2
5
2

The asterisk (*) indicates the selected CG’s for further analyses.

The twelve confirmed genes were analysed in regard of their expression in the
reference genotype Morex and we further tried to amplify the different alleles in
various genotypes. On the basis of these results, two CGs form loci 12 and two CGs
form loci 13 were selected for further.
Moreover, the effect of the different alleles on the ILA (Figure 2) was evaluated. As
described above, always a major allele (A2) and a minor allele (A1) were identified
and the results indicate that the less frequent allele (A1) is significantly associated
with resistance in all four CGs.

Figure 2: Box plots of the average infected leaf area (ILA) for the defined alleles
The significant SNPs form the four selected CGs (WB-CG_17, WB-CG_19, WB-CG_23, WB-CG_28)
were used to define the allele status and the average ILA (in %) from the BLUEs were calculated for
the different alleles (A1 and A2). The significance was determined with an unpaired, two-tailed t-test
with GraphPad Prism 7.01. **** p-value <0,0001

1.2.2. Functional validation of CGs
The first validation approach that was carried out, was a transient silencing based on
RNAi. The generated constructs should produce siRNAs and thus silence the CGs in
the bombarded epidermis cells. The Figure 3 gives an overview of the obtained
results.
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Figure 3: Box plots of the relative SI values for the four CGs in the TIGS approach
The relative SIs were calculated according to the above given formulas from five independent
experiments for the resistant genotype WB-052 (A) and the susceptible genotype Morex (WB-101)
(B). A construct which silence the Mlo gene (Mlo) was used as positive control in all experiments and
the significance was tested via ordinary one-way ANOVA in comparison with the empty vector control
(which was set to 100 % and is designated as red dotted line), followed by Dunett’s multiple
comparisons test using GraphPad Prism 7.01, **** p-value <0,0001

In case of the TIGS approach for the resistant genotype (Figure 3A), neither the
positive control (Mlo) nor the tested CGs showed any significant effect. In contrast to
this, the positive control was significantly reduced in the susceptible genotype
(Figure 3A), nevertheless none of the CGs constructs showed an effect.
Additionally, an OX approach was performed with the full-length alleles from three
CGs. The results are depicted in Figure 4. In case of the susceptible genotype
(Figure 4B), none of the constructs showed an effect, but in case of the resistant
genotype (Figure 4A), the overexpression of allele A1 from WB-CG_17 led to a
significantly increased relative SI and thus to an elevated susceptibility.

Figure 4: Box plots of the relative SI values for the three CGs in the OX approach
The relative SIs were calculated according to the above given formulas from four independent
experiments for the resistant genotype WB-052 (A) and the susceptible genotype Morex (WB-101) (B).
The minor allele (A1) and the major allele (A2) were overexpressed for the indicated CGs. A construct
9 and
/ 11
which overexpresses a wheat peroxidase (Prx103) was used as positive control in all experiments
the significance was tested via ordinary one-way ANOVA in comparison with the empty vector control
(which was set to 100 % and is designated as red dotted line), followed by Dunett’s multiple
comparisons test using GraphPad Prism 7.01, ** p-value <0,005
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1.3. Conclusion
The performed association studies led to the identification of 15 potential racenonspecific resistance loci on the chromosomes 1H to 6H. Within these 15 loci, 33
CGs were annotated on the basis of the current reference genome and from twelve
of them the annotated gene models could be confirmed via ‘megablast’ analysis. The
significant SNPs were used to evaluate the allele status of the twelve CGs. In all
CGs, a less frequent (minor) allele and a more frequent (major) allele was identified
even if more than one SNP was significant.
Based on amplification tests, the four most promising CGs from chromosome 5H
were selected for further analyses. To determine the effect of the different alleles, the
average ILA for the two alleles per CGs was calculated and the results indicate that
the minor allele is always associated with resistance. The selected CGs were used in
TIGS and OX assays to functionally validate them. In the silencing approach none of
the CGs showed an effect but the OX of the minor allele (A1) of WB-CG_17 led to a
significant increased susceptibility.
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