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Abstract
Key message  Pathogen and host genetics were used to uncover an inverse gene-for-gene interaction where virulence 
genes from the pathogen Pyrenophora teres f. maculata target barley susceptibility genes, resulting in disease.
Abstract  Although models have been proposed to broadly explain how plants and pathogens interact and coevolve, each 
interaction evolves independently, resulting in various scenarios of host manipulation and plant defense. Spot form net blotch 
is a foliar disease of barley caused by Pyrenophora teres f. maculata. We developed a barley population (Hockett × PI 67381) 
segregating for resistance to a diverse set of P. teres f. maculata isolates. Quantitative trait locus analysis identified major 
loci on barley chromosomes (Chr) 2H and 7H associated with resistance/susceptibility. Subsequently, we used avirulent and 
virulent P. teres f. maculata isolates to develop a pathogen population, identifying two major virulence loci located on Chr1 
and Chr2. To further characterize this host–pathogen interaction, progeny from the pathogen population harboring virulence 
alleles at either the Chr1 or Chr2 locus was phenotyped on the Hockett × PI 67381 population. Progeny harboring only the 
Chr1 virulence allele lost the barley Chr7H association but maintained the 2H association. Conversely, isolates harboring 
only the Chr2 virulence allele lost the barley Chr2H association but maintained the 7H association. Hockett × PI 67381 F2 
individuals showed susceptible/resistant ratios not significantly different than 15:1 and results from F2 inoculations using 
the single virulence genotypes were not significantly different from a 3:1 (S:R) ratio, indicating two dominant susceptibility 
genes. Collectively, this work shows that P. teres f. maculata virulence alleles at the Chr1 and Chr2 loci are targeting the 
barley 2H and 7H susceptibility alleles in an inverse gene-for-gene manner to facilitate colonization.

Introduction

The relationship between a host and pathogen is often 
described as an evolutionary arms race, in which the host is 
under constant pressure to resist novel pathogen coloniza-
tion strategies while the pathogen must perpetually over-
come these resistance measures through genetic adaptation. 
Oftentimes the evolution or attainment of a single gene is 
enough to tip the balance in favor of one side over the other, 
but this shift in balance is often only temporary. The prevail-
ing model used to describe the genetics of host–pathogen 
interactions was originally put forth as the gene-for-gene 
model (reviewed in Flor 1971), which supposes that for 
every gene conferring resistance in the host, there is a cor-
responding gene conferring avirulence in the pathogen. Over 
the last several decades, the gene-for-gene concept has been 
broadened to show that the avirulence “effectors” that were 
eliciting a defense response resulting in effector triggered 
immunity (ETI) originally had a role in virulence. Evolution 

Communicated by Reem Aboukhaddour.

 *	 Timothy L. Friesen 
	 timothy.friesen@usda.gov

1	 USDA‑ARS, Cereal Crops Research Unit, Edward T. 
Schaffer Agricultural Research Center, Fargo, ND 58102, 
USA

2	 USDA‑ARS, Sugar Beet and Potato Research Unit, Edward 
T. Schaffer Agricultural Research Center, Fargo, ND 58102, 
USA

3	 Department of Plant Pathology, North Dakota State 
University, Fargo, ND 58102, USA

4	 Department of Plant Sciences, North Dakota State 
University, Fargo, ND 58102, USA

5	 Department of Crop and Soil Sciences, Washington State 
University, Pullman, WA 99164‑6420, USA

http://orcid.org/0000-0001-5634-2200
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-022-04204-x&domain=pdf


3598	 Theoretical and Applied Genetics (2022) 135:3597–3609

1 3

of the host and pathogen was summarized in the zig-zag 
model (Jones and Dangle 2006; Chisolm et al. 2006), which 
also accounted for the host recognition of pathogen associ-
ated molecular patterns (PAMPs) resulting in PAMP-trig-
gered immunity (PTI), an early defense response thought to 
involve different defense response pathways. More recent 
work has shown crosstalk between the ETI and PTI path-
ways (Ngou et al. 2021; Yuan et al. 2021), demonstrating 
the complexity of the host–pathogen interaction.

Localized programmed cell death (PCD) is typically 
thought of as a plant defense response resulting from ETI 
that impedes biotrophic pathogen colonization. How-
ever, pathogens displaying characteristics of necrotrophic 
or hemibiotrophic lifestyles often induce and use PCD 
to acquire nutrients from dying cell tissue, hijacking this 
host defense response in a model described as an inverse 
gene-for-gene interaction (Friesen and Faris 2021). In this 
model, pathogens use necrotrophic effectors to target plant 
susceptibility genes—which in some cases have similarities 
to classical resistance genes—to trigger PCD, facilitating 
necrotrophic pathogen nutrient acquisition, colonization, 
and sporulation.

Pyrenophora teres is the causal agent of net blotch of 
barley (Hordeum vulgare). This filamentous fungal patho-
gen is endemic worldwide and can be found in two different 
forms, Pyrenophora teres f. teres and Pyrenophora teres f. 
maculata. Although both forms of P. teres are present in all 
major barley growing regions, it is common for one form 
to be locally dominant, with the predominant form often 
changing over time (Liu and Friesen 2010; Louw et al. 1996; 
McLean et al. 2009). Though morphologically similar, the 
two forms are distinguished based on the physiology of dis-
ease symptoms observed on the surface of barley leaves. 
Pyrenophora teres f. maculata is responsible for spot form 
net blotch (SFNB), characterized by initial small necrotic 
lesions which, over time, progress to larger round or ellipti-
cal necrotic lesions with accompanying chlorosis. A resistant 
or incompatible interaction is characterized by dark pinpoint 
lesions generally unaccompanied by tan necrosis or chloro-
sis, indicative of a failure of the pathogen to penetrate and/or 
colonize beyond the initial penetration. In a highly suscepti-
ble or compatible interaction, necrotic lesions spread to the 
point of coalescence and may result in the death of the leaf 
(Liu et al. 2011). The severity of SFNB is dependent on the 
genetics of the pathogen and host as well as environmental 
variables such as temperature and humidity (Liu et al. 2011).

P. teres f. maculata has recently increased in prominence in 
the USA and Australia, causing yield losses of up to 44% (Liu 
and Friesen 2010; Marshall et al. 2015; McClean et al. 2010; 
Jayasena et al. 2007). In Australia, potential losses caused by 
this pathogen have been valued at AU$192 million per year 
(Murray and Brennan 2010). Additionally, reports of the path-
ogen causing disease on wheat (Triticum aestivum L.) have 

emerged from Hungary (Tóth et al. 2008), Russia (Mikhailova 
et al. 2010), and Brazil (Perelló et al. 2019).

Efforts have been undertaken from both host and pathogen 
sides to identify and validate genomic regions involved in the 
P. teres f. maculata–barley interaction, though most research 
has focused on host loci associated with resistance/susceptibil-
ity (Reviewed in Clare et al. 2020). To date, a combination of 
quantitative trait loci (QTL) analyses and genome-wide asso-
ciation studies (GWAS) have identified resistance/susceptibil-
ity loci on all barley chromosomes (Reviewed in Clare et al. 
2020). Comparatively less research has been directed toward 
understanding the genetics of pathogen virulence/avirulence. 
To date, there have only been three studies mapping virulence 
in P. teres f. maculata. Carlsen et al. (2017) crossed P. teres f. 
maculata isolates FGOB10Ptm-1 and SG1 and inoculated the 
progeny of the cross on four commonly used SFNB differential 
barley lines, resulting in the identification of eight QTL asso-
ciated with virulence. One virulence locus on chromosome 2 
was contributed by SG1, and seven on chromosomes 1, 3, 4, 
and 5 were contributed by FGOB10Ptm-1. Three associations 
on chromosome 1 were present in a closely linked region, and 
while these QTL may be representative of several individual 
genes, it is also possible that a single gene was contributing 
this virulence (Carlsen et al. 2017). Clare et al. (2022) used 
association mapping with a natural population of 103 North 
American P. teres f. maculata isolates inoculated on 30 SFNB 
differential barley lines to identify 26 novel QTL on chromo-
somes 1, 2, 3, 4, 5, 8, 10, and 11. Most recently, Dahanayaka 
et al. (2022) created a hybrid P. teres f. teres/P. teres f. macu-
lata population which was phenotyped on eight barley cul-
tivars and used to identify two unique QTL associated with 
virulence on chromosomes 9 and 12, which were determined 
to be contributed by the P. teres f. maculata parent.

