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Summary 

Despite decades of declining rye acreage in Northern and Eastern Europe, rye remains an 

important crop in the European agriculture. Since the introduction of rye hybrids in 1990s 

breeding efforts have primarily focused on addressing the inherent issues of male-fertility 

restoration and ergot susceptibility in the predominant hybrid rye breeding gene pools Petkus 

and Carsten. As a consequence breeding for resistance towards the foliar diseases powdery 

mildew and leaf rust were concurrently given a lower priority. Capable of causing considerable 

grain yield and quality losses we investigated the genetics underlying resistance to powdery 

mildew and leaf rust in a Gülzow-based hybrid rye (Secale cereale L.) elite breeding germplasm 

distinct from the Petkus and Carsten. In the project commencement a population study of the 

germplasm was conducted, confirming a strong genetic separation of parental populations 

suited for hybrid breeding. The investigation, however, revealed a considerable discrepancy in 

the genetic characteristics of parental populations, emphasizing the need for addressing a low 

level of genetic diversity in the non-restorer germplasm (NRG) and cytoplasmic-male sterile 

(CMS) population. For the investigation of resistance a subset of 190 Nordic Seed hybrid rye 

breeding lines were genotyped on the state-of-the-art 600K high-density single nucleotide 

polymorphism array and phenotyped in field, and the restorer population (n = 101) in a 

greenhouse trial. In contrast to the Petkus and Carsten gene pools we observed a high level and 

diverse spectra of leaf rust resistance in both parental populations. Using genome-wide 

association study (GWAS) we identified a novel leaf rust resistance (R) gene on chromosome 

arm 7RS and five quantitative trait loci (QTLs) on chromosome arms 1RS, 1RL, 2RL, 5RL, 

and 7RS. Using k-mer association genetics coupled with resistance gene enrichment and 

sequencing (AgRenSeq) we, furthermore, identified four candidate leaf rust R genes, of which 

one co-localized with Pr3 and the identified QTL on chromosome arm 1RS. For powdery 

mildew, as a result of a low level of natural infection in the field trials, a greenhouse trial was 

conducted using distinct field populations as inoculum leading to observation of a moderate 

level of resistance in the NRG&CMS population and low level of resistance in the restorer 

population. Using GWAS a we identified a novel powdery mildew R gene on chromosome arm 

7RL.  

On basis of the Danish official trials records during the past 25 years and current projections of 

powdery mildew on Triticeae under near-future climate conditions in Northern Europe, these 

suggest a likely minor role of powdery mildew as a biotic stress factor in rye. While powdery 
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mildew is not a bygone threat, it is likely to be confined to sporadic years, or geographical 

regions, with conducive climatic conditions or certain agricultural practices. In contrast, leaf 

rust is becoming a biotic stress factor of growing importance in rye with current projections 

concurring on an augmented effect of climatic changes on leaf rust on Triticeae in Northern and 

Eastern Europe. The increase in restrictions, prohibitions and environmental taxation on the use 

of pesticide as a result of the rising political incentive on a sustainable transition of agricultural 

practices in the EU emphasizes the need for improving the low level of leaf rust resistance in 

released hybrid rye cultivars. On basis of our findings the Gülzow germplasm, therefore, 

constitute a valuable genetic resource for addressing this potential demand. In order to improve 

the quality of markers for successful implementation of marker assisted selection and/or marker 

assisted backcrossing strategies for discovered leaf rust R genes and QTLs we propose (i) 

separation of GWAS on parental populations due to large discrepancy in linkage disequilibrium, 

(ii) increasing sample size and marker density for GWAS on the restorer population, (iii) 

establishment of multi-parent advanced generation inter-cross population(s) for discovery of 

less prevalent leaf rust R genes and slow rusting QTLs, and (iv) use of candidate leaf rust R 

gene sequences for potential development of high quality functional markers. 

In addition to the study of powdery mildew and leaf rust resistance in the germplasm a 

investigation of the genetics underlying the Gülzow fertility control was likewise done. By 

GWAS on a biparental mapping population we identified a novel Gülzow-type major 

restoration of male-fertility gene on chromosome arm 3RL. Using the recent ‘Lo7’ rye reference 

genome we identified a mitochondrial transcription termination factor co-expressed in two 

Gülzow-type hybrids during flowering as a likely candidate gene. With no previous record of a 

major restoration of male-fertility gene in fertility control systems of rye on chromosome arm 

3RL nor on syntenic regions in barley and wheat our finding constitute a novel discovery with 

potential value for implementation in other Triticeae hybrid breeding systems  
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Sammendrag 

På trods af at det dyrkede areal af rug i Nord- og Østeuropa har været aftagende i flere årtier, 

så forbliver rug en betydelig afgrøde i det Europæiske landbrug. Siden introduktionen af 

rughybrider i 1990erne har forædlingsindsatsen primært adresseret de iboende problemer med 

restaureringen af hanfertiliteten og modtagelighed overfor meldrøjer i de hyppigst anvendte 

hybridrugs genpuljer, Petkus og Carsten. Som et følge af dette har forædling af resistens mod 

bladsygdommene meldug og brunrust været givet en lavere prioritet. Da disse sygdomme kan 

forårsage et betydelig udbytte- og kvalitetstab, undersøgte vi resistens overfor meldug og 

brunrust i en Gülzow-baseret hybridrugs forædlingsmateriale ved Nordic Seed afvigende fra 

Petkus og Carsten genpuljerne. I projektets opstart udførte vi et populationsstudie af 

forædlingsmaterialet og bekræftede her en betydelig genetisk differentiering af 

forældrepopulationerne, som på baggrund heraf er velegnede til hybridforædling. I studiet fandt 

vi ydermere en betydelig differens mellem forældrepopulationernes genetiske karakteristika 

samt et behov for at adressere den lave genetiske diversitet i non-restorer germplasm (NRG) og 

cytoplasmic-male sterile (CMS) populationen. Til undersøgelsen af resistens blev et udvalg af 

190 forædlingsliner genotypet på en avanceret 600K høj-densitets enkeltnukleotidpolymorphi 

array og bedømt for resistens i markforsøg og for restorer populationen (n = 101) også i et 

væksthusforsøg. I kontrast til Petkus og Carsten genpuljerne observerede vi et højt niveau og 

diverse spektre af brunrustresistens i begge forældrepopulationer. Ved brug af 

helgenomsassociationsstudier (GWAS) identificerede vi et nyt brunrustresistens (R) gen på 

kromosom arm 7RS og fem kvantitative karakter loci (QTL) på kromosomarmene 1RS, 1RL, 

2RL, 5RL, og 7RS. Ydermere, ved brug af subsekvens (k-mer) associationsgenetik koblet med 

resistensgenberigelse- og sekventering (AgRenSeq) identificerede vi fire brunrust R 

kandidatgener, hvoraf én co-lokaliserede med det kendte brunrust R gen Pr3 og den 

identificerede QTL på kromosom arm 1RS. For meldug var vi nødsaget til, grundet et lavt 

naturligt smitteniveau i markforsøgene, at bedømme forædlingslinjerne i et væksthusforsøg ved 

brug af indsamlede markpopulationer som smittestof. Vi observerede her et moderat niveau af 

meldugresistens i NRG&CMS-populationen og lavt i restorerpopulationen. Ved brug af GWAS 

identificerede vi et nyt meldug R gen på kromosom arm 7RL. 

På baggrund af data fra de danske landsforsøg gennem de sidste 25 år samt nuværende 

prædikteringsmodeller af meldug på Triticeae under nær-fremtidige klimatiske forhold i 

Nordeuropa så indikeres det, at meldug som biotisk stressfaktorer i rug sandsynlig vil have en 
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lille betydning i fremtiden. Forekomst af meldug i rug vil dog ikke forsvinde, men sygdommen 

vil i stedet være begrænset til atypiske år med gunstige klimatiske forhold eller under særlige 

landbrugspraksis. I kontrast, er brunrust sandsynligvis en biotisk stressfaktorer af tiltagende 

betydning for dyrkning af rug i Nord- og Østeuropa med alle nuværende prædikteringsmodeller 

enige om en forstærkende effekt af klimatiske forandringer på forekomsten og betydningen af 

sygdommen. De tiltagende forbud, restriktioner og miljøafgifter på brug af pesticider, som følge 

af et stærkt politisk incitament for en bæredygtig omstilling af landbrugspraksis i EU, 

understreger nødvendigheden for at adressere og forbedre det lave nuværende niveau af 

brunrustresistens i sortsudvalget af hybridrug. På baggrund af vores observationer udgør 

Gülzow forædlingsmaterialet en værdifuld genetisk ressource til at adressere dette behov. For 

at forbedre kvaliteten af identificerede markører til succesfuld implementering af 

markørassisteret selektion og/eller markørassisteret tilbagekrydsning for de fundne brunrust R 

gener og QTLs forslår vi (i) separering af GWAS på de enkelte forældrepopulationer grundet 

en stor difference i ’linkage disequilibrium’, (ii) forøgelse af linjeantal og markørdensitet for 

GWAS på restorerpopulationen, (iii) etableringen af multi-parentale avancerede generations 

inter-cross (MAGIC) population(er) for at identificere mindre hyppige, og muligvis 

betydningsfulde, brunrust R gener og QTLs, og (iv) at gøre brug af identificerede brunrust R 

kandidat gensekvenser til at udvikle mulige højkvalitets, funktionelle markører. 

Ud over undersøgelse af meldug og brunrustresistens i forædlingsmaterialet undersøgte vi 

ligeledes genetikken bag Gülzow fertilitetskontrolsystemet. Ved brug af GWAS på en 

biparental F2 population identificerede vi et nyt dominant Gülzow-type restaurering af 

hanfertilitetsgen på kromosomarm 3RL. Herefter, ved hjælp af det nylige ’Lo7’ 

rugreferencegenom, identificerede vi en mitochondrial transcription termination factor udtrykt 

i to Gülzow-hybrider ved blomstring som et sandsynlig kandidatgen. Uden eksisterende 

litteratur på dominante restaurering af hanfertilitetsgener på kromosomarm 3RL i rug eller 

synteniske regioner i byg eller hvede, udgør vores fund en ny opdagelse med potential værdi 

for implementering i andre Triticeae hybrid forædlingssystemer.  
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General Introduction 

1. Rye 

1.1 Origin of rye and history of its domestication 

About 12,000 years ago western agriculture was born in the Near East region as predecessors 

of the human race began shifting from a nomadic lifestyle to living in sedentary agricultural 

communities. Instead of depending on hunting game and gathering wild vegetables and fruits 

neolithic pioneer farmers cultivated wild progenitors of modern cereal species (Hillman, 1978). 

Study of archaeobotanical remains have unveiled the subtle unconsciously-applied selection of 

plants on basis of seed size, ear rachis stiffness and brittleness of glumes in the onset of crop 

domestication (Salamini et al., 2002). The early domestication of traits central to the agricultural 

habitat in wild progenitors has been termed ‘domestication syndrome’ (Sakuma et al., 2011).  

In cereals, wild progenitor of founder crops included barley (Hordeum vulgare subsp. 

spontaneum), the diploid ancestors of wheat, emmer wheat (Triticum turgidum subsp. 

dicoccum), and einkorn wheat (Triticum monoccum subsp. baeoticum) (Weiss and Zohary, 

2011). During this period, wild rye (Secale cereale subsp. vavilovii) is commonly believed to 

have invaded the cultivated fields of founder crops as a “hitchhiking” weed, co-harvested, and 

hence indirectly acquiring the key domestication traits (Weiss et al., 2012; Maraci et al., 2018). 

The adaptation-strategy of rye to survive in the prehistorian agrarian society has been referred 

to as ‘Vavilovian mimicry’ (McElroy, 2014). Originating from these secondary domesticate 

events, rye (Secale cereale L.) hence adapted to the agricultural habitat. First macrobotanical 

evidence of deliberate cultivation of rye as a crop on its own right were in North-Central 

Anatolia during the Mesolithic period 3-4000 B.C (Gökgöl, 1944; Hillman, 1978). 

While a plethora of routes by which rye migrated into Europe have been proposed, general 

consensus is that rye migrated alongside cereal founder crops from the Near East to the central 

Europe via Anatolia and the Balkans (Behre, 1992). The early expansion of rye during the 

Neolithic period in central Europe was likely subtle, transitioning from rye as an admixed weed 

to a deliberate crop.  

In the East Baltics region earliest macrobotanical remains of rye has been dated to 4th century 

A.D., with first observation of rye pollen in palynological records dating as far back as 3000 

B.C. (Czeczuga and Kossacka, 1973; Gałka et al., 2015). Identification of rye pollen in 

palynological samples can be done with high confidence due to its unique physiological features 
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compared to other cereal pollen including prolate grain shape, size and subpopular position of 

the pore (Köhler and Lange, 1979). Rise in rye pollen amount during the roman period is 

believed to mark the onset of deliberate rye cultivation as a staple crop in the East Baltics (Szal 

et al., 2014; Grikpėdis and Matuzevičiūtė, 2016). 

In Germany the earliest findings of rye pollen in palynological studies have been date to 3000 

B.C. with evidence of deliberate cultivation around 100 B.C. during the roman period (Jahns, 

2000; Rösch, 2000; Jahns, 2007). In Northern Germany findings have suggested that rye 

constituted the dominant staple cereal cultivated from 8th century A.D. and onward (Beug, 

2011).  

In Denmark earliest findings rye pollen in palnylogical studies have been dated to the 5th century 

B.C (Grabowski, 2013). Increase in rye pollen recovery and findings of domesticated rye plants 

in iron smelting furnaces suggest that rye were an central component in the Danish agriculture 

from 4th century A.D. and onward (Henriksen, 2003; Grabowski, 2013). 

While migrating as a ‘blind passenger’ amongst founder crops to modern wheat and barley, rye 

became a prominent member of the prehistoric European agricultural landscape. Analysis of 

medieval and post-medieval cesspits reveal that rye constituted a prominent staple food 

alongside wheat and barley in Northern Europe from 11th century and onward (Märkle, 2005; 

Yoder, 2012). 

1.2 Taxonomy of the Secale genus 

11 million years ago the ancestral Triticeae progenitor diverged, giving rise to the wild 

progenitors of barley (Hordeum vulgare L.) and an intermediate rye-wheat ancestor (Huang et 

al., 2002). Successively the intermediary ancestor diverged 7 million years ago giving rise to 

the wild progenitors of wheat (Triticum aestivum L.) and rye (Secale cereale subsp. cereale).  

The systematics of the Secale genus has undergone several taxonomical revision during the 

years with the latest by Frederiksen and Petersen (1998) based on morphological characteristics. 

Their taxonomy was later confirmed by Schreiber et al. (2019), who conducted a larger single 

nucleotide polymorphism (SNP) genotype based population study on cultivated rye and wild 

relatives (Figure 1.2). 

Rye belongs to a small genus Secale with only three taxa, the annual wild S. silvestre, the 

perennial wild S. strictum (formerly S. montanum) and S. cereale. The S. strictum contained 

subspecies strictum, africanum, anatolicum and kuprijanovii. The S. cereale containes 
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subspecies ancestrale, segale, dighoricum, cultivated rye subsp. cereale, and the wild weedy 

rye subsp. vavilovii. 

 

 

Figure 1.2 Phylogenetic relationship of the Secale genus (A), and genetic differentiation (B) (Schreiber et al., 

2019) 

1.3 Rye genetics and biology 

Rye is recognized by several conspicuous morphological features distinguishing it from its 

cereal relatives (Schlegel, 2014). With some varieties of rye capable of reaching 300 cm in 

height, rye is the tallest of cereals (Figure 1.3). The spikes of rye are long (10-19 cm) and 

slender with medium-long awns in comparison with wheat (short) and barley (long) (Schlegel, 

2014). The vegetation of most rye cultivars and population varieties exhibit a blueish-gray 

shade caused by a waxy film on the surface. Amongst the cultivated cereal species in Triticeae 

rye is the only outbreeder, also known as allogamous or cross-pollinator, incapable of 

fertilization by self-pollen (Lundqvist, 1956). Self-incompatibility constitutes an efficient 

strategy in flowering plants for promoting outcrossing and maintaining high levels of 

heterozygosity. In rye, self-incompatibility is controlled by the complementary action of two 

gametophytic expressed genes, S and Z (Hackauf and Wehling, 2005). In case both alleles are 

expressed in the haploid pollen a self-incompatibility response occurs.  

Distinguished by its high level of inherent tolerance to abiotic and biotic stresses, rye 

outperforms wheat and barley under marginal conditions. In Denmark, rye has, therefore, 

predominantly been cultivated on infertile sandy soils in West Jutland frequently exposed to 

drought conditions during the growing season. In a recent study by Schittenhelm et al. (2014), 

rye was observed to exhibit a yield reduction of 54-65% under severe drought conditions, 



| 17  

 

producing 3.9-4.2 t/ha compared to 3.1 – 3.9 t/ha in triticale, barley and wheat. Adapted to a 

winter habitat, rye requires a vernalization period to stimulate plants in the vegetative stage to 

transition to reproductive growth. As a result rye has acquired a high level of cold hardiness 

surpassing that observed in winter wheat which likely played a major role in the prehistoric 

expansion of rye cultivation in the northern latitude (Dvorak and Fowler, 1978; Janmohammadi 

et al., 2018). Lastly, rye is exceedingly tolerant to high levels of free aluminum released in 

acidic soils which are estimated to cover 1.6 billion hectares of land worldwide (Kim et al., 

2002; Santos et al., 2019).  

 

Resulting from the close relationship, rye shares a lot of characteristics with the self-fertilizing 

cereals barley and wheat (Schreiber et al., 2019). All Triticeae have a haploid set of seven 

chromosomes and highly collinear, repeat-rich genomes. The collinearity of orthologous 

chromosomes is, however, complicated by the series of recurrent translocation events that 

occurred during Triticeae speciation (Devos, 2005). Recent studies have outlined the syntenic 

genomic regions across rye, wheat, and barley genomes enabling the inference of orthology 

(Martis et al., 2013; Li et al., 2021). Rye exhibits the largest genome amongst its cereal relatives 

with 7.9 Gb DNA sequences (Rabanus-Wallace et al., 2021) compared to 4.79 Gb in barley 

(Mascher et al., 2017) and sub-genomes of hexaploidy bread wheat ranging from 3.95 to 4.94 

Gb (Appels et al., 2018). 

1.4 Cultivation of rye and its uses 

Until mid-20th century, rye constituted a central component of the Northern European 

agricultural landscape and a staple cereal. Records dating back to 1961 show the dramatic 

decrease of the total area cultivated with rye in Northern- and Eastern Europe, from 7.07 million 

ha to 1.79 million ha in 2019 (Figure 1.4A, FAO, 2021). In Denmark, area that had earlier been 

Figure 1.3 Personal picture in the field, with 

‘tall’ traditional type hybrid rye cultivar in the 

background (cv. Helltop, 180-210 cm), and 

dwarf-type inbred lines in front 
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cultivated with rye was largely substituted by wheat. Wheat, that had previously been a smaller 

cereal crop in the Danish agriculture, expanded from 105.000 ha in 1961 to its top at 739.000 

ha in 2010, majority of which is sown as winter crop (FAO, 2021). Barley likewise experienced 

an expansion from 1960 to its top at 1.62 million ha in mid-1980, now having decreased to 

621.700 ha in 2021, majority of which is sown as spring crop (DST, 2021). From a historical 

low-point of 29.700 ha in 2006, cultivation of rye in Denmark has experienced a resurgence in 

the recent decade, covering 144.900 ha in 2019 (Figure 1.4B). In 2021, rye comprised 12.7% 

of the winter crop sown in Denmark, and 4.1% of the total cultivated area (DST, 2021). While 

a minor crop in Denmark, cultivation of triticale (× Triticosecale Wittmack) expanded during 

mid-1980s in Northern- and Eastern Europe, with 1.3 mil. ha in Poland and 358.000 ha in 

Germany in 2019, having substituted vast areas previously cultivated with rye (FAO, 2021). 

 

Figure 1.4 Cultivation of rye (Secale cereale L.) in A) Northern- and Eastern Europe from 1961 – 2019. B) 

Denmark from 1961-2021 (DST, 2021; FAO, 2021) 

Since 2000 the organic production has increased dramatically in Europe, with 8.5% of the total 

utilized agricultural area in EU under organic farming in 2019 (FiBL, 2021). In 2030 the defined 

objective, published under the EC Farm to Fork and Biodiversity Strategy as part of the 

European Green Deal, is to have reached a minimum of 25% of EUs agricultural land under 

organic farming (EC, 2021a). In Denmark the organic production constitutes 11.7% of the 

cultivated land in 2020, having more than doubled since 2007 (LBST, 2020a). The organic 
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production of cereals in Denmark covers 100.331 hectare, of which rye constitutes 22.940 

hectare corresponding to 22.9% of organic cultivated cereals (LBST, 2020a). 

The decline in rye cultivation from mid-1980 coincides with the first release of hybrid rye 

cultivars in Denmark. In 2013 hybrid cultivars comprised 90% of rye sown in Denmark 

(Eriksen, 2014). While hybrid rye outperformed the previous population rye varieties, the early 

hybrid cultivars were prone to lodging and severe infection of ergot disease. Ergot, caused by 

the fungal pathogen Claviceps purpurea, infects the rye ovary leading to development of dark 

purple sclerotia structures (Miedaner and Geiger, 2015). Containing toxic alkaloids the ergot 

sclerotia constitutes a serious contaminant of rye grain (Mainka et al., 2007). Currently the ergot 

contamination threshold set in the EU in unprocessed cereals is 0.05% by weight for human 

consumption and 0.1% by weight for animal consumption (EC, 2002; EU, 2012). While recent 

years intense breeding effort has dramatically improved hybrid rye cultivars resistance towards 

lodging and ergot disease, its history remains a shadow on the standing of hybrid rye in some 

agricultural communities.  

In Denmark rye is used either as animal feed, primarily pigs, or for human consumption. Pig 

production constitutes a large component of the agricultural production in Denmark, with 17-

18 million pigs produced annually (DST, 2021). While pigs were primarily fed a mixture of 

barley and rye in mid-19th century, modern feed mixtures in Denmark is primarily composed 

of wheat and barley (Senior, 1947). However, rye has in recent years received a renewed interest 

as a low input, cost-effective feed source for pigs. Schwarz et al. (2014) demonstrated that rye 

constitutes a superior feed source to barley, enhancing growth rate and carcass quality in some 

cases when used for pig fattening while additionally reducing the feed cost (Schwarz et al., 

2016). In poultry, rye has similarly been demonstrated to constitute a cost-effective feed source 

both during the feeding phase as well as for broilers up to a dietary level of 20% (Bederska-

Łojewska et al., 2017; Bederska-Łojewska et al., 2019).  