In the current study, we created a barley recombinant inbred 
population by crossing the SFNB-susceptible barley line 
Hockett by the resistant line PI 67381 to identify two major 
QTL associated with resistance/susceptibility. Additionally, we 
generated a biparental P. teres f. maculata mapping population 
by crossing the virulent isolate P-A14 by the avirulent isolate 
CAWB05-Pt-4 to evaluate the genetics of virulence, result-
ing in the identification of two major virulence loci. Single-
virulence progeny genotypes from the P-A14 × CAWB05-Pt-4 
pathogen population were then evaluated on the Hockett × PI 
67381 barley population to reveal an inverse gene-for-gene 
interaction in the P. teres f. maculata–barley pathosystem.

Materials and methods

Barley population development

One hundred and eighteen F2:6 recombinant inbred lines 
were developed by single-seed descent from a cross between 



3599Theoretical and Applied Genetics (2022) 135:3597–3609	

1 3

the barley two-row breeding line PI 67381 (Muñoz-Ama-
triaín et al. 2014) and the two-row cultivar Hockett, devel-
oped by Montana State University in 2008, resulting in a 
Hockett × PI 67381 recombinant inbred line population. F2 
individuals were similarly derived from crosses of Hockett 
and PI 67381.

Barley genotypic analysis

DNA extraction and genotyping for barley progeny and 
parental lines was performed by the North Central Small 
Grains Genotyping Lab (Fargo, ND). Genotyping was per-
formed using the barley 50K Illumina iSelect single-nucle-
otide polymorphism (SNP) array, and genotype calling was 
done using GenomeStudio software v2.0 (https://​suppo​rt.​
illum​ina.​com/​array/​array_​softw​are/​genom​estud​io/​downl​
oads.​html) developed by Illumina (San Diego, CA). Mark-
ers with greater than 30% missing data across all lines were 
removed, and remaining markers were filtered for allele fre-
quencies between 25 and 75% of each parental type.

Barley genetic map construction

Mapping of the Hockett × PI 67381 population was per-
formed using the Microsoft Excel-based software program 
MapDisto v2.1.7 (http://​mapdi​sto.​free.​fr/​Downl​oad_​Soft/) 
(Heffelfinger et al. 2017) with the previously described fil-
tered SNP markers. The “Find linkage groups” command 
was used to determine linkage groups with a LODmin of 
5.0 and an rmax of 0.3. The “Order a linkage group” com-
mand was used to establish the ordering of markers for each 
group, and the “Check inversions,” “Ripple order,” and 
“Drop locus” commands were used to further refine these 
orders. Linkage groups were compared with “MorexV3” and 
“MorexGenome” in Barleymap (https://​flore​sta.​eead.​csic.​es/​
barle​ymap/​find/) to identify the barley chromosomes cor-
responding to each linkage group as well as to resolve large 
gaps. Co-segregating markers were thinned to a single best 
marker based on missing data content.

P. teres f. maculata population development

P. teres f. maculata isolate P-A14 was collected from Pin-
nacle barley in Montana, USA, in 2012 (Wyatt and Friesen 
2021), and P. teres isolate CAWB05-Pt-4 was collected from 
an unknown wild barley species in Pacific Grove, CA, USA, 
in 2005 (Lu et al. 2012). CAWB05-Pt-4 is morphologically 
similar to other P. teres f. maculata and P. teres f. teres iso-
lates but is avirulent on all known barley lines. CAWB05-
Pt-4 intercrosses under controlled laboratory conditions with 
both P. teres f. maculata and P. teres f. teres; therefore, we 
refer to it as only P. teres. P-A14 and CAWB05-Pt-4 isolates 
were crossed to produce a P-A14 × CAWB05-Pt-4 biparental 

population consisting of 135 progeny as described in Shjerve 
et al. (2014). Briefly, sterile wheat and barley stems were 
placed on Sach’s media (1 g CaNO3, 0.25 g MgSO4 7H2O, 
trace FeCl3, 0.25 g K2HPO, 4 g CaCO3, 20 g agar, ddH2O 
to 1 L) and 100 µL of inoculum at a concentration of 4000 
spores/mL from each parental isolate was placed on opposite 
ends of each stem. The inoculum was allowed to converge in 
the center of the stems, and the plates were incubated in the 
dark for 12 days at 15 ℃ and then at 13 ℃ with a 12-h photo-
period until pseudothecia began to develop. After the devel-
opment of pseudothecia, individual stems were transferred 
to the lids of water agar plates and further incubated at 13 ℃ 
with a 12-h photoperiod while inverted to allow pseudothe-
cia to discharge ascospores vertically onto the water agar. 
Once ascospores were detected (approximately 2 weeks), 
a single ascospore was then picked from each group of 
ascospores to avoid clones due to the mitotic division dur-
ing the final stage of ascospore production. Ascospores were 
placed on V8-PDA medium (150 mL V8 juice, 10 g Difco 
PDA, 3 g CaCO3, 10 g agar, ddH2O up to 1 L) and allowed 
to grow and sporulate. To ensure genetic purity, two rounds 
of conidia isolation were performed.

P. teres f. maculata genotypic analysis

DNA was extracted from fungal progeny and parental iso-
lates as described in Shjerve et al. (2014). Briefly, approxi-
mately 50 mg of lyophilized fungal tissue for each isolate 
was ground with liquid nitrogen using a drill and pestle in 
a 2-mL tube. Seven hundred µL of Qiagen RLT buffer and 
2 µL of RNAse (20 mg/mL) was added to the ground tis-
sue, and the resulting mixture was then homogenized with 
repeated pipetting. The homogenized mixture was incubated 
in a water bath at 65 °C for 1 h followed by centrifugation 
for 8 min at 16,300 × G in a benchtop centrifuge to pellet 
cell debris. Supernatant was transferred to a new 1.7-mL 
test tube, and 600 µL of phenol:chlorophorm:isoamyl alco-
hol (25:24:1) solution was added. The mixture was inverted 
several times until evenly mixed followed by centrifugation 
at 16,300 × G for 8 min. The resulting aqueous layer was 
transferred to a new 1.7-mL test tube where 0.1 × volume of 
3 M NaOAc (pH 5.2), and 2.5 × volume of 95% EtOH was 
added and mixed by inversion to precipitate DNA. The solu-
tion was centrifuged for 10 min at 16,300 × G, pelleting the 
DNA. Ethanol and sodium acetate were then decanted, and 
the DNA pellet was washed twice with 500 µL of 70% EtOH 
followed by centrifugation at 6000 × G. Residual ethanol was 
removed, and the pellet was dried in a laminar flow hood 
for up to 5 min. Dried DNA pellets were dissolved in 60 µL 
of molecular biology grade water. Genomic DNA libraries 
were constructed using a RAD-GBS method as described in 
Koladia et al. (2017). Sequencing of genomic libraries was 
carried out using an Ion Torrent PGM system, and sequence 
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files were obtained from the Ion Torrent Server (Leboldus 
et al. 2015). Sequence files in FASTQ format were passed 
into a SNP calling pipeline. Within the SNP calling pipeline, 
progeny sequences were aligned to parental sequences using 
the Burrows-Wheeler Aligner (https://​sourc​eforge.​net/​proje​
cts/​bio-​bwa/​files/) and were exported as sequence alignment/
map (SAM) files (Li and Durbin 2009). SAM files were then 
converted to binary alignment/map (BAM) files, and a list of 
BAM files was generated for downstream use. Next, Sam-
tools v0.1.19 (http://​www.​htslib.​org/​downl​oad/) was used 
to create a sequence dictionary of the P-A14 parental refer-
ence FASTA for SNP calling (Wyatt and Friesen 2021). The 
Genome Analysis Toolkit Kit v3.7 HaplotypeCaller (https://​
github.​com/​broad​insti​tute/​gatk/​relea​ses) was used to call 
SNPs which were exported in Variant Call Format (VCF) 
(McKenna et al. 2010). The subsequent VCF file was then 
filtered based on GATK best practices (FS > 60, MQ < 40, 
MQRankSum < − 2.5, QD < 2, QUAL < 10, ReadPosRank-
Sum < − 12.5, SOR > 3).

The resulting VCF file was passed to Microsoft Excel 
for manual marker filtering. Markers with greater than 
30% missing data across all isolates were removed, and 
the remaining markers were filtered for allele frequencies 
between 25 and 75% of each parental type.