To this day rye remains a key constituent in modern Northern European diet and major single 

source of whole grain in Denmark (Kyro et al., 2012). The rye kernel endosperm contains a 

high level of dietary fibers (20% dry matter) and with subsequent high extraction rates in 

Denmark, majority of these fibers remain in the flour used for making the traditional ryebread 

(Frolich et al., 2013). Intake of whole grain has been found to be associated with a wide range 

of positive health effects such as a decrease in risk of adiposity, cardiovascular diseases, type 2 

diabetes and improved gut microbial profile in recent studies (Andersson et al., 2010; Ounnas 

et al., 2016; Jonsson et al., 2018; Kyro et al., 2018). Thus, authorities of Denmark has issued a 

recommended intake of whole grain as part of their ten food-based dietary guideline (MVFM, 

2021) 
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2. Hybrid breeding in rye 

As an self-incompatible outbreeder rye has been cultivated in highly heterogeneous and 

genetically diverse populations since the onset of deliberate rye cultivation in Anatolia 3-4000 

BC (Hillman, 1978). Cultivated in spatial secluded areas, rye populations became highly 

adapted to the local environment in which they were grown, and unconsciously bred, leading 

to the development of distinct provincial landraces (Persson and von Bothmer, 2002).  

During the mid-19th century the first targeted selected of rye was done at the Probsteier Seed 

Cooperation in Northern Germany. Shortly thereafter rye breeding programs were founded in 

Germany, Estonia and Russia, marking the commencement of systematic rye breeding 

(Schlegel, 2016). Most renown during this period were the population varieties developed at 

Petkus in Central Germany by F. von Lochow based on the Probsteier gene pool, later known 

as the Petkus gene pool (Schlegel, 2014). In 1908 Rudolf Carsten started a rye breeding program 

near Kiel in Central Germany based on a rye landrace ‘Heinrich Roggen’ leading to 

development of the Carsten gene pool, distinct from Petkus (Miedaner and Laidig, 2019). The 

introduction of these improved populations of rye varieties such as the Petkus rye in Denmark 

during the late 19th century led to a gradual replacement of the previously local adapted 

landraces (Borgen and Grupe, 2012).  

2.1 Establishment of hybrid breeding systems 

In 1877, a cross between two population varieties ‘Swedish Snow rye’ and ‘Correns rye’ was 

observed to develop more tillers and higher grain yield. Observations like these in the early 

commencement of rye breeding were the onset of pursuing a controlled system for breeding 

hybrids in rye (Schlegel, 2016). Few decades later the theorem of hybrid vigor or heterosis 

observed in these crosses was introduced by George Shull in 1914 (Shull, 1948) 

“The physiological vigor of an organism as manifested in its rapidity of growth, its height and 

general robustness, is positively correlated with the degree of dissimilarity in the gametes by 

whose union the organism was founded” (Shull, 1948) 

The biological basis of heterosis has since been studied intensively to understand its role in the 

evolution and dynamics of natural ecosystems, and how it can be exploited in crop production 

(Chen, 2013b; Schnable and Springer, 2013).  

In self-pollinating plant species, the increased homozygosity have exposed recessive 

deleterious alleles to natural selection, progressively purging these from the genetic load during 
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evolution (Hedrick and Garcia-Dorado, 2016). In outbreeding plant species, however, recessive 

alleles have remained masked due to their highly heterogeneous nature. If repetitively self-

fertilized, fitness of outbreeding plant species will, therefore, dramatically decrease due to the 

genetic load of deleterious alleles expressed at increasing levels of homozygosity, eventually 

leading to a state of inbreeding depression (Hedrick and Garcia-Dorado, 2016). Crossing with 

a genetically distinct plant will then restore high levels of heterozygosity in the hybrid progeny 

giving cause to heterosis by masking the effect of deleterious alleles in the genetic background 

(Chen, 2013b).  

Establishment of a controlled system for breeding of hybrids in rye required several key steps, 

including identification and introgression of self-compatibility and an efficient fertility control 

system (Chang et al., 2016). In 1956, self-incompatibility in rye was determined to be controlled 

by two multiallelic loci, S (1RS) and Z (2RL) (Lundqvist, 1956; Hackauf and Wehling, 2005). 

Using trisomic of an rye inbred line cv. ‘Esto’, Melz et al. (1990) identified four dominant self-

fertility genes Sf1 (1R), Sf2 (5R), Sf3 (4R), and Sf4 (6R) (Melz et al., 1987). While several 

hypothesis have been proposed to explain self-fertility in rye, general consensus is that these 

are either alleles of self-incompatibility genes S and Z, or modifying genes (Fuong et al., 1993; 

Voylokov et al., 1993; Voylokov et al., 1998). The introgression of self-fertility genes enabled 

the development of inbred lines with a low extent of heterozygosity. 

In order to steer the crossing of parental lines during large-scale field multiplication of hybrid 

rye seed a fertility control system is necessary (Chang et al., 2016; Kim and Zhang, 2018). The 

system comprises of three components; a cytoplasmic male sterile (CMS) seed mother, a non-

restorer germplasm (NRG) capable of maintaining the CMS, and a fertile pollen father lines 

capable of restoring male-fertility in the progeny (Schlegel, 2014). The male sterilizing factor 

in CMS lines are a product of mitochondrial genes that causes a defect in the production of 

viable pollen (Gaborieau et al., 2016). The restorer lines instead carry nuclear restoration of 

male fertility (Rf) genes that suppress the CMS conferring mitochondrial transcript by 

interfering with their expression through induced processing or cleavage (Melonek et al., 2021). 

Lastly, the NRG line is characterized by a fertile cytoplasm and absence of dominant Rf genes, 

allowing it to maintain the CMS while not restoring the male fertility in progeny.  

In 1970, the first male sterile lines were identified in an Argentinian primitive rye ‘Pampa’, 

leading to development of the predominant P-type CMS system (Geiger and Schnell, 1970). 

Shortly thereafter lines capable of restoring male fertility in the P-type CMS system were 
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identified (Geiger, 1972). In the P-type CMS system, major restoration of male-fertility (Rf) 

genes have been identified on 1RS, 4RL (Rfp1, Rfp2, Rfp3) and a dominant modifier on 6R 

chromosome, with minor genes on chromosome arms 3RL, 4RL and 5R chromosome 

(Miedaner et al., 2000; Stracke et al., 2003; Hackauf et al., 2012; Hackauf et al., 2017; Niedziela 

et al., 2021). Since then several additional CMS systems have been identified in rye. These 

include the Gülzow (G) type originating from a Austrian population variety ‘Schlägler alt’ 

(Melz and Adolf, 1991), R-type originating from a Russian population (Kobylianskii, 1971), 

and C- (Lapinski, 1972) and S type (Madej, 1975) originating from a Polish population variety 

‘Smolickie’. The G-type CMS system was developed at the Plant Breeding Institute Gülzow-

Gustrow in Northern Germany after comprehensive screenings of international collections 

during the early 1960s (Melz et al., 2003). 

In the G-type, one major Rf gene have been identified on chromosome arm 4RL (Rfg1) and two 

minor on chromosome arm 3RL (Rfg2) and 6R chromosome (Rfg3) (Melz and Adolf, 1991; 

Melz et al., 2003). In the C-type, one major Rf gene have been identified on chromosome arm 

4RL (Rfc1) (Stojalowski et al., 2011). 

With introgression of discovered self-fertility alleles in elite background a hybrid breeding 

system deploying the P-type CMS system was established at Hohenheim university in 1970 

(Geiger and Miedaner, 1999). Shortly thereafter breeding companies established hybrid rye 

breeding programs and the first commercial hybrid rye cultivar ‘Akkord’ was tested in the 

Danish official trials in 1987 (Skriver, 1987). In rye all released hybrids are developed 

following the formula (ACMS × BNRG) × SynRf (Geiger and Miedaner, 2009). The seed parent is 

a single-cross hybrid with components originating from the same (A × A) or secluded (A × B) 

gene pools distinct from the synthetic restorer used as second pollinator. Unlike in maize, rye 

hybrids are three-way crosses due to high levels of inbreeding (Becker et al., 1982; Saleh et al., 

2002).  

2.2 Breeding progress and the introduction of hybrids 

In Denmark and Germany population varieties were progressively substituted by hybrid rye 

cultivars after their introduction in late 1980s. In Denmark hybrids comprised 25% of rye 

cultivated in 1992, and 90% in 2013 (Pedersen, 1996; Eriksen, 2014). In Germany hybrid 

cultivars already comprised 44% of rye grain harvested in 1994, and 81% in 2014 (Seibel and 

Weipert, 1994; Laidig et al., 2017). In Poland the first hybrid cv. was introduced in 1995, and 

based on available literature, hybrid rye did not experience the same progressive expansion here 
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as in Denmark and Germany (Arseniuk and Oleksiak, 2003). Rye is cultivated as a low-input 

crop in Poland and the Baltic states, and farmers apprehension to use of hybrids is likely 

foremost the increased cost and dependency on buying hybrid sow seed (Arseniuk and Oleksiak, 

2003; Hardzei and Urban, 2003).  

During the period 1961 to 2019 the average yield of rye in Denmark increased from 2.8 to 6.5 

t/ha, and in Germany 2.0 to 6.1 t/ha (Figure 2.2, FAO, 2021). Concurrently, yield increased 

from 1.4 to 3.2 t/ha in Poland and 1.7 to 3.7 t/ha in the Baltic states. The considerable yield 

difference between Northern European (Germany, Denmark) and Eastern European (Poland, 

Baltic states) rye producing countries is a product of multiple factors, including highly different 

agricultural systems and production intensity (Schils et al., 2018). Another key contributing 

factor is likely the predominance of hybrid rye cultivation in Northern Europe and population 

varieties in Eastern Europe. In a comprehensive investigation of breeding progress during 1989 

to 2014 in Germany, Laidig et al. (2017) reported a 23.3% increase in grain yield of tested rye 

hybrids from 8.1 to 10.0 t/ha, compared to 18.8% increase in population varieties from 7.2 to 

8.5 t/ha. At the trial terminus in 2014 the relative yield difference between rye hybrids and 

population varieties were 19%. In the Danish official trial in 2020, the top yielding hybrid 

produced 11.4 t/ha compared to the 8.6 t/ha in the only population variety tested, resulting in a 

25% yield difference (Sortsinfo, 2021).  

 

 
Figure 2.2 Yield progression of rye (Secale cereale L.) in Northern- and Eastern Europe from 1961 – 2019 (FAO, 

2021) 

2.3 Exploiting heterosis 

The transition of rye breeding from population varieties to hybrid cultivars offered opportunities 

for greater uniformity, higher selection intensities and the exploitation of heterosis (Schlegel, 
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2016). Inbred lines in rye respond strongly to changes in heterozygosity with hybrids 

demonstrating a heterosis effect on all development and yielding characteristics (Miedaner and 

Laidig, 2019). While few studies have quantified the precise effect of heterosis in rye hybrids 

a heterosis effect of 110 – 140% on grain yield relative to midparent performance have been 

reported (Geiger and Miedaner, 1999).  