P. teres f. maculata genetic map construction

The P-A14 × CAWB05-Pt-4 genetic map was constructed 
using MapDisto. Markers were placed in accordance with 
their physical location in the P-A14 reference genome, 
eliminating the need for further re-ordering. Co-segregating 
markers were thinned to a single best marker based on miss-
ing data content.

Phenotypic analysis

Inoculations were performed as described by Carlsen et al. 
(2017). Briefly, P. teres f. maculata isolates were grown on 
V8-PDA medium in the dark for 5 to 7 days at room tem-
perature before being placed under light at room tempera-
ture for 24 h and then placed in the dark at 15 ℃ for 24 h. 
Plates were then flooded with 100 mL sterilized distilled 
water and brushed with an inoculation loop to loosen spores. 
The resulting solutions were then diluted to 2000 spores/
mL, and Tween 20 (J.T. Baker Chemical Co.) was added 
to them at a rate of 1 drop/50 mL to prevent spore clump-
ing. Barley lines were planted in racks containing 96 cone-
tainers (Stuewe & Sons, Inc.), with Tradition barley planted 
in the outside border to reduce edge effect. Inoculations 
of the P-A14 × CAWB05-Pt-4 population were performed 
in randomized groups on barley lines Hockett, Innovation 
(Busch Agricultural Resources LLC), Lacey (University of 
Minnesota), Stellar-ND (North Dakota State University), 

and Pinnacle (North Dakota State University), with barley 
lines Tradition (Busch Agricultural Resources Inc.), and PI 
67381 used as susceptible and resistant checks, respectively. 
These lines were used because they are popular cultivars in 
the local region where P-A14 was collected. Inoculations 
of the Hockett × PI 67381 RIL population with isolates 
P-A14 and C-A17, collected in Montana, USA (Wyatt and 
Friesen 2021), FGOB10Ptm-1 collected in North Dakota, 
USA (Carlsen et al. 2017; Syme et al. 2018), Den2.6 col-
lected in Denmark (Wyatt and Friesen 2021), NZKF2 
collected in New Zealand (Wyatt and Friesen 2021), and 
P-A14 × CAWB05-Pt-4 progeny isolates #16, #56, #101, 
and #105 were performed using parental lines PI 67381 and 
Hockett as checks. Inoculations of Hockett × PI 67381 F2 
individuals were performed only once, with isolates P-A14 
or the P-A14 × CAWB05-Pt-4 progeny isolates #101 and 
#105. Fifty-eight F2 seeds were planted for each inoculation, 
along with PI 67381 and Hockett as checks. All seedlings 
were inoculated using a paint sprayer (DeVilbiss, model# 
SRIPRO-635G-10) when secondary leaves had become fully 
expanded (14 to 16 days). Leaves were covered homoge-
nously with a heavy mist of inoculum but prior to runoff. 
After inoculation, plants were placed in mist chambers at 
100% relative humidity and 21 ℃ for a 24-h light cycle. 
Plants were then transferred to a growth chamber under a 
12-h photoperiod at 21 ℃. Disease reactions were evaluated 
after 7 days on a 1 to 5 scale as in Neupane et al. (2015), 
where a 1-type reaction represented a high level of resist-
ance/low level of virulence, and a 5-type reaction repre-
sented a low level of resistance/high level of virulence. At 
least three replications were performed for each mapping 
population combination.

QTL analysis

For both barley and P. teres f. maculata populations, QTL 
analyses were performed with the mapping data generated 
from MapDisto and the corresponding average reaction type 
data using Qgene v4.4.0 (https://​www.​qgene.​org/​qgene/​
downl​oad.​php) (Joehanes and Nelson 2008). Permutation 
tests with 1000 iterations were performed to establish initial 
critical LOD thresholds at a significance level of α = 0.01 for 
each trait. QTL analyses were performed using composite 
interval mapping with forward cofactor selection.

Statistical analysis

Genotypic classes for both Hockett × PI 67381 and 
P-A14 × CAWB05-Pt-4 progeny were analyzed for signifi-
cant variation in average reaction type using Fisher’s least 
significant difference test. For both populations, a one-way 
ANOVA was performed in Microsoft Excel and the resulting 

https://sourceforge.net/projects/bio-bwa/files/
https://sourceforge.net/projects/bio-bwa/files/
http://www.htslib.org/download/
https://github.com/broadinstitute/gatk/releases
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https://www.qgene.org/qgene/download.php
https://www.qgene.org/qgene/download.php
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data were used to determine least significant differences at 
both an α = 0.05 and α = 0.01 level of significance.

Results

Barley population development and genetic 
mapping

One hundred and eighteen Hockett × PI 67381 F2:6 progeny 
were obtained via single-seed descent. Genotyping of the 
population and parents using the barley 50K Illumina iSelect 
SNP Array resulted in 44,040 single-nucleotide polymor-
phism (SNP) markers. Markers for which a genotype could 
not be called or for which a heterozygous genotype was 
called were removed, resulting in 14,394 markers. Markers 
were filtered for segregation distortion based on the rela-
tive abundance of either parent’s genotype at any one locus 
within the population, with a maximum allelic ratio of 3:1 
(75%) and minimum allelic ratio of 1:3 (25%) used as cut-
offs. Additionally, markers with greater than 30% missing 
data were removed, leaving 9120 markers. Markers lacking 
a chromosomal designation were discarded, leaving 7523 
markers comprising seven linkage groups corresponding 
to the seven barley chromosomes. Finally, co-segregating 
markers and markers causing high levels of linkage distor-
tion were removed, resulting in 1047 high-quality markers 
to be used in QTL analysis (Table 1). With a total map size 
of 963.85 cM, the resulting average marker density was one 
marker/1.09 cM.

P. teres population development and genetic 
mapping

One hundred and thirty-five progeny were isolated from 
the cross of P. teres isolates P-A14 and CAWB05-Pt-4. A 
total of 26,317,764 reads were generated via Ion Torrent 
RAD-GBS sequencing for parental and progeny isolates. 

Reads were de novo assembled into 11,724 sequence tags 
and 8657 sequence tags with average sizes of 232–313 bp, 
respectively. Average read count per progeny isolate was 
192,100, and these reads were used for the SNP calling 
pipeline. Markers with greater than 30% missing data and 
markers with segregation distortion greater than 75% or 
less than 25% were removed, resulting in 9791 filtered 
markers. Markers were placed and ordered based on their 
physical position in the P-A14 genome assembly, resulting 
in 12 linkage groups representing the 12 P. teres chromo-
somes. Co-segregating markers were discarded, resulting 
in 1,210 high-quality markers to be used in QTL analysis 
(Table 2). With a total map size of 2198.86 cM, the result-
ing average marker density was one marker every 1.82 cM 
(one marker/34.7 kb).

Phenotypic analysis

Hockett was more susceptible to P. teres f. maculata iso-
late P-A14 with an average reaction type of 3.83 compared 
to PI 67381 with an average reaction type of 1.67, whereas 
both Hockett and PI 67381 were resistant to CAWB05-
Pt-4 with average disease reaction types of 1.00 and 1.33, 
respectively (Fig. 1). Hockett × PI 67381 RIL progeny 
exhibited a range of average reaction types to P-A14 with a 
maximum reaction type of 4.50 and a minimum of 1.33. P. 
teres isolate CAWB05-Pt-4 was markedly less virulent on 
the Hockett × PI 67381 population, with an average reac-
tion type of 1.05. The P-A14 × CAWB05-Pt-4 population 
exhibited a range of average reaction types on Hockett, 
with a maximum average reaction type of 3.83 and a mini-
mum of 1.00.

Table 1   Hockett × PI 67381 mapping statistics

Barley chromosomes are shown with corresponding marker counts 
and map distances

Chromosome Markers Size (cM)

1H 137 127.46
2H 161 150.39
3H 212 157.29
4H 113 104.49
5H 176 185.99
6H 94 98.71
7H 154 139.52
Total 1047 963.85

Table 2   P-A14  ×  CAWB05-Pt-4 mapping statistics.

P. teres f. maculata chromosomes are shown with corresponding 
marker counts and map distances

Chromosome Markers Size (cM)

1 174 305.40
2 142 231.86
3 154 280.59
4 101 190.52
5 144 238.76
6 87 151.53
7 106 180.15
8 81 146.25
9 76 140.01
10 31 95.67
11 67 123.39
12 47 114.73
Total 1210 2198.86
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QTL analysis

Mapping data were used in conjunction with reaction type 
data to perform QTL analysis for both the pathogen and host 
population. Using composite interval mapping with forward 
cofactor selection and a critical logarithm of odds (LOD) 
threshold of 3.9 (α = 0.01) for the Hockett × PI 67381 RIL 
barley population, major QTL involved in resistance/sus-
ceptibility to P-A14 were identified on Chr2H and 7H, with 
the QTL on Chr2H accounting for 34% of the population’s 
phenotypic variation (LOD = 15.6) and the QTL on Chr7H 
accounting for 19% of the barley population’s phenotypic 
variation (LOD = 8.5)(Fig. 2).

Similarly, mapping and reaction type data obtained for 
the P-A14 × CAWB05-Pt-4 population were used to perform 
pathogen-side QTL analysis. A critical LOD threshold of 
4.1 was established (α = 0.01), and major QTL involved in 
virulence/avirulence on Hockett were identified on Chr1 
and 2, with the QTL on Chr1 accounting for 25% of the 

population’s phenotypic variation (LOD = 16.1) and the 
QTL on Chr2 accounting for 51% of the population’s phe-
notypic variation (LOD = 29.4) (Fig. 3). 

The Hockett × PI 67381 population was additionally 
inoculated with P. teres f. maculata isolates C-A17, FGOB-
10Ptm-1, Den2.6, and NZKF2. QTL analyses for C-A17 and 
FGOB10Ptm-1 showed major QTL at the same Chr2H and 
7H loci as were previously identified for P-A14. The analy-
ses for isolates Den2.6 and NZKF2 showed a major QTL at 
the Chr2H locus but not at the 7H locus. Additionally, a QTL 
on Chr6H was identified using C-A17, FGOB10Ptm-1, and 
NZKF2 reaction type data (Online Resource 1).

In addition to barley line Hockett, the P-A14 × CAWB05-
Pt-4 population was also inoculated on lines Innovation, 
Lacey, Pinnacle, and Stellar-ND. QTL analyses for all four 
lines showed major QTL at the same Chr1 and 2 loci as 
were previously identified for Hockett. Additional minor 
QTL corresponding to these four lines were identified on 
Chr1, 3, 5, and 10 (Online Resource 2).

Fig. 1   Phenotypic response of 
Hockett and PI 67381 barley 
to P. teres f. maculata isolates 
P-A14 and CAWB05-Pt-4. The 
Hockett-P-A14 combination 
showed a compatible interaction 
resulting in host susceptibility, 
whereas all other combinations 
were incompatible and resulted 
in resistance

P-A14

CAWB05-Pt-4

Hockett

PI 67381

PI 67381

Hockett

Fig. 2   Hockett × PI 67381 
population data analysis. Hock-
ett × PI 67381 QTL involved in 
resistance/susceptibility to P. 
teres f. maculata isolate P-A14. 
QTL analysis performed using 
composite interval mapping 
with forward cofactor selec-
tion. The red horizontal line 
represents the calculated critical 
LOD threshold (α = 0.01) of 3.9. 
R2 and LOD values correspond-
ing to each isolate are listed 
next to significant QTL. Only 
chromosomes with significant 
QTL are shown
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Genotypic class analysis

After performing QTL analysis of the P-A14 × CAWB05-
Pt-4 population on Hockett, progeny isolates were grouped 
into genotypic classes based on their parental allele for the 
Chr1 and Chr2 QTL. Alleles were determined based on 
the genotypes present for markers associated with the QTL 
region, resulting in four distinct classes: Chr1P-A14Chr2P-A14 
possessing the P-A14 (virulent) allele at both loci, 
Chr1P-A14Chr2CAWB possessing the P-A14 allele at the Chr1 
locus and the CAWB05-Pt-4 (avirulent) allele at the Chr2 
locus, Chr1CAWBChr2P-A14 possessing the CAWB05-Pt-4 
allele at the Chr1 locus and the P-A14 allele at the Chr2 
locus, and Chr1CAWBChr2CAWB possessing the CAWB05-
Pt-4 allele at both loci. Fisher’s least significant difference 
test was used to show that all four classes significantly dif-
fered from each other based on their average reaction type 
on Hockett (Table 3). 

A similar analysis conducted on the host population 
showed that the host progeny possessing the Hockett (sus-
ceptibility) allele at only one of the Chr2H or 7H loci dif-
fered significantly in average reaction type compared to 
progeny harboring the Hockett allele at either both or nei-
ther loci. Unlike the pathogen population genotypic classes, 
the single-susceptibility host progeny classes did not differ 
significantly from each other, indicating that the Hockett 
susceptibility alleles at each locus contributed similarly to 
the disease reaction when the PI 67381 allele was present at 
the other locus (Table 3).

P-A14 × CAWB05-Pt-4 progeny isolates #56 and #101 
(genotypic class Chr1CAWBChr2P-A14) and isolates #16 and 
#105 (genotypic class Chr1P-A14Chr2CAWB) were inoculated 

on the RIL population, and QTL analyses performed using 
the resulting reaction type data (Fig. 4). A QTL on Chr7H 
corresponding to the same 7H locus identified for paren-
tal isolate P-A14 was identified for isolates #56 and #101, 
which harbor only the Chr2 virulence allele (Fig. 4b). This 
QTL accounted for 36% of phenotypic variation for isolate 
#101 (LOD = 12.1) and 33% of the phenotypic variation 
for isolate #56 (LOD = 10.3). A QTL on Chr2H corre-
sponding to the same 2H locus identified for parental iso-
late P-A14 was identified for isolates #16 and #105, which 
harbor only the Chr1 virulence allele (Fig. 4c). This QTL 
accounted for 23% of the phenotypic variation for isolate 
#105 (LOD = 6.9) and 16% of the phenotypic variation for 
isolate #16 (LOD = 5.0). Additionally, a single QTL was 
identified on Chr6H for isolate #105, accounting for 17% of 
the phenotypic variation (LOD = 4.7) (data not shown). No 
significant association was identified on either Chr2H or 7H 
using isolate CAWB05-Pt-4 (Fig. 4d).

Hockett × PI 67381 F2 analysis

As the two major QTL present in the Hockett × PI 67381 popu-
lation accounted for a combined 53% of the phenotypic vari-
ation when inoculated with P-A14, it was hypothesized that 
at least two genes were strongly involved in resistance/sus-
ceptibility. To test this hypothesis and determine gene action, 
Hockett × PI 67381 F2 progeny was inoculated with isolate 
P-A14 and P-A14 × CAWB05-Pt-4 progeny isolates #101 
(genotypic class Chr1CAWBChr2P-A14) and #105 (genotypic 
class Chr1P-A14Chr2CAWB). It was expected that a 15:1 ratio of 
susceptible/resistant or resistant/susceptible F2 progeny would 
be observed in response to P-A14 if two major genes were 

Fig. 3   P-A14 × CAWB05-
Pt-4 population data analysis. 
P-A14 × CAWB05-Pt-4 QTL 
involved in virulence/avirulence 
on barley line Hockett. QTL 
analysis performed using com-
posite interval mapping with 
forward cofactor selection. The 
red horizontal line represents 
the calculated critical LOD 
threshold (α = 0.01) of 4.1. Only 
chromosomes with significant 
QTL are shown. R2 and LOD 
values are listed next to signifi-
cant QTL. Only chromosomes 
with significant QTL are shown
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conferring this phenotype. Likewise, a 3:1 ratio of susceptible/
resistant or resistant/susceptible F2 progeny was expected to be 
observed in response to pathogen progeny harboring only one 
virulence allele contributed by P-A14. F2 progeny was deter-
mined to be resistant if they displayed a reaction type ≤ 1.5 
or susceptible if they displayed a reaction type ≥ 2. Of 51 F2 
seedlings inoculated with P-A14, three were determined to 
be resistant and 48 determined to be susceptible. Of 49 F2 
seedlings inoculated with progeny #101 (Chr1C-AWBChr2P-A14), 
15 were determined to be resistant and 34 determined to be 
susceptible. Of 49 F2 seedlings inoculated with progeny #105 
(Chr1P-A14Chr2CAWB), 16 were determined to be resistant and 
33 determined to be susceptible. Chi-square analysis indi-
cated that none of the observed ratios of resistant/susceptible 
reaction types differed significantly from the expected ratios 
(Table 4), indicating that effectors associated with the P. teres 
f. maculata Chr1 and 2 QTL are likely targeting susceptibility 
genes underlying the barley Chr2H and 7H QTL, respectively. 
Additional data used for all statistical analyses are provided in 
Online Resource 3.