In contrast, the effect of heterosis in maize (Zea mays L.) hybrids, a system highly similar to 

rye, has received ample scientific attention (Labroo et al., 2021). In a comprehensive study by 

Flint-Garcia et al. (2009), the effect of heterosis was investigated on seventeen traits in 300 

single cross hybrids in maize. On most of the vegetative and reproductive traits a low-

intermediate midparent heterosis (MPH) effect of 4 to 30% was observed. Biomass productivity 

showed the highest MPH effect of 185%, followed by yielding characteristics from 30-144% 

with the maximum being total grain weight (Flint-Garcia et al., 2009). Similar observations 

have been made in several successive studies (Yu et al., 2020; Meena et al., 2021). The effects 

of heterosis on tolerance to abiotic stresses in maize hybrids have also been widely documented 

(Chairi et al., 2016). Under severe drought conditions MPH of up to 210% have been reported 

on grain yield, and similarly 170% MPH under nitrogen deficit conditions (Riache et al., 2021). 

The enhanced tolerance to drought and nitrogen deficit conditions are likely a result of the 

considerable heterosis effect on root system development (Hoecker et al., 2006; Chairi et al., 

2016).  

To harness the full potential of heterosis in hybrid crosses, parental lines must originate from 

genetically distinct gene pools (Larièpe et al., 2017). In rye hybrid breeding the predominant 

heterotic gene pools are the Petkus and Carsten (Schlegel, 2014). In maize, the relationship 

between MPH and specific combining ability have been demonstrated to be positively 

correlated with interparental genetic distance (Reif et al., 2003; Balestre et al., 2008). While 

genetic distance can serve as a simple predictor of hybrid performance, efficient selection of 

crossing parents amongst hundreds or thousands of possible combinations remain a major 

challenge in hybrid breeding for exploiting the maximum potential heterosis. At present 

complex statistical models have been developed for prediction of hybrid performance 

incorporating G × E, M × E and dominance effects in determination of general and specific 

combining ability (Acosta-Pech et al., 2017; Cuevas et al., 2017; Ferrão et al., 2020). Genomic 

prediction models have also been developed for hybrids in rye (Auinger et al., 2016; Bernal-

Vasquez et al., 2017). 



| 25  

 

3. Leaf rust and powdery mildew in rye 

3.1 Leaf rust 

Encompassing nearly 8000 species the rust fungi constitute a vital component of the global 

terrestrial ecosystem (Helfer, 2014). As obligate biotrophic parasites, rust fungi function as 

drivers of community dynamics and diversification in terrestrial ecosystems through co-

evolution with their host plants (Gilbert, 2002). The rust fungi belongs to the highly diverse 

phylum Pucciniales (formerly Uredinales) of Basidiomycota, represented in 166 genera and 14 

families with majority residing in the genera Puccina and Uromyces (Kirk et al., 2008). Rusts 

obtained their name from their conspicuous brown-orange uredinia pustules, resembling ferrous 

iron oxidation (Figure 3.1). In cereals economical important rusts include stripe rust (P. 

striiformis), stem rust (P. graminis) and leaf rust. The classification of leaf rust fungi on grasses 

has a long history of controversy and revision due to reduced morphological characteristics 

used to infer taxonomical relationships (Liu et al., 2013). In rye, leaf rust is caused by Puccinia 

recondita f. sp. secalis Roberge ex Desmaz (Prs), while in barley (Puccinia hordei), and wheat 

(Puccina tritici) (Figure 3.1). Formerly, nomenclature of the leaf rust pathogen on wheat was 

Puccinia recondita f. sp. tritici, however, based on molecular phylogenetic relationship, 

interfertility, and telial host range the lineages of wheat and rye leaf rust were separated 

(Anikster et al., 1997; Liu et al., 2013). 

 
Figure 3.1 Leaf rust (Puccinia recondita f. sp. secalis) on winter rye (Secale cereale L.) in field. A) Orange-brown 

colored pustules with urediniospores, B) Dark colored telium with teliospores 

3.1.2 Life cycle of leaf rust on Triticeae 

While the leaf rust pathosystem on rye has received little scientific attention, the system on 

wheat and barley are well characterized (Bolton et al., 2008; Park et al., 2015). 

A                                              B 
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Leaf rust on cereals are heteroecious, requiring two taxonomically unrelated hosts to complete 

their life cycle, and macrocyclic entailing five distinct spore types corresponding to different 

life stages (Figure 3.1.2).  

  
Figure 3.1.2 Exemplary life cycle of leaf rusts on cereal crops belonging to the Triticeae tribe. Adapted from the 

Puccinia graminis f. sp. tritici life cycle (Kolmer, 2013). Original illustration from Jacolyn A. Morrison at the 

USDA-ARC Cereal Disease Laboratory, St Paul, MN, USA. 

Upon landing on a susceptible host leaf the urediniospores germinates within 4-8 hours at 20⁰C 

and 100% relative humidity (Zhang and Dickinson, 2001). The germination triggers the 

development of a germ tube, forming several exploratory branches as it elongates (200 µm ≤) 

on its search for a stoma (Hu and Rijkenberg, 1998a). After recognition of a stomata an septate 

oval or oblong appressorium structure is formed, adhering closely to the host cuticle and stoma 

guard cells. Through accumulated hydrostatic pressure (turgor) in the appressorium a 

penetration peg is forced through the stomata into a substomatal chamber. These pre-

penetration processes are concluded within 12 hours post inoculation (hpi). Within the 

substomatal chamber the terminal end of the penetration peg swells to form a substomatal 

vesicle (Hu and Rijkenberg, 1998a). From the substomatal vesicle a primary infection hypha is 

formed, developing a septate haustorial mother cell adjacent to a mesophyll cell in the 

intercellular space or an epidermal cell. As the haustorial mother cell develops, its cell wall 

thickens, in particular the inner wall adjacent to the host cell with a significant increase around 
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the penetration site (Hu and Rijkenberg, 1998b). Here a penetration tube is forced through the 

host cell wall leading to the invagination of the host plasmalemma to give way to the 

development of a feeding structure, the haustorium (explained in further detail in section 3.2.1).  

From the primary infection hypha several additional secondary infection hypha are formed, and 

new haustoria mother cells develop around 24 hpi resulting in a progressively branching fungal 

mycelia (Hu and Rijkenberg, 1998b). Around seven to ten days post inoculation anamorph 

uredinia structures are developed in the sub-epidermal mycelia. At maturity the uredinia pustule 

rupture the epidermis, releasing the conspicuous orange-brown urediniospores. Urediniospores 

are dikaryotic, spheroid (27µm x 20 µm) and exhibit spines on their surface (Anikster et al., 

2005).  

Resulting from the complex life cycle of leaf rust on Triticeae crop species the sexual cycle on 

the alternate host remains largely unstudied (Gold et al., 1979; Bolton et al., 2008). In wheat 

leaf rust, the alternative host is Thalictrum speciosissimum L., native to the Mediterranean flora 

(Anikster et al., 1997). In rye leaf rust, the alternate host of Prs are members of the Anchusa 

genera. Anikster et al. (1997) demonstrated that basidiospores of Prs were capable of infecting 

Anchusa undulata L. and Anchusa arvensis L., leading to aecial and pycnial development on 

the species. A. arvensis L. (In Danish ‘krumhals’) is widespread in the Northern European flora 

(Frederiksen et al., 2012). 

The sexual stage of the life cycle is initiated by the formation of teleomorph structures, telium, 

towards the end of the growing season or during periods of unconducive conditions during the 

summer (Bolton et al., 2008). As the telium matures it acquires a conspicuous dark-brown color 

(Figure 3.1B). Rising perpendicular from the telium structure, two-celled, oblong (50µm x 20 

µm) dikaryotic teliospores are formed (Anikster et al., 2005). Early in the teliospore 

development the two haploid nuclei undergo karyogamy to form a diploid nucleus. Hereafter, 

when the conditions are conducive, a hyphal protrusion called the promycelium is developed 

from one or both of the teliospore cells. Through a successive meiotic and mitotic cell division, 

binucleate haploid basidiospores of opposing mating types emerge from the germinated 

teliospore cell, now referred to as the basidium. The asymmetrical basidiospore (10µm x 8µm) 

is attached to the promycelium by a spine-like structure called the sterigmata (Anikster et al., 

2005). Few hours after being formed the mature basidiospores are actively ejected from the 

sterigmata and carried by wind to a nearby alternate host. The thin-walled basidiospore is highly 

sensitive to desiccation, depending on surface moisture and high relative humidity to germinate 
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(Gold and Mendgen, 1991). If conditions are conducive the basidiospore germinates within few 

hours leading to the development of a basidiospore germtube. Upon recognition of a suitable 

site an appressorium is developed, host cuticle and cell wall penetrated, and a intraepidermal 

vesicle developed inside the a epidermal cell (Gold and Mendgen, 1991). Penetration can also 

occur at an stomata leading to the development of a substomatal vesicle instead. From the 

vesicle a primary hypha is formed, rapidly developing into a branched, multicellular network 

of mycelia without formation of haustoria. Here a globose pycnial primordia develops, erupting 

through the epidermal cells upon maturation with paraphyses and flexuous hyphae extending 

through its ostiole (Gold et al., 1979). From the ostiole ellipsoidal, thin-walled pycniospores 

(4µm x 2µm) are exuded in droplets of a honeydew like substance (Anikster et al., 2005). Insect 

facilitated transmission of pycniospore to a different pycnium of opposing mating type hereafter 

leads to the pairing of a receptive hyphae by plasmogamy. Followed by fusion of the two 

haploid nuclei by karyogamy the dikaryotic state is restored and a abaxial globose aecium 

structure is formed (Gold et al., 1979). In the primordial aecium spheroid, thick-walled, 

dikaryotic aeciospore (26 µm x 23µm) with a spiked surface are formed. The mature aeciospore 

is spread by wind to a nearby primary host plant, completing the life cycle of cereal leaf rusts. 

3.2 Powdery mildew 

Powdery mildews are some of the world’s most ubiquitous plant pathogenic fungi, infecting 

the stems, leaves, flowers and fruits of nearly 10.000 species of angiosperms, of which 634 

belongs to the Poaceae, the grass family (Braun et al., 2001). Their familiar and conspicuous 

profuse development of superficial mycelia and production of conidia have given them their 

name powdery mildews (Figure 3.2.1, Glawe, 2008).  

 

Figure 3.2 Powdery mildew (Blumeria graminis f. sp. secalis) mycelia and condia on leaves of winter rye (Secale 

cereale L.) 
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Since the birth of powdery mildew taxonomy by Linnaeus in the 18th century, several 

classification systems based on anamorph and/or teleomorph morphology have been proposed 

to understand their phylogenetic relationships. In cultivated Triticeae specie, powdery mildew 

is caused by Blumeria graminis (DC.) Speer (formerly Erysiphe graminis) occupying a distinct 

clades within the ascomycete order Erysiphales (Menardo et al., 2017). Powdery mildews on 

cultivated Triticeae species are highly specialized, with B. graminis having evolved into 

minimum five distinct formae speciales (f. sp.), each specifically adapted to a single host specie 

(Menardo et al., 2017). In rye, powdery mildew is caused by B. graminis f. sp. secalis (Bgs), 

closely related to B. graminis f. sp. tritici on bread wheat and B. graminis f. sp. hordei on barley 

(Inuma et al., 2007).  