Together, these results provide support for the role of the 
inverse gene-for-gene model in the P. teres f. maculata-barley 
pathosystem, in which dominant virulence genes in the patho-
gen target dominant susceptibility genes in the host, resulting 
in the completion of the pathogenic life cycle.

Discussion

Necrotrophic pathogens of cereals have emerged as a major 
problem for breeders and growers globally due to these 
pathogens having the potential to successfully thrive in new 
environments, adapt to current and novel hosts, and adapt 
to global climate change (McLean et al. 2009; Chakraborty 
2013; Valásquez et al. 2018). The threat of these diseases 
has led to the application of large amounts of fungicides 
worldwide resulting in the development of fungicide-resist-
ant pathogen populations (Mair et al. 2020), contributing to 
the need for alternate control practices. Spot form net blotch 
(SFNB), first reported in Denmark in the 1970s (Smedegård-
Petersen 1971), has recently emerged as a major disease of 
barley throughout many important barley growing regions of 
the world, including the USA, Canada, Australia, Denmark, 
Norway, and South Africa (Reviewed in McLean et al. 2009 
and Liu et al. 2011). More recently, P. teres f. maculata, the 
causal agent of SFNB, has emerged as a pathogen of wheat 
(Perelló et al. 2019; Uranga et al. 2020), showing that this 
pathogen can adapt to its host and environment and is there-
fore a considerable threat to global cereal production.

Due to their ease of development and screening, several 
barley populations have been used to evaluate resistance/

Table 3   Phenotypic score comparisons of genotypic classes derived from the host and pathogen populations

a Host genotypic groups are shown with average reaction types when inoculated with P. teres f. maculata isolate P-A14. b Pathogen genotypic 
groups are shown with their average reaction type when inoculated on Hockett barley. Groups with different letters following their average reac-
tion type were significantly different at the 0.01 level of probability

(a) Comparison of host genotypic classes

Chr2H Locus Chr7H Locus Average 
reaction 
type

Hockett Hockett 3.53a
Hockett PI 67381 3.07b
PI 67381 Hockett 2.78b
PI 67381 PI 67381 2.23c

(b) Comparison of pathogen genotypic classes

Chr1 Locus Chr2 Locus Average 
reaction 
type

P-A14 P-A14 2.95a
CAWB05-Pt-4 P-A14 2.20b
P-A14 CAWB05-Pt-4 1.87c
CAWB05-Pt-4 CAWB05-Pt-4 1.20d
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susceptibility to P. teres f. maculata to identify QTL 
associated with disease severity on six of the seven barley 
chromosomes (reviewed in Clare et al. 2020). Relatively 
fewer studies have evaluated the genetics of P. teres f. 
maculata virulence due to the labor-intensive work needed 
to develop, phenotype, and map fungal populations. Using 
both host and pathogen mapping populations in conjunc-
tion with QTL analysis provides the opportunity to iden-
tify both barley susceptibility loci and the corresponding 
pathogen virulence loci targeting the putative susceptibil-
ity genes, the first step toward identifying and character-
izing the causal genes. The work presented here shows 
not only the importance of understanding the pathogen 
side of a disease interaction, but also the value of jointly 

evaluating the host and pathogen to define an interaction 
more accurately.

To evaluate this interaction, we chose host and pathogen 
parental genotypes that displayed a wide range of reaction 
types, allowing for easier identification of genetic regions 
associated with susceptibility and virulence. Using the host 
and pathogen disease phenotyping data, it was clear that 
both virulence and susceptibility were additive; that is, when 
the pathogen harbored both Chr1 and Chr2 virulence alleles, 
the pathogen was significantly more virulent than when it 
only harbored one or the other. Similarly, when the host 
progeny harbored both the 2H and 7H susceptibility alleles, 
these lines were more susceptible. Additionally, we showed 
that the Chr1 virulence allele in the pathogen was targeting 

Fig. 4   Hockett × PI 67381 
QTL analysis with P. teres f. 
maculata P-A14 × CAWB05-
Pt-4 parental and progeny 
isolates. a Isolate P-A14 targets 
the resistance/susceptibility 
loci at chromosome 2H and 
chromosome 7H. b Isolates 
#56 and #101 with genotype 
Chr1CAWBChr2P-A14 target the 
resistance/susceptibility locus 
at chromosome 7H. c Isolates 
#105 and #16 with genotype 
Chr1P-A14Chr2CAWB target 
the resistance/susceptibility 
locus at chromosome 2H. d 
Isolate CAWB05-Pt-4 doesn’t 
show a significant association 
with resistance/susceptibility 
on either chromosome. The 
red horizontal lines indicate 
the critical LOD threshold 
(α = 0.01) of 4.0. Only chromo-
somes 2H and 7H are shown. 
Color-coded R2 values cor-
responding to each isolate are 
listed next to the QTL
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the Chr2H susceptibility allele in the host and the Chr2 viru-
lence allele was targeting the barley Chr7H susceptibility 
allele, indicating a gene-for-gene interaction.

Recombinant inbred host populations are powerful tools 
in evaluating resistance to pathogens because the progeny 
are fixed lines where inoculations can be replicated, and 
multiple pathogen genotypes can be evaluated side-by-side. 
However, the shortcoming of RIL populations is that they 
are not useful for evaluating gene action. F2 population 
inoculations cannot be replicated; however, due to heterozy-
gosity, they can be used to evaluate dominance and there-
fore predict gene function. Here F2 populations were used 
to show that susceptibility was dominant over resistance, 
another indication of effectors targeting a susceptibility gene 
product and therefore indicating an inverse gene-for-gene 
interaction. This inverse gene-for-gene interaction is remi-
niscent of the Parastagonospora nodorum-wheat interaction 
where multiple necrotrophic effectors directly or indirectly 
target individual susceptibility gene products resulting in 
pathogen colonization of the host (reviewed in Friesen and 
Faris 2021; Faris and Friesen 2020). The necrotrophic effec-
tors in the P. nodorum-wheat interaction also act additively 
in several instances (Friesen et al. 2007, 2008) but in some 
other cases the effectors act epistatically (Friesen et al. 2008; 
Peters et al. 2019; Peters-Haugrud et al. 2022). Additional 
research into this P. teres f. maculata–barley interaction is 
being performed, including gene cloning and functional 
characterization of the effectors and the corresponding sus-
ceptibility genes in barley to fully understand the effector 
mode of action and the function of the host response. In 
the current study, major resistance/susceptibility loci were 

identified on the short arm of barley Chr2H and the long arm 
of Chr7H in the Hockett × PI 67381 barley population. The 
major QTL identified on Chr2H was previously identified in 
three different barley biparental populations (Tamang et al. 
2019), as well as by association mapping (Burlakoti et al. 
2017). A major QTL identified in a similar region on Chr7H 
has also been previously described by Tamang et al. (2019) 
in the same three populations, as well as by Williams et al. 
(1999, 2003), Grewal et al. (2008), Wang et al. (2015), and 
Tamang et al. (2015), indicating the importance of these 
genes in multiple breeding lines and cultivars. However, lit-
tle was known about gene action or the association between 
these host resistance/susceptibility genes and the possibil-
ity of corresponding pathogen avirulence/virulence genes 
recognized by or targeting these host genes.

Effector genes have been localized to sub-telomeric 
regions in P. teres f. teres (Wyatt et al. 2020), and based on 
the telomeric localization of both virulence loci presented 
here, it appears that this localization may also be common 
for P. teres f. maculata. Wyatt et al. (2020) speculated that 
this localization of effector genes to sub-telomeric regions 
was due to these regions having the ability to rapidly evolve, 
providing a mechanism for rapid adaptation of the pathogen 
to its changing host and environment. Similar QTL regions 
on both Chr1 and 2 identified here were recently identi-
fied in a broad association mapping study in which 30 loci 
associated with P. teres f. maculata virulence were identi-
fied (Clare et al. 2022), indicating the prevalence of these 
two loci as well as the complexity of this host–pathogen 
interaction.