3.2.1 Life cycle of powdery mildew on Triticeae 

While the powdery mildew pathosystem on rye has received little scientific attention, the 

systems on barley and wheat are well characterized (Glawe, 2008).  

The powdery mildews on Triticeae crop species are obligate biotrophic pathogens, depending 

on a host for survival and reproduction, forming two morphological distinct spore stages 

throughout its life cycle (Figure 3.2.1). 

 

Figure 3.2.1 Life cycle of Blumeria graminis on cereal crops belonging to the Triticeae tribe (AU, 2021). Original 

illustration from Kylie Fowler 



| 30  

 

Shortly after landing on a susceptible host the infection process of powdery mildew is initiated 

(Nielsen et al., 2000). The germination of asco- or conidiospore leads to the initial formation of 

a short (5-10µm) primary germ tube that breaches through the cuticle layer, serving as 

anchorage to the host, an access point to host water and recognition of host surface factors 

(Zhang et al., 2004). Hereafter a longer (≈ 20 µm) secondary septate appressorial germ tube is 

produced (Jankovics et al., 2015). Upon recognition of a suitable location on the host epidermis 

elongation of the appressorial germ tube is haltered and an lobed apical appressorium formed 

(Nielsen et al., 2000; Hansjakob et al., 2012). Through accumulation of hydrostatic force (turgor) 

in the mature appressorium a short penetration peg is used to breach the host cuticle and cell 

wall. These pre-penetration processes are completed 12-15 hpi (Zhang et al., 2005). Once inside 

the epidermal cell lumen the penetration tip swells, initiating a invagination process of the host 

plasma membrane to allow for the fungal feeding structure, the digitate haustorium, to develop 

(Green et al., 2002). Encoding the haustorium is a extrahaustorial membrane arising from the 

modified host cell plasmalemma with a vast surface area of around 5000 µm2 (Zhang et al., 

2005). The extrahaustorial membrane constitutes the interaction interface used by Bg to 

manipulate host innate immune system through secretion of virulence factors and facilitate 

nutrient uptake (Bozkurt and Kamoun, 2020). From the haustoria secondary hyphae are formed 

within 24 hours after infection leading to the development of differentiated secondary hyphal 

appressoria and new generation of haustoria (Glawe, 2008). Progressing at an exponential pace 

the host epidermal surface is gradually covered in a dense mycelial mat. 

Several days after host infection anamorph structures, conidiophores, are formed, rising 

perpendicular from the mycelial mat (Figure 3.2.1). Conidiophores are simple and unbranched 

vegetative structures, adding each new asexual conidium to the base of a growing chain. The 

conidia spores are ovoid, hyaline (10-15 µm x 30-40 µm), uninucleate and covered by spinelike 

protrusions (Carver et al., 1995; Zhang et al., 2005). Production of condia appears to follow a 

diurnal pattern with spores predominantly released by wind from mid-morning to early 

afternoon (Eversmeyer et al., 1973). Optimal conditions for sporulation is a temperature around 

20⁰C and high relative humidity, with evidence of a sudden drop in relative humidity proposed 

as the main environmental factor triggering active discharge of conidia (Ward and Manners, 

1974; Adams Jr et al., 1986). Sporulation commences when the colony is about 4 days old with 

a single colony producing up to 200.000 wind-dispersed asexual spores (Zhang et al., 2005). 
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The sexual cycle of B. graminis is initiated towards the end of the growing season or triggered 

by stress conditions during summer leading to the development of anteridium and ascogonium 

structures (Glawe, 2008). Like most ascomycetes B. graminis is heterothallic, requiring the 

concurrence of a anteridium and ascogonium of opposing mating type for initiation of the sexual 

reproduction (Brewer et al., 2011). Upon interaction of compatible mating types plasmogamy 

is initiated enabling a nucleus to move from the anteridium to the ascogonium in a process 

known as dikaryotization (Glawe, 2008). Hereafter a peridium is developed encapsulating the 

multinucleate ascogonium, now referred to as chasmothecia (formerly cleistothecia). Asci then 

developed from dikaryotic cells, followed by karyogamy and meiosis in the ascus. The young 

chasmothecia (100-200 µm) are light-colored, darkening to a conspicuous brown-black color 

when mature. Serving as a oversummering or overwintering survival structure the 

chasmothecial is developed using stored nutrients absorbed from the host during the early stages 

of the infection (Götz and Boyle, 1998). Differentiation of the ascospore is triggered by water, 

maturing after 3-5 days of immersion or in a moist environment after which they are actively 

discharged from the asci (Jankovics et al., 2015). The ascospore are globose to ovoid, hyaline 

(10 µm x 20 µm), uninucleate with a clean surface. Germination of chasmothecia occurs in the 

late summer or early autumn leading to the infection of young newly established autumn-sown 

cereals as well as volunteer plants, enabling B. graminis to overwinter as dormant mycelium. 

3.3 Epidemiology of leaf rust and powdery mildew 

The capacity of plant pathogens to cause disease and give rise to severe epidemics as a product 

of the interrelationship between three factors was elegantly framed in the ‘Disease triangle’ by 

McNew (1960), defining these as:  

‘The inherent susceptibility of the host, the inoculum potential of the parasite, and the impact 

of the environment on parasitism and pathogenesis’ (McNew, 1960) 

Within the pathogen factor several life history traits influences a pathogenic species capacity to 

cause disease on a large spatial and temporal scale (Le May et al., 2020). The foliar diseases on 

cultivated Triticeae species, leaf rust and powdery mildew, share several decisive life history 

traits related to their ability to cause severe epidemics. This includes an asexual polycyclic 

phase in their life cycle, their ability to develop highly aggressive pathotypes, capacity to 

disperse spores over long distances and lastly, survival strategies to insure their persistence 

during off-seasons. While these life history traits have received little scientific interest in 
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relation to the epidemiology of the leaf rust and powdery mildew pathosystem on rye, they are 

well characterized on both wheat and barley.  

3.3.1 Epidemiology of leaf rust on Triticeae 

Long-distance dispersal (LDD) constitute an important survival strategy for obligate biotrophs, 

enabling them to migrate between habitats were the host plant are seasonally absent and invade 

new territories (Brown and Hovmøller, 2002). Several cases of LDD in rusts on cultivated 

Triticeae species have been documented. In leaf rust on wheat, urediniospores have been 

observed to migrate 500 kilometers by wind across the North Sea from the British Isles to 

Denmark (Hermansen et al., 1978). In the wheat stem rust pathogen a novel aggressive race 

‘Ug99’ spread from Uganda in 1998 and across the East- and Southern African countries, and 

into the Middle east, following wind trajectory models (Singh et al., 2011b). In the wheat stripe 

rust pathogen, introduced non-European origin races ‘Warrior’, ‘Kranich’ and ‘Triticale 

aggressive’ are believed to have migrated by wind from the near-Himalayan region of Asia 

(Hovmøller et al., 2016). In leaf rust on wheat, urediniospores have been observed to migrate 

500 kilometers by wind across the North Sea from the British Isles to Denmark (Hermansen et 

al., 1978). This LDD constitutes a corridor of genetic exchanged between elsewise spatial 

secluded populations, having a profound effect on spatiotemporal disease dynamics, genetic 

diversity and structure of the rust populations.  

Genetic variation is an essential component in the evolutionary capacity of plant pathogens 

enabling them to adapt changes in their environment and host (Marais and Charlesworth, 2003; 

Figueroa et al., 2020). Through recombination during the sexual reproductive cycle novel gene 

combinations are created with the potential evolution of aggressive pathotypes (Heitman, 2015). 

In leaf rust on wheat several studies have, however, found little evidence of sexual 

recombination suggesting a predominantly clonal propagation of the pathogen (Goyeau et al., 

2012; Kolmer, 2015). Similar observation has been made in the yellow rust pathogen on wheat 

(Hovmøller et al., 2002b).  

While the alternate host, Berberis sp., has been actively eradicated in intense campaigns across 

Europe to hinder the sexual reproduction of wheat yellow rust, the alternate host of wheat leaf 

rust, T. speciosissimum, is present in the Mediterranean region. However, it is likely that the 

sexual reproduction in wheat leaf rust plays an insignificant role in the epidemiology and 

development of novel genetic variation due to a low occurrence of the alternate host (Bolton et 

al., 2008). In clonal populations novel genetic variation is instead generated by other means 
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such a mutations, somatic hybridization and internuclear exchange (Figueroa et al., 2020). The 

evolutionary plasticity of the wheat leaf rust pathogen in the absence of sexual reproduction 

was demonstrated by Kolmer et al. (2007), identifying 72 pathotypes amongst 797 single 

pustule isolates in the United States in 2005 (Kolmer et al., 2007).  

The alternate host of rye leaf rust, Anchusa arvensis, is, however, widespread in the Northern 

European flora (Anikster et al., 1997; Frederiksen et al., 2012). While suggesting the likelihood 

of frequent sexual recombination, its role in the epidemiology of rye leaf rust remains to be 

investigated. In a study on the virulence dynamics of rye leaf rust by Miedaner et al. (2011), 

317 pathotypes were identified amongst of 827 single pustule isolates collected during 2000-

2002 in Germany. It is to expected that the heterogeneous nature of rye and low level of leaf 

rust resistance inherent to the predominant hybrid rye breeding systems are contributing factors 

positively influencing the diversity in virulence phenotypes (Miedaner et al., 2002; Goyeau et 

al., 2006). The high virulence complexity and frequency of distinct virulence phenotypes 

observed in the German leaf rust population, however, could suggest a mixed reproduction 

mode, alternating between asexual and sexual. This is supported by the large formation of telia 

structures on field crop (Figure 3.1B). 

In wheat yellow rust, introduced non-European origin races have been determined to originate 

from a sexual reproducing and genetically diverse population in the near-Himalayan region of 

Asia (Hovmøller et al., 2016).  

Leaf rusts are polycyclic disease capable of undergoing a large number of clonal generation per 

growing season. The repetitive infections by asexual urediniospores are an essential component 

in the epidemiology of leaf rusts, driving an exponential progression of disease within field that 

is further accelerated by wind dispersal. In rye leaf rust, clonal reproduction have been 

demonstrated to drive a rapid expansion of virulent pathotypes reaching up to 60% of the 

population within weeks (Miedaner et al., 2011). Facilitated by LDD these virulent pathotypes 

can be disseminated on a large spatial scale, contributing to risk of severe epidemics across 

continents (Hovmøller et al., 2002a).  

3.3.2 Epidemiology of powdery mildew on Triticeae 

While the powdery mildew fungi on cultivated Triticeae species shares several life history traits 

with the leaf rust pathogen as elaborated in detail above, it differentiates on several 

epidemiology related traits. 
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Several studies in barley and powdery mildew have demonstrated the capacity of both conidia- 

and ascospore to migrate hundreds or thousands of kilometers by wind (Limpert et al., 1999; 

Zhu et al., 2016). Similar to leaf rust, conidiospores have been observed to migrate across the 

North Sea from the British Isles to Denmark (Hermansen et al., 1978). In 1988 a virulent 

pathotype of barley powdery mildew was observed in England believed to have migrated by 

LDD from Czechoslovakia across the European continent and North Sea (Wolfe et al., 

1992).Virulence complexity of wheat and barley powdery mildew have been observed in 

several studies to correlated with prevailing wind direction, emphasizing the impact of LDD on 

powdery mildew epidemiology (Cowger et al., 2016; Zhu et al., 2016).  