In addition to Hockett barley (released by Montana State 
University), barley lines from other US breeding programs 
were evaluated using the P-A14 × CAWB05-Pt-4 pathogen 
population, including Pinnacle (North Dakota State Uni-
versity, 2-row), Stellar-ND (North Dakota State University, 
6-row), Innovation (Busch Agricultural Resources), and 
Lacey (University of Minnesota). All lines harbored sus-
ceptibility specific to the Chr1 and 2 virulences, suggest-
ing that each harbored the Chr2H and 7H susceptibilities 
that were present in Hockett barley. This shows that these 
susceptibilities are prevalent in major US barley breeding 
programs, especially those releasing lines planted in the 
Northern Plains of the USA.

P. teres f. maculata isolates collected in Montana, 
North Dakota, Denmark, and New Zealand were also eval-
uated on the Hockett × PI 67381 population. Inoculations 
of C-A17 and FGOB10Ptm-1 showed that, like P-A14, 
these North American isolates harbored both virulences 
that targeted the Chr2H and 7H barley loci. The isolates 
from Denmark and New Zealand were less virulent on the 
susceptible parental line Hockett but did show a significant 
association with the Chr2H locus, suggesting that these 
isolates harbored the P. teres f. maculata Chr1 virulence. 

Table 4   Hockett ×  PI 67381 F2 reaction type data.

Data shows observed numbers of resistant and susceptible Hock-
ett × PI 67381 F2 progeny when inoculated with P-A14 and 
P-A14 × CAWB05-Pt-4 progeny isolates #101 and #105. F2 progeny 
were evaluated based on a 1 to 5 reaction type (RT) scale (Neupane 
et al. 2015). RT of ≤ 1.5 were defined as resistant and RT of ≥ 2 were 
defined as susceptible. Expected ratios of resistant:susceptible and 
susceptible:resistant F2 progeny given two genes conferring virulence 
(P-A14) and one gene conferring virulence (#101, #105) are shown. 
Χ2 and corresponding p-values indicate no significant variation of 
observed ratios from expected ratios

Pathogen P-A14 #101 #105

# F2 progeny tested 51 49 49
# Resistant (RT ≤ 1.5) 3 15 16
# Susceptible (RT ≥ 2.0) 48 34 33
Expected 1:15 3.19 – –
Expected 15:1 47.81 – –
Expected 1:3 – 12.25 12.25
Expected 3:1 – 36.75 36.75
Χ2 value 0.011765 0.823129 1.530612
p-value 0.914 0.364 0.216
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However, the barley Chr7H locus was not significantly 
associated with disease, suggesting that the Danish and 
New Zealand isolates lacked the Chr2 virulence.

One additional barley locus associated with resist-
ance/susceptibility specific to FGOB10Ptm-1, C-A17, 
and NZKF2, but not P-A14 or Den2.6, was identified on 
Chr6H. On the pathogen side, in addition to the major 
Chr1 and Chr2 loci identified, relatively minor loci asso-
ciated with virulence were present on Chr1 (Lacey, Pin-
nacle), Chr3 (Innovation, Lacey), Chr3 (Pinnacle), Chr3 
(Lacey, Pinnacle, Stellar-ND), Chr5 (Innovation, Pinna-
cle), and Chr10 (Innovation). Four of these minor QTL 
may have been previously identified by Clare et al. (2022). 
The minor QTL on Chr1 was identified at a distance of 
roughly 400  kb from the Ptm_QTL2 locus. The QTL 
on Chr3 associated with virulence on lines Innovation 
and Lacey was present about 90 kb from the Ptm_QTL9 
locus, the Chr3 QTL corresponding only to Pinnacle was 
located 20 kb from the Ptm_QTL10 locus, and the final 
Chr3 QTL was identified at approximately 240 kb from the 
Ptm_QTL14 and Ptm_QTL15 loci. The remaining minor 
QTL on Chr5 and Chr10 appear to be novel, as they were 
located over one Mb from any previously described locus 
(Clare et al. 2022). In addition to the interacting loci iden-
tified in the Hockett × PI 67381 and the P-A14 × CAWB05-
Pt-4 populations, the presence of these additional minor 
associations underscores the unique complexities inherent 
in any individual SFNB interaction and provides targets 
for future investigation.

Given that all the susceptible barley lines used in this 
study were from different North American breeding pro-
grams, it is likely that the Chr2H and Chr7H suscepti-
bilities are prevalent in many popular cultivars planted 
in North America, providing selection pressure for the 
pathogen populations in these regions to maintain the Chr1 
and Chr2 virulence alleles. Further characterization of the 
genes conferring virulence will be critical to understand-
ing how to breed for resistance to spot form net blotch, 
an economically important emerging disease of barley. 
Additionally, evaluations of global barley collections are 
needed to identify the prevalence of these susceptibilities 
outside of the USA.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00122-​022-​04204-x.

Acknowledgements  We would like to thank Danielle Holmes for tech-
nical assistance in the lab and greenhouse.

Author contribution statement  RMS, NAW, and TLF designed the 
experiments. JDF and RSB generated sequencing data for the barley 
and P. teres markers, respectively. RMS, NAW, and GKK performed 
mapping, phenotyping and QTL analysis. RMS and TLF analyzed the 
data and wrote the manuscript. All authors edited and approved the 
manuscript.

Funding  Financial support was provided by the North Dakota Bar-
ley Council, the USDA-NIFA award # 2018–67014-28491 and the 
National Science Foundation award # 1759030.

Data availability  All data associated with this study are available in 
the supplementary data (Online Resource 3) or upon request from the 
corresponding author.

Declarations 

Conflict of interest  The authors declare that there are no conflicts of 
interest.

References

Burlakoti RR, Gyawali S, Chao S, Smith KP, Horsley RD, Cooper B, 
Muehlbauer GJ, Neate SM (2017) Genome-wide association study 
of spot form of net blotch resistance in the upper midwest barley 
breeding programs. Phytopathology 107:100–108. https://​doi.​org/​
10.​1094/​PHYTO-​03-​16-​0136-R

Carlsen SA, Neupane A, Wyatt NA, Richards JK, Faris JD, Xu SS, 
Brueggeman RS, Friesen TL (2017) Characterizing the Pyr-
enophora teres f. maculata–Barley interaction using pathogen 
genetics. G3 Genes Genom Genet 7(8):2615–2626. https://​doi.​
org/​10.​1534/​g3.​117.​043265

Chakraborty S (2013) Migrate or evolve: options for plant pathogens 
under climate change. Glob Chang Biol 19:1985–2000. https://​
doi.​org/​10.​1111/​gcb.​12205

Chisholm ST, Coaker G, Day B, Staskawicz BJ (2006) Host-microbe 
interactions: Shaping the evolution of the plant immune response. 
Cell 124:803–814. https://​doi.​org/​10.​1016/j.​cell.​2006.​02.​008

Clare SJ, Wyatt NA, Brueggeman RS, Friesen TL (2020) Research 
advances in the Pyrenophora teres-barley interaction. Mol Plant 
Pathol 21:272–288. https://​doi.​org/​10.​1111/​mpp.​12896

Clare SJ, Duellman KM, Richards JK, Poudel RS, Merrick LF, Friesen 
TL, Brueggeman RS (2022) Association mapping reveals a recip-
rocal virulence/avirulence locus within diverse US Pyrenophora 
teres f. maculata isolates. BMC Genom. https://​doi.​org/​10.​1186/​
s12864-​022-​08529-1

Dahanayaka BA, Snyman L, Vaghefi N, Martin A (2022) Using 
a hybrid mapping population to identify genomic regions of 
Pyrenophora teres associated with virulence. Front Plant Sci 
13:925107. https://​doi.​org/​10.​3389/​fpls.​2022.​925107

Faris JD, Friesen TL (2020) Plant genes hijacked by necrotrophic fun-
gal pathogens. Curr Opin Plant Biol 56:74–80. https://​doi.​org/​10.​
1016/j.​pbi.​2020.​04.​003

Flor HH (1971) Current status of the gene-for-gene concept. Annu 
Rev Phytopathol 9(1):275–296. https://​doi.​org/​10.​1146/​annur​ev.​
py.​09.​090171.​001423

Friesen TL, Faris JD (2021) Characterization of effector-target interac-
tions in necrotrophic pathosystems reveals trends and variation in 
host manipulation. Annu Rev Phytopathol 59:4.1-4.22. https://​doi.​
org/​10.​1146/​annur​ev-​phyto-​120320-​012807