Unlike leaf rusts, sexual recombination is frequent in the powdery mildews on cultivated 

Triticeae species, independent of an co-occurring alternate host (Cowger et al., 2016; Dreiseitl, 

2018). Through sexual recombination foreign pathotypes, introduced by LDD, are introgressed 

into existing local populations leading to development of novel virulence gene combinations 

and thereof new pathotypes (Heitman, 2015). The effect of sexual recombination on pathotype 

diversity was demonstrated in a study on the Central European barley powdery mildew 

population, identifying 279 distinct pathotypes out of 309 isolates tested from 2015-2017 

(Dreiseitl, 2018). Similar observation was made in the wheat powdery mildew where Cowger 

et al. (2016) identified 210 distinct haplotypes amongst 238 isolates sampled in United States 

from 2007 to 2010. The considerable extent of gene flow enabled by this wind corridor is likely 

a key contributing factor to the large spatial variability observed in the genetic structure of 

wheat and barley powdery mildew (Limpert et al., 1999).  

Concurrent to the increase in pathotype diversity, LDD and frequency sexual recombination are 

likely drivers of the extreme levels of genetic diversity and pathotype complexity observed in 

the US, European and Chinese wheat and barley powdery mildew populations (Zhu et al., 2016; 

Cowger et al., 2018; Dreiseitl, 2018). 

3.4 Virulence of leaf rust and powdery mildew on Triticeae 

In natural and agricultural ecosystems a ceaseless battle is fought between plants and pathogens 

in their struggle for survival and reproduction (Thompson and Burdon, 1992). This struggle 

drives a concurrent arms-race with selective forces on host defense and pathogen virulence 

framed elegantly in the gene-for-gene coevolution theory by Flor (1971). 
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‘For each gene that conditions reaction in the host there is a corresponding gene that 

conditions pathogenicity in the parasite’ (Flor, 1971) 

In order to infect the host, pathogens need to surpass two layers of defense, the preformed and 

the induced (Anderson et al., 2010). The preformed refers to a constitutive defense that 

discourages, or provides a physical or chemical barrier preventing pathogen infection. The 

induced defense constitute two types of immune receptors that upon recognition of the pathogen 

initiates a resistance response. First layer of inducible defense are the pattern recognition 

receptors (PPRs) located on the plant cell surface. The PRRs recognizes pathogen associated 

molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs are 

conserved components of pathogen cell structure such as chitin in the fungal cell walls or cell 

walls or flagellin in bacterial flagellum, whereas DAMPs are released during alteration of host 

cell integrity (Pel and Pieterse, 2013; Raaymakers and Van den Ackerveken, 2016; Peng et al., 

2018). Second layer of inducible defense are intracellular resistance (R) proteins that recognizes 

effector molecules (Laflamme et al., 2020). 

To breach the physical barrier pathogens secrete extracellular hydrolase enzymes degrading the 

waxy cuticle and epidermal cell wall facilitating penetration by specialized structures such as 

the appressoria of cereal rusts and mildews (Feng et al., 2011). Hereafter, metabolic 

mechanisms allow the pathogen to circumvent host deployed antimicrobial phytochemicals 

(Pedras and Abdoli, 2017). In order to suppress or circumnavigate PAMP or DAMP triggered 

immunity pathogens secrete extracellular effector molecules (Varden et al., 2017). Suppression 

of host defense response is central to the survival of obligate biotrophic pathogens, such as 

powdery mildew and leaf rust, allowing them to inhabit living cells and feed on host derived 

metabolites. The secreted effector molecules interact with host R proteins in accordance to the 

gene-for-gene coevolution theory (Bourras et al., 2015). For every R gene in the host, a ligand 

in the form of a avirulence gene exist in the pathogen population giving cause to a resistance 

response, referred to as an incompatible interaction (Zhong et al., 2017; Peng et al., 2018; Yoo 

et al., 2020). Virulent pathotypes capable of successfully infecting the host instead carry a 

virulence gene allowing them to suppress PAMP triggered immunity and evade R gene 

recognition, this is referred to as an compatible interaction (Lanver et al., 2017). The host-

pathogen interactions give cause to a wide spectrum of compatibility or incompatibility 

reactions on the phenotypic level related to the molecular basis of the response (Kosman et al., 

2019). The interaction is furthermore influenced by plant fitness, related to the agricultural 
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practices and environmental factors. Determining the virulence phenotype is often done using 

quantitative infection type (IT) scales, with IT categories defined by lesion type, lesion size, 

chlorosis, necrosis, spore production etc. (Kosman et al., 2019). Virulence surveys of pathogens 

is done on basis of collected isolated IT spectrum, or profile, towards a differential set of host 

cultivars with complementing R gene repertoire, allowing a differentiation of isolates into 

distinct pathotypes (Hovmøller et al., 2017). 

3.4.1 Infection types of rye leaf rust 

While differential sets for virulence phenotyping of leaf rust in rye exists, access to the inbred 

breeding lines owned by private or governmental breeding institutes is often restricted 

(Miedaner et al., 2011).  

In rye a ten-step 0-9 IT scale was developed on basis of incompatible and compatible 

interactions observed in a screening of 101 inbred rye lines towards six distinct Puccinia 

recondita f. sp. secalis single pustule isolates (Manuscript IV, Figure 3.4.1).  

 

Figure 3.4.1: Infection type response (0-9) for leaf rust in rye (Secale cereale L.) caused by the fungal pathogen 

Puccinia recondita f. sp. secalis. Inspired by Hovmøller., et al. (2017) and McNeal., et al. (1971). IT 0-2 are 

considered to represent ‘Resistant’, IT 3-4 ‘Partial resistant’, IT 5-6 ‘Partial susceptible’, and IT 7-9 ‘Susceptible’ 

host plants. In terms of virulence/avirulence, IT 0-6 are considered ‘avirulent’ and 7-9 ‘virulent’.  

3.4.2 Infection types of powdery mildew on Triticeae 

To our knowledge no differential sets has been developed for virulence phenotyping of powdery 

mildew in rye. In barley and wheat virulence phenotyping of powdery mildew has 

predominantly been done according to the ten step 0-4 IT scale by Torp et al. (1978) (Sørensen 

et al., 2019). 
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Figure 3.4.2: Infection type response (0-4) for powdery mildew in barley (Hordeum vulgare L.) caused by the 

fungal pathogen Blumeria graminis f. sp. hordei, After (Torp et al., 1978), with original pictures from Chris Khadgi 

Sørensen at Aarhus University Department of Agroecology, Flakkebjerg, Denmark. IT 0 to 1 are considered 

‘resistant’, IT 1-2 to 2 ‘Partial resistant’, IT 2-3 to 3 ‘partial susceptible’ and IT 3 to 4 ‘Susceptible’. IT less than 

3 are considered ‘avirulent’ and IT 3 to 4 ‘virulent’. 
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4. Host resistance in rye to leaf rust and powdery mildew disease 

In natural as well as agricultural ecosystems plants coexist with a multitude of microorganisms 

(Compant et al., 2019). The plants interaction with the surrounding microbial community 

residing in the rhizosphere (root interface), phyllosphere (aerial interface) and endosphere 

(internal interface) habitat are crucial determinants of plant functioning and health (Finkel et 

al., 2017). Members of these communities comprise beneficial mutualists, neutral commensals 

and pathogenic microorganisms (Trivedi et al., 2020). In order to distinguish ‘foe’ from ‘friend’ 

plant exhibit an intricate immune system with several layers of preformed and induced defense 

(Anderson et al., 2010). 

4.1 Plant innate immune system 

In plants the first layer of defense is the waxy cuticle and epidermal cell wall, constituting a 

protective physical barrier (Ziv et al., 2018). This preinvasion resistance prevents most non-

adapted pathogens without the appropriate infection structures or enzymatic repertoire from 

infecting the plant (Lee et al., 2017). Beside the physical properties of the barrier, accumulation 

of secondary metabolites in the plant epidermal cells and cuticle constitutes a metabolic or 

chemical layer of defense. The secondary metabolites constitute antimicrobial phytochemicals 

either toxic to the pathogen or exhibiting a inhibitory effect on pathogen infection (Calmes et 

al., 2015). The diverse array of plant antimicrobial compounds are divided in two groups, 

phytoanticipins that are produced and store constitutively in plant tissue and phytoalexins that 

are synthesized de novo in response to infection (Piasecka et al., 2015). To avoid auto-toxic 

effects some phytoanticipins are stored as inactivated forms, activated upon recognition of 

pathogen invasion (Chen et al., 2020). The early sensing of pathogen invasion is associated 

with plant recognition of PAMPs or DAMPs by a cell surface-associated PRR proteins mainly 

located at the plasma membrane (Saintenac et al., 2018). Plant PRRs are often represented by 

receptor-like protein kinases (RLKs) or receptor-like proteins (RLPs) (Jamieson et al., 2018). 

RLKs consist of a N-terminus extracellular domain, a central single-pass transmembrane 

domain, and a C-terminus intracellular kinase domain, with RLPs exhibiting the same overall 

structure, however, absent of a kinase domain (Wu et al., 2018). Some RFLs additionally have 

a short extracellular or intracellular juxtamembrane domain (Albert et al., 2019; Gong et al., 

2019). The extracellular ligand recognition domain consist of a lysine motif, lectin domain, 

epidermal growth factor-like domain, or the more common a leucine-rich repeat (LRR) domain 

(Jamieson et al., 2018). Absent of a intracellular kinase domain responsible for triggering the 
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downstream signal transduction, RLPs are believed to be associated with RLKs (Wu et al., 

2018). Recognition of a PAMP or DAMP lead to a PAMP-triggered immune (PTI) response. 

PTI is characterized by a cascade of rapidly deployed cellular responses including the activation 

of mitogen-activate protein kinase cascade (Bi et al., 2018), calcium-dependent protein kinases 

(Marcec et al., 2019), generation of reactive oxygen species and nitrogen species (Zhang et al., 

2018), ion flux (Thor et al., 2020), callose deposition (Wang et al., 2021), phytohormone 

production (Lal et al., 2018), transcriptional reprogramming (Xu et al., 2017) production of 

phytoalexins, and activation of phytoanticipins (Piasecka et al., 2015).  

In addition to the direct or indirect perception of pathogen-derived molecules on the cell surface 

by PRR proteins, seven other mechanisms for R protein functioning have recently been 

presented by Kourelis and Van Der Hoorn (2018) (Figure 4.1A).  

 

Figure 4.1 Molecular mechanisms of resistance (R) gene functioning in plants; including A) Direct (1) or indirect 

(2) recognition of pathogen-derived molecules by cell surface localized RLK or RLP, direct (3) or indirect (4) 

intracellular recognition of pathogen-derived molecules by nucleotide-binding leucine rich repeat receptors (NLR), 

or through integrated domains (5), recognition of transcription activator-like effectors through activation of 

executor genes (6), and active (7) or passive (8) or host programming-mediated (9) loss of susceptibility. B) 

Grouping and frequency of identified R genes based on their proposed mechanism. After (Kourelis and Van Der 

Hoorn, 2018) 

 

The sensing of a cytoplastic effector proteins (3-5) by intracellular nucleotide-binding leucine 

rich repeat (NLR) proteins induces a effector triggered immunity response (ETI) response 

(Figure 4.1A). While several of the downstream molecular events triggered during ETI are 

similar to PTI, it is distinguished by the triggering of a hypersensitive response (HR) (Peng et 
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al., 2018; Lu and Tsuda, 2021). The HR is a type of programmed cell death induced by 

production bursts of reactive oxygen species and nitric oxide effective against biotrophic 

pathogens, such as cereal leaf rust and powdery mildews, depending on living host cells (Balint‐

Kurti, 2019).  

The canonical NLR gene is composed of three domains, a C-terminal leucine-rich repeat (LRR) 

domain responsible for effector recognition and NLR autoinhibition (Qi et al., 2012; Monino‐

Lopez et al., 2021) and a conserved central nucleotide-binding and ARC (present in Apaf-1, R 

proteins, and CED-4) (NB-ARC) domain involved in regulation of NLR activation (Williams 

et al., 2011). On basis of the N-terminal domain involved in mediating the downstream 

signaling, NLR genes are divided into three broad classes, (i) CNLs carrying a coiled-coil (CC) 

domain, (ii) TNLs carrying a Toll-interleukin 1 receptor (TIR), and (iii) RNLs carrying a 

RPW8-like CC domain (Shao et al., 2016). In monocots the TNL-type NLR genes are absent 

(Tamborski and Krasileva, 2020). The sensing of pathogens effectors by intracellular NLR 

genes occur by one of three mechanisms, (i) direct interaction by effector binding to the LRR 

domain, (ii) indirect interaction by either effector binding to or mediated modification of a host 

component perceived by the NLR, or (iii) indirect interaction by effector binding to or mediated 

modification of a domain that it integrated in a host NLR (NLR-ID) (Figure 4.1A, Ortiz et al., 

2017; Zhang et al., 2017; Kourelis and Van Der Hoorn, 2018). Host components and integrated 

domains that have lost their original function, serving only as ‘effector baits’ are often referred 

to as decoys, while those that have retained their functions in plant immunity are referred to as 

guards (Baggs et al., 2017). The fused integrated domain can be located in either end of the 

NLR gene.  

The NLRs constitute a large gene family in flowering plants, with 1,169 NLRs identified in the 

reference genome of a German inbred grain-type rye line ‘Lo7’ and 1,447 in a Chinese inbred 

forage-type rye line ‘Weining’, corresponding to 3.2-3.4 % of the gene complement in rye (Li 

et al., 2021; Rabanus-Wallace et al., 2021). In plants, NLRs are predominantly located in the 

subteleomeric region organized either in pairs, often in a head-to-head arrangement, or large 

clusters spanning several megabases (Rabanus-Wallace et al., 2021). NLR pairs situated in 

head-to-head arrangement have been observed to function as coupled ‘helper’ and ‘sensor’ in 

three different combinations, (i) paired NLR and NLR-ID sensor and helper, (ii) RNL helper 

and CNL or TNL sensor, and (iii) NLR Required for Cell Death (NRC) helper and CNL sensor 

(Feehan et al., 2020).  



| 41  

 

In hexaploidy bread wheat 60% of the NLR repertoire is organized in gene clusters (Andersen 

et al., 2020). These NLR gene clusters fall into two categories, (i) functionally linked genes 

with little sequence similarity, often diverging by means of gene conversion events and intra-

cluster rearrangements and (ii) homologous genes (paralogs) arising from duplication events 

often followed by unequal crossing over (van Wersch and Li, 2019). With the occurrence of 

gene clustering in eukaryotes being uncommon the conservation of clustering amongst NLR 

genes suggest an evolutionary benefit of the gene arrangement (van Wersch and Li, 2019). 

Structural variations plays a large role in the evolution and diversity of NLR genes from small 

scale insertion-deletion (indel) polymorphism, to copy number variation (CNV) and 

presence/absence variation (Baggs et al., 2017). PAV is an extreme case of structural variation 

where fragments in the size of genes are missing and has been associated with an over-

representation of NLR genes (Gabur et al., 2020). NLRs that have lost their fitness effect due 

to absence of the corresponding virulence factor in the pathogen population would favor PAV, 

likewise explaining observations of NLR PAV between accessions originating from distinct 

environments (Stam et al., 2019).  

Individual NLRs have been associated with high levels of allelic diversity with the enrichment 

of non-synonymous mutations enriched in the LRR domain, signature a positive selection 

pressure (He et al., 2020). The diversification of NLRs through point mutations, intragenic and 

intergenic recombination and gene conversion are likely drivers of chimeric LRRs with novel 

recognition specificities (Lindner et al., 2020; Tamborski and Krasileva, 2020). Domain fusion 

likewise constitute a means of diversification, adding to the heterogeneity of NLRs (Baggs et 

al., 2017). The rapid evolution of certain NLRs is likely linked to their accumulation around 

recombination hotspots in the subteleomeric region (Nieri et al., 2017; Chen et al., 2018).  

While pivotal to plant health, resistance to pathogens has a metabolic cost and the 

diversification of NLRs a pleiotropic effect on plant fitness (Brown and Rant, 2013). Expression 

of NLRs is, therefore, tightly regulated to prevent autoimmunity or retarded plant growth while 

retaining resistance (Newman et al., 2019). In the plant NLR proteins are believed to exist in 

an equilibrium between a resting and active state with activity regulated by the central NB-

ARC domain through a ‘trigger-and-switch’ mechanism (Borrelli et al., 2018). Upon binding 

of an effector molecule the NLR protein transitions from the resting state by release of a bound 

ADP to an active by binding of a ATP, inducing a conformational change in the LRR domain, 

stabilizing the activated NLR (Wang et al., 2019a).  
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In addition to the PTI and ETI triggered by perception of pathogen-derived molecules by 

receptor proteins, R genes can also confer resistance by loss of susceptibility (Figure 4.1, 

Kourelis and Van Der Hoorn, 2018). Loss of susceptibility is either caused by host proteins that 

are directly involved in disarming the pathogen, passive loss of host susceptibility factor 

interacting with the pathogen effector, or host reprogramming by mutations in components of 

the cellular pathway (Wang et al., 2019c; de Toledo Thomazella et al., 2021). The resistance, 

often broad spectrum, conferred by loss of susceptibility is characterized the absence of visual 

cell death, referred to as type-I non-host resistance, while type-II is characterized by HR and 

visual cell death (Lee et al., 2016). A well-characterized example of a loss-of-function mutant 

is the barley Mildew resistance locus o (Mlo), conferring a broad-spectrum resistance towards 

the powdery mildew pathogen (Acevedo‐Garcia et al., 2014).  

Most of the genes conferring adult plant resistance (APR) expressed in the later stages of plant 

life are related to host reprogramming induced loss-of-susceptibility (Kourelis and Van Der 

Hoorn, 2018). APRs often confer a broad spectrum resistance effective towards a large range 

of pathogen races (Chen, 2013a). A well-characterized example of a loss-of-susceptibility 

mutant conferring APR is the wheat leaf rust resistance gene Lr34, encoding a ABC transporter 

(Krattinger et al., 2011). 

While the resistance mechanism conferred by major R genes have been described extensively, 

the molecular mechanisms controlling variation in quantitative, or partial, resistance is much 

less well-known (Kourelis and Van Der Hoorn, 2018). The study of quantitative resistance is 

hindered by the biological complexity underlying resistance, often exhibiting a polygenic 

architecture with many genes of small to moderate effects (Corwin and Kliebenstein, 2017). 

Quantitative resistance is expressed as a susceptible infection type of host reaction with reduced 

infection frequency and severity (Figure 3.4.1, Figure 3.4.2, Sucher et al., 2017).  

4.2 Resistant to leaf rust disease in rye 

While leaf rust resistance in rye has attracted little scientific attention in recent years, several 

earlier studies have investigated qualitative and quantitative resistance towards the disease in 

rye (Reichel, 1981; Musa et al., 1984; Miedaner et al., 2002; Solodukhina, 2002). In 2004 a 

systematic rye nomenclature for leaf rust R genes ‘Pr’ was introduced by Roux et al. (2004) as 

reference to the causative agent of leaf rust in rye Puccinia recondita f. sp. secalis. Currently 

five major leaf rust R genes conferring race-specific resistance have been identified in rye on 

chromosome arms 1RS (Pr3), 1RL (Pr4, Pr5), 6RL (Pr1), and 7RL (Pr2) (Wehling et al., 2003; 
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Roux et al., 2004). Previously these R genes were denoted in accordance to wheat nomenclature 

as Lr-a (Pr1), Lr-c (Pr2), Lr-c (Pr3), Lr-g (Pr4), and Lr-h (Pr5) (Roux et al., 2000). Additional 

three major leaf rust R genes have been identified in wheat-rye substitution and translocation 

lines with rye as resistance donor. In accordance to wheat gene nomenclature these leaf rust R 

genes in rye are designated as Lr26 on chromosome arm 1RS (1BL-1RS), and Lr25 and Lr45 

on chromosome arm 2RL (McIntosh et al., 1995; Friebe et al., 1996). The former gene Lr26 is 

located on the renown 1BL.1RS translocation from Petkus rye that has been widely deployed 

in commercial wheat cultivars since mid-1950s (Schlegel and Korzun, 1997). The chromosome 

arm likewise carries yellow rust (Yr9), stem rust (Sr31), and powdery mildew (Pr8) R genes 

(Mago et al., 2005).  

In wheat, the resistance conferred by monogenic inherited major Lr R genes have been 

associated with a short effective life-span (Wang et al., 2010; Kolmer et al., 2013). In contrast, 

a combination of minor and major R genes conferring non-race specific quantitative resistance, 

also referred to as slow rusting resistance in cereal rusts, has contributed considerably to the 

control of leaf rust in wheat by providing a layer of more durable resistance (Huerta-Espino et 

al., 2011; Singh et al., 2011a). Slow rusting R genes and QTLs often confer a APR-type 

resistance expressed in later stages of plants as a susceptible infection type of host reaction with 

reduced infection frequency and severity (Sucher et al., 2017). While individual slow rusting R 

genes often exert an insufficient level of resistance at high disease pressure, a high level of 

resistance can be obtained by the pyramiding of multiple R genes (Singh et al., 2011a; Pilet-

Nayel et al., 2017). In wheat more than 12 major slow rusting R genes and 80 QTLs conferring 

APR have been identified and (Li et al., 2014). 

In rye, while slow-rusting resistance towards leaf rust has been reported, no R genes or QTLs 

have to our knowledge been identified and deployed in commercial hybrid cultivars (Reichel, 

1981; Miedaner and Sperling, 1995; Miedaner et al., 2002). In a smaller collection of inbred 

rye lines belonging to the Petkus and Carsten gene pools, Miedaner et al. (2002) found that four 

lines displayed a APR resistance to leaf rust.  

The inherent level of leaf rust resistance is low in the predominant heterotic gene pools Petkus 

and Carsten used for hybrid breeding in rye (Figure 4.2, Miedaner et al., 2002). Already in 2004, 

(Roux et al., 2004) reported that virulence towards Pr3, Pr4, and Pr5 was common in rye 

growing regions in Germany. While less common pathotypes virulent to Pr1 has also been 

observed in Germany (Wehling et al., 2003; Roux and Wehling, 2010).  