Friesen TL, Meinhardt SW, Faris JD (2007) The Stagonospora nodo-
rum-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. 
https://​doi.​org/​10.​1111/j.​1365-​313X.​2007.​03166.x

Friesen TL, Zhang Z, Solomon PS, Oliver RP, Faris JD (2008) Char-
acterization of the interaction of a novel Stagonospora nodorum 
host-selective toxin with a wheat susceptibility gene. Plant Physiol 
146:682–693. https://​doi.​org/​10.​1104/​pp.​107.​108761

https://doi.org/10.1007/s00122-022-04204-x
https://doi.org/10.1094/PHYTO-03-16-0136-R
https://doi.org/10.1094/PHYTO-03-16-0136-R
https://doi.org/10.1534/g3.117.043265
https://doi.org/10.1534/g3.117.043265
https://doi.org/10.1111/gcb.12205
https://doi.org/10.1111/gcb.12205
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.1111/mpp.12896
https://doi.org/10.1186/s12864-022-08529-1
https://doi.org/10.1186/s12864-022-08529-1
https://doi.org/10.3389/fpls.2022.925107
https://doi.org/10.1016/j.pbi.2020.04.003
https://doi.org/10.1016/j.pbi.2020.04.003
https://doi.org/10.1146/annurev.py.09.090171.001423
https://doi.org/10.1146/annurev.py.09.090171.001423
https://doi.org/10.1146/annurev-phyto-120320-012807
https://doi.org/10.1146/annurev-phyto-120320-012807
https://doi.org/10.1111/j.1365-313X.2007.03166.x
https://doi.org/10.1104/pp.107.108761


3608	 Theoretical and Applied Genetics (2022) 135:3597–3609

1 3

Grewal TS, Rossnagel BG, Pozniak CJ, Scoles GJ (2008) Mapping 
quantitative trait loci associated with barley net blotch resist-
ance. Theor Appl Genet 116:529–539. https://​doi.​org/​10.​1007/​
s00122-​007-​0688-9

Heffelfinger C, Fragoso CA, Lorieux M (2017) Constructing linkage 
maps in the genomics era with MapDisto 2.0. Bioinformatics 
33:2224–2225. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btx177

Jayasena KW, Van Burgel A, Tanaka K, Majewski J, Loughman R 
(2007) Yield reduction in barley in relation to spot-type net blotch. 
Australas Plant Path 36:429–433. https://​doi.​org/​10.​1071/​AP070​
46

Joehanes R, Nelson JC (2008) Qgene 4.0, an extensible Java QTL-
analysis platform. Bioinformatics 24:2788–2789. https://​doi.​org/​
10.​1093/​bioin​forma​tics/​btn523

Jones JDG, Dangl JL (2006) The plant immune system. Nature 
444:323–329. https://​doi.​org/​10.​1038/​natur​e05286

Koladia VM, Richards JK, Wyatt NA, Faris JD, Brueggeman RS, 
Friesen TL (2017) Genetic analysis of virulence in the Pyre-
nophora teres f. teres population BB25 × FGOH04Ptt-21. Fungal 
Genet Biol 107:12–19. https://​doi.​org/​10.​1016/j.​fgb.​2017.​07.​003

Leboldus JM, Kinzer K, Richards J, Ya Z, Yan C, Friesen TL, Bruegge-
man R (2015) Genotype-by-sequencing of the plant-pathogenic 
fungi Pyrenophora teres and Sphaerulina musiva utilizing Ion 
Torrent sequence technology. Mol Plant Pathol 16:623–632. 
https://​doi.​org/​10.​1111/​mpp.​12214

Li H, Durbin R (2009) Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25:1754–1760. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btp324

Liu ZH, Friesen TL (2010) Identification of Pyrenophora teres f. 
maculata ,causal agent of spot type net blotch of barley in North 
Dakota. Plant Dis 94(4):480–480. https://​doi.​org/​10.​1094/​
PDIS-​94-4-​0480A

Liu Z, Ellwood SR, Oliver RP, Friesen TL (2011) Pyrenophora teres: 
profile of an increasingly damaging barley pathogen. Mol Plant 
Pathol 121:1–19. https://​doi.​org/​10.​1111/j.​1364-​3703.​2010.​
00649.x

Louw JP, Crous PW, Holz G (1996) Relative importance of the barley 
net blotch pathogens Pyrenophora teres f. teres (net type) and 
P. teres f. maculata (spot type) in South Africa. Afr Plant Prot 
2:89–95

Lu S, Edwards MC, Friesen TL (2012) Genetic variation of single 
nucleotide polymorphisms identified at the mating type locus 
correlates with form-specific disease phenotype in the barley net 
blotch fungus Pyrenophora teres. Eur J Plant Pathol 135:49–65. 
https://​doi.​org/​10.​1007/​s10658-​012-​0064-8

Mair WJ, Thomas GJ, Dodhia K, Hills AL, Jayasena KW, Ellwood SR, 
Oliver RP, Lopez-Ruiz FJ (2020) Parallel evolution of multiple 
mechanisms for demethylase inhibitor fungicide resistance in the 
barley pathogen Pyrenophora teres f. sp. maculata. Fungal Genet 
Biol 145:103475. https://​doi.​org/​10.​1016/j.​fgb.​2020.​103475

Marshall JM, Kinzer K, Brueggeman RS (2015) First report of Pyr-
enophora teres f. maculata the cause of spot form net blotch of 
barley in Idaho. Plant Dis 99(12):1860. https://​doi.​org/​10.​1094/​
PDIS-​03-​15-​0349-​PDN

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kerny-
tsky A, Garimella K, Altshuler D, Gabriel S, Daly M, DePristo 
MA (2010) The genome analysis toolkit: a MapReduce framework 
for analyzing next-generation DNA sequencing data. Genome Res 
20:1297–1303. https://​doi.​org/​10.​1101/​gr.​107524.​110

McLean MS, Howlett BJ, Hollaway GJ (2009) Epidemiology and con-
trol of spot form of net blotch Pyrenophora teres f. maculata of 
barley: a review. Crop Pasture Sci 60:303–315. https://​doi.​org/​
10.​1071/​CP081​73

McLean MS, Howlett BJ, Hollaway GJ (2010) Spot form of net blotch, 
caused by Pyrenophora teres f. maculata, is the most prevalent 

foliar disease in Victoria, Australia. Australas Plant Path 39:46–
49. https://​doi.​org/​10.​1071/​AP090​54

Mikhailova LA, Ternyuk IG, Mironenko NV (2010) Pyrenophora 
teres, an agent causing wheat leaf spot. Microbiology 79:561–565. 
https://​doi.​org/​10.​1134/​S0026​26171​00402​23

Muñoz-Amatriaín M, Cuesta-Marcos A, Endelman JB, Comadran J, 
Bonman JM, Bockelman HE, Chao S, Russell J, Waugh R, Hayes 
PM, Muehlbauer GJ (2014) The USDA barley core collection: 
Genetic diversity, population structure, and potential for genome-
wide association studies. PLoS ONE 9:e94688. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00946​88

Murray GM, Brennan JP (2010) Estimating disease losses to the Aus-
tralian barley industry. Australas Plant Path 39:85–96. https://​doi.​
org/​10.​1071/​AP090​64

Neupane A, Tamang P, Brueggeman RS, Friesen TL (2015) Evalua-
tion of a barley core collection for spot form net blotch reaction 
reveals distinct genotype-specific pathogen virulence and host 
susceptibility. Phytopathology 105:509–517. https://​doi.​org/​10.​
1094/​PHYTO-​04-​14-​0107-R

Ngou BPM, Ahn HK, Ding P, Jones JDG (2021) Mutual potentiation of 
plant immunity by cell-surface and intracellular receptors. Nature 
592:110–115. https://​doi.​org/​10.​1038/​s41586-​021-​03315-7

Perelló AE, Couretot L, Curti A, Uranga JP, Consolo VF (2019) First 
report of spot lesion of wheat caused by Pyrenophora teres f. sp 
maculata observed in Argentina. Crop Prot 122:19–22. https://​
doi.​org/​10.​1016/j.​cropro.​2019.​03.​023

Peters AR, Zhang Z, Richards JK, Friesen TL, Faris JD (2019) Genetics 
of variable disease expression conferred by inverse gene-for-gene 
interactions in the wheat-Parastagonospora nodorum pathosys-
tem. Plant Physiol 180:420–434. https://​doi.​org/​10.​1104/​pp.​19.​
00149

Peters-Haugrud AR, Zhang Z, Friesen TL, Faris JD (2022) Genetics 
of the wheat-Parastagonospora nodorum interaction. Theor Appl 
Genet. https://​doi.​org/​10.​1007/​s00122-​022-​04036-9

Shjerve RA, Faris JD, Brueggeman RS, Yan C, Zhu Y, Koladia V, 
Friesen TL (2014) Evaluation of a Pyrenophora teres f. teres map-
ping population reveals multiple independent interactions with a 
region of barley chromosome 6H. Fungal Genet Biol 70:104–112. 
https://​doi.​org/​10.​1016/j.​fgb.​2014.​07.​012

Smedegård-Petersen V (1971) Pyrenophora teres f. maculata f. nov. 
and Pyrenophora teres f. teres on barley in Denmark. Yearbook 
of the Royal Veterinary and Agricultural University, Copenhagen, 
pp 124–144

Syme RA, Martin A, Wyatt NA, Lawrence JA, Muria-Gonzalez MJ, 
Friesen TL, Ellwood SR (2018) Transposable element genomic 
fissuring in Pyrenophora teres is associated with genome expan-
sion and dynamics of host-pathogen genetic interactions. Front 
Gen 9:130. https://​doi.​org/​10.​3389/​fgene.​2018.​00130

Tamang P, Neupane A, Mamidi S, Friesen T, Brueggeman R (2015) 
Association mapping of seedling resistance to spot form net blotch 
in a worldwide collection of barley. Phytopathology 105:500–508. 
https://​doi.​org/​10.​1094/​PHYTO-​04-​14-​0106-R

Tamang P, Richards JK, Alhashal A, Poudel RS, Horsley RD, 
Friesen TL, Brueggeman RS (2019) Mapping of barley sus-
ceptibility/resistance QTL against spot form net blotch caused 
by Pyrenophora teres f. maculata using RIL populations. 
Theor Appl Genet 132:1953–1963. https://​doi.​org/​10.​1007/​
s00122-​019-​03328-x

Tóth B, Csősz M, Kopahnke D, Varga J (2008) First report on Pyr-
enophora teres causing lesions of wheat leaves in Hungary. Plant 
Pathol. https://​doi.​org/​10.​1111/j.​1365-​3059.​2007.​01746.x

Uranga JP, Schierenbeck M, Perelló AE, Lohwasser U, Börner A, 
Simón MR (2020) Localization of QTL for resistance to Pyr-
enophora teres f. maculata, a new wheat pathogen. Euphytica 
216:56. https://​doi.​org/​10.​1007/​s10681-​020-​02593-y

https://doi.org/10.1007/s00122-007-0688-9
https://doi.org/10.1007/s00122-007-0688-9
https://doi.org/10.1093/bioinformatics/btx177
https://doi.org/10.1071/AP07046
https://doi.org/10.1071/AP07046
https://doi.org/10.1093/bioinformatics/btn523
https://doi.org/10.1093/bioinformatics/btn523
https://doi.org/10.1038/nature05286
https://doi.org/10.1016/j.fgb.2017.07.003
https://doi.org/10.1111/mpp.12214
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1094/PDIS-94-4-0480A
https://doi.org/10.1094/PDIS-94-4-0480A
https://doi.org/10.1111/j.1364-3703.2010.00649.x
https://doi.org/10.1111/j.1364-3703.2010.00649.x
https://doi.org/10.1007/s10658-012-0064-8
https://doi.org/10.1016/j.fgb.2020.103475
https://doi.org/10.1094/PDIS-03-15-0349-PDN
https://doi.org/10.1094/PDIS-03-15-0349-PDN
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1071/CP08173
https://doi.org/10.1071/CP08173
https://doi.org/10.1071/AP09054
https://doi.org/10.1134/S0026261710040223
https://doi.org/10.1371/journal.pone.0094688
https://doi.org/10.1371/journal.pone.0094688
https://doi.org/10.1071/AP09064
https://doi.org/10.1071/AP09064
https://doi.org/10.1094/PHYTO-04-14-0107-R
https://doi.org/10.1094/PHYTO-04-14-0107-R
https://doi.org/10.1038/s41586-021-03315-7
https://doi.org/10.1016/j.cropro.2019.03.023
https://doi.org/10.1016/j.cropro.2019.03.023
https://doi.org/10.1104/pp.19.00149
https://doi.org/10.1104/pp.19.00149
https://doi.org/10.1007/s00122-022-04036-9
https://doi.org/10.1016/j.fgb.2014.07.012
https://doi.org/10.3389/fgene.2018.00130
https://doi.org/10.1094/PHYTO-04-14-0106-R
https://doi.org/10.1007/s00122-019-03328-x
https://doi.org/10.1007/s00122-019-03328-x
https://doi.org/10.1111/j.1365-3059.2007.01746.x
https://doi.org/10.1007/s10681-020-02593-y


3609Theoretical and Applied Genetics (2022) 135:3597–3609	

1 3

Velásquez AC, Castroverde CDM, He SY (2018) Plant-pathogen war-
fare under changing climate conditions. Curr Biol 28:R619–R634. 
https://​doi.​org/​10.​1016/j.​cub.​2018.​03.​054

Wang X, Mace ES, Platz GJ, Hunt CH, Hickey LT, Franckowiak JD, 
Jordan DR (2015) Spot form of net blotch resistance in barley is 
under complex genetic control. Theor Appl Genet 128:489–499. 
https://​doi.​org/​10.​1007/​s00122-​014-​2447-z

Williams KJ, Lichon A, Gianquitto P, Kretschmer JM, Karakousis 
A, Manning S, Langridge P, Wallwork H (1999) Identification 
and mapping of a gene conferring resistance to the spot form of 
net blotch (Pyrenophora teres f. maculata) in barley. Theor Appl 
Genet 99:323–327. https://​doi.​org/​10.​1007/​s0012​20051​239

Williams KJ, Platz GJ, Barr AR, Cheong J, Willsmore K, Cakir M, 
Wallwork H (2003) A comparison of the genetics of seedling and 
adult plant resistance to the spot form of net blotch (Pyrenophora 
teres f. maculata). Aust J Agric Res 54:1387–1394. https://​doi.​
org/​10.​1071/​AR030​28

Wyatt NA, Friesen TL (2021) Four reference quality genome assem-
blies of Pyrenophora teres f. maculata: a resource for studying the 

barley spot form net blotch interaction. Mol Plant-Microbe Inter-
act 34:135–139. https://​doi.​org/​10.​1094/​MPMI-​08-​20-​0228-A

Wyatt NA, Richards JK, Brueggeman RS, Friesen TL (2020) A com-
parative genomic analysis of the barley pathogen Pyrenophora 
teres f. teres identifies subtelomeric regions as drivers of viru-
lence. Mol Plant Microbe Interact 33:173–188. https://​doi.​org/​
10.​1094/​MPMI-​05-​19-​0128-R

Yuan M, Jiang Z, Bi G, Nomura K, Liu M, Wang Y, Cai B, Zhou JM, 
He SY, Xin XF (2021) Pattern-recognition receptors are required 
for NLR-mediated plant immunity. Nature 592:105–109. https://​
doi.​org/​10.​1038/​s41586-​021-​03316-6

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cub.2018.03.054
https://doi.org/10.1007/s00122-014-2447-z
https://doi.org/10.1007/s001220051239
https://doi.org/10.1071/AR03028
https://doi.org/10.1071/AR03028
https://doi.org/10.1094/MPMI-08-20-0228-A
https://doi.org/10.1094/MPMI-05-19-0128-R
https://doi.org/10.1094/MPMI-05-19-0128-R
https://doi.org/10.1038/s41586-021-03316-6
https://doi.org/10.1038/s41586-021-03316-6

	Host and pathogen genetics reveal an inverse gene-for-gene association in the P. teres f. maculata–barley pathosystem
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Barley population development
	Barley genotypic analysis
	Barley genetic map construction
	P. teres f. maculata population development
	P. teres f. maculata genotypic analysis
	P. teres f. maculata genetic map construction
	Phenotypic analysis
	QTL analysis

	Statistical analysis
	Results
	Barley population development and genetic mapping
	P. teres population development and genetic mapping
	Phenotypic analysis
	QTL analysis
	Genotypic class analysis
	Hockett × PI 67381 F2 analysis

	Discussion
	Acknowledgements 
	References