During the past 25 years several outbreaks of leaf rust has been recorded in the Danish official 

trials across the top-yielding hybrid rye cultivars and population varieties tested (Figure 4.2A, 

Sortsinfo, 2021). Since 1997 the average disease severity of leaf rust has been 7.6 ± 6.5% leaf 
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area covered by the disease across the tested panel in Denmark. Leaf rust has, however, had a 

positive incline in the Danish official trials during the period with disease severity increasing 

by 44% from a mean of 6.2% in 1997 to 8.9% leaf area covered in 2020, converted to a yearly 

increase in severity of 1.8%. In 2019 the evaluated top-yielding hybrid cultivars demonstrated 

a maximum severity score between 10 to 50% with severity highly dependent on trial location, 

spanning from an average of 2.9 ± 4.9% at a trial site in Central Jutland to 21.8 ± 11.8% in West 

Zealand (Figure 4.2B). In years with prolonged periods of conducive conditions, leaf rust has 

been observed to cause a 11-27% reduction in grain yield in addition to considerable quality 

losses (Miedaner and Sperling, 1995). In Denmark, yield losses of 7 to 12% have been reported 

in leaf rust inoculated field trials (Jørgensen et al., 2013). Higher yield losses of up to 60% have, 

however, been recorded in winter wheat (Morgounov et al., 2015). While the effect of leaf rust 

on modern hybrid rye cultivars has not been investigated recently, it is reasonable to infer on 

basis of the low level of inherent resistance, frequency of outbreaks and average disease severity 

across top-yielding hybrids that leaf rust is causing considerable grain yield losses in rye (Figure 

4.2).  

 
 

Figure 4.2 Leaf rust in rye (Secale cereale L.) hybrid cultivars and population varieties tested in the Danish official 

trials (Sortsinfo, 2021). A) Distribution of mean leaf rust severity across test panel from 1997 to 2020 with number 

of trial locations per year in bold above the boxplot. Trend line is represented by a block dotted line, B) Leaf rust 

disease severity across 16 hybrid rye cultivars at nine locations in Denmark in 2019. 
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4.3 Resistance to powdery mildew disease in rye 

Rye remains to this day an important genetic resource for improvement of powdery mildew 

resistance in wheat (Hao et al., 2018; Ma et al., 2020; Ren et al., 2020). Through wheat-rye 

translocation- or substitution lines rye chromatin harboring powdery mildew R genes and 

resistance QTLs have been introgressed into wheat (Crespo-Herrera et al., 2017). Chromosomal 

translocation lines resistant towards powdery mildew have likewise been developed using wild 

accessions of the perennial S. sylvestre as resistance doner (He et al., 2021). Currently 23 Pm 

R genes have been identified in rye, of which majority in wheat-rye translocation- and 

substitution lines (Manuscript V, Table 1). Most of the identified Pm R genes confer a complete 

all-stage resistance characteristic for an NLR-type R gene. Currently, Pm8 and Pm1 homologs 

in wheat (Pm3, Pm17) have been identified as CNL-type NLR genes, conferring race-specific 

resistance to powdery mildew (Hurni et al., 2013; Singh et al., 2018). In wheat the resistance 

conferred by such monogenic inherited major Pm R genes have been associated with a short 

effective life-span (Wu et al., 2019; Xue et al., 2021). 

While more than a hundred QTLs conferring resistance to Bgt in wheat have been identified, 

little is known on the genetics underlying quantitative resistance to powdery mildew in rye (Li 

et al., 2014; Kang et al., 2020). However, investigations of powdery mildew resistance in the 

Petkus and Carsten based hybrid rye breeding germplasm at Hohenheim University led to 

findings of prevalent quantitative resistance (Kast and Geiger, 1982; Miedaner et al., 1993). 

During the last 25 years powdery mildew has constituted a less important biotic stress factor in 

the Danish rye production (Figure 4.3A). In this period powdery mildew disease severity has 

had a negative incline of 46% in the Danish official trials from a mean of 2.9% to 1.6% leaf 

area covered by the disease in 2021. Outbreaks on national scale in Denmark have been rare 

with only a single year with elevated disease severity recorded in 2010 (Sortsinfo, 2021). 

Certain regions in Denmark are, however, prone to exhibit more severe recurrence of powdery 

mildew such as the Southern region of Jutland as can be seen in the Danish official trial records 

from 2017 (Figure 4.3B). At the trial site the tested top-yielding hybrid rye cultivars displayed 

a 7% mean leaf area covered by powdery mildew, with 5 cultivars scoring more than 10% 

(Sortsinfo, 2021). While no recent studies have investigated the effect of powdery mildew in 

top-yielding hybrid rye cultivars Matzen et al. (2019) reported a 16% yield reduction in triticale 

at disease severity of ≤ 10% leaf area covered by powdery mildew under field conditions in 
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2017. The sowing of susceptible hybrid rye cultivars in predisposed regions of Denmark is, 

therefore, likely associated with risks of considerable grain yield and quality losses.  

 
Figure 4.3 Powdery mildew in rye (Secale cereale L.) hybrid cultivars and population varieties tested in the Danish 

official trials (Sortsinfo, 2021). A) Distribution of mean powdery mildew severity across test panel from 1997 to 

2021 with number of trial locations per year in bold above the boxplot, Trend line is represented by a block dotted 

line. B) Powdery mildew severity across 18 hybrid rye cultivars at the Tinglev trial site in Southern Denmark in 

2017.  
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5. Molecular plant breeding for resistance 

The integration of advances in genomic research, crop biotechnology, and molecular marker 

application with conventional plant breeding practices has transitioned breeding for disease 

resistance in plants (Moose and Mumm, 2008). In recent years several significant milestones 

have been reached in rye genomic resources, contributing greatly to the application of molecular 

breeding techniques in the small-grain cereal. These include the advent of chromosomal-scale 

reference genomes of an German grain-type inbred line ‘Lo7’ (Rabanus-Wallace et al., 2021) 

and Chinese forage-type rye inbred line ‘Weining’ (Li et al., 2021). Furthermore, a 600K high-

density single nucleotide polymorphism (SNP) array (Bauer et al., 2017) has been developed 

as a successor or compliment to the previous 5K array (Haseneyer et al., 2011). 

The application of marker-assisted selection (MAS) is highly suited for disease resistance often 

conferred by mono-, di- or oligogenic inherited R genes and QTLs (Chhetri et al., 2017; Ma et 

al., 2018). MAS has been proved effective for (i) resistance that depends on a specific 

environment or host developmental stage (Nsabiyera et al., 2018), (ii) guided backcrossing of 

R genes or QTLs into elite background (Yadav et al., 2015), and (iii) pyramiding of multiple R 

genes or QTLs for broad-spectrum resistance and enhanced durability (Liu et al., 2020). The 

success of MAS is highly dependent on the quality of the trait-linked markers (Cobb et al., 

2019). Recently, Platten et al. (2019) proposed a set of five core metrics to describe and quantify 

marker reliability to correctly classify germplasm as QTL[+]/[-]. The core metrics included, (i) 

call rate, (ii) clarity, (iii) false positive rate, (iv) false negative rate, and (v) utility. In this context 

the recent advent of a high-density SNP array in rye constitutes an important tool, providing a 

vastly higher marker resolution for the identification of reliable markers situated in close 

proximity to the R gene or QTL of interest (Bauer et al., 2017). Despite the use of high quality 

markers MAS nonetheless remains constrained by the fixation of large genomic regions with 

potential linkage drag of undesirable QTLs with adverse effects on other agronomically 

important traits, e.g., yield penalty (Miedaner et al., 2017; Chitwood-Brown et al., 2021). 

However, the rate of linkage decay in outcrossing species such as rye is often rapid due to their 

inherent heterogeneity with a linkage decay within 4 kb observed in a similar hybrid breeding 

system in maize (Wu et al., 2016). The rapid rate of decay, while providing the means for a 

more targeted introgression of a smaller genomic region with reduced risk of linkage drag 

requires a considerably higher marker resolution than needed for self-pollinating crops such as 

barley and wheat (Brar et al., 2019; Huang et al., 2021). 
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In Europe most private breeding companies have invested in the infrastructure for high-

throughput MAS, constituting an integral part in commercial breeding programs (Miedaner and 

Korzun, 2012). To increase the selection intensity and gain integrated plant breeding platforms 

have been developed combining MAS strategies with speed breeding approaches, allowing a 

rapid development of resistance cultivars with multiple R genes and QTLs (Hickey et al., 2017).  

Use of genome-wide association studies (GWAS) has become a routine strategy in plant 

breeding for investigating the genetic basis of resistance and identification of markers linked to 

R genes and QTLs (Liu and Yan, 2019; Alqudah et al., 2020). GWAS uses linkage 

disequilibrium between a non-causal genetic variant and a gene of interest to determine a 

statistical association (Liu and Yan, 2019). The power of GWAS to identify true causal 

relationships between a genomic variant, often a SNP, and a phenotypic trait depends on the 

phenotypic variance explained by the SNP. The phenotypic variance is determined by the how 

strongly the two allelic variants of the SNP differ in their phenotypic effect and their frequency 

(Korte and Farlow, 2013).  

The successful application of GWAS, however, depends on several biological and statistical 

factors. These include (i) phenotypic variation, (ii) sample size and genetic heterogeneity, (iii) 

allele frequency, (iv) population structure, and (v) linkage disequilibrium (Korte and Farlow, 

2013; Liu and Yan, 2019; Alqudah et al., 2020). Depending on the genetic characteristics of the 

plant species, e.g., genetic heterogeneity, phenotypic variation and linkage disequilibrium, and 

complexity of trait, size sample in the range of 100 to 500 individuals are needed for GWAS 

(Korte and Farlow, 2013). The discovery of rare R genes and low to intermediate effect QTLs 

in collections of breeding lines and diversity panels are limited due to a low level of phenotypic 

variance explained, impeding the establishment of a statistical marker-trait association in 

GWAS. If the analytical objective is the identification of such rare R genes or low to 

intermediate effect QTLs, coupling GWAS with multi-parent mapping populations have proven 

a successful strategy (Ren et al., 2017; Novakazi et al., 2020; Scott et al., 2020). Population 

structure and unequal relatedness amongst individual introduces a confounding effect that 

might give cause to spurious marker associations, introducing a risk of false positives 

(Vilhjalmsson and Nordborg, 2013). To account for population structure most analytical 

software used for GWAS, such as Genome Association and Prediction Integrated Tool (GAPIT) 

(Wang and Zhang, 2021), integrates a mixed linear model (Sul et al., 2018). The presence of 

long-distance LD, however, introduces a uncorrectable confounding factor, complicating the 
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disentanglement of actual causal variants from linked neutral markers leading to potential 

spurious associations.  

5.1 Resistance gene enrichment sequencing 

In 2013 the R gene enrichment and sequencing (RenSeq) workflow was developed by Jupe et 

al. (2013), for discovery and reannotation of the NLR repertoire in plants. Exploiting the 

conserved nature of NLRs, capture libraries comprised of biotinylated 110-130 nt oligo baits 

are designed on basis of known NLR sequences (Figure 5.11, Jupe et al., 2012). Allowing up 

to 20% sequence discrepancy between bait and NLR sequence, the bait library can successfully 

be deployed in plants exhibiting considerable NLR sequence divergence from the original bait 

library design (Manuscript IV Figure 3B, Jupe et al., 2013).  

 
Figure 5.11 Target capture of nucleotide-binding leucine rich (NB-LRR) sequences in genomic plant DNA for 

Resistance gene enrichment sequencing (RenSeq) analysis. A) pooling of reaction components, B) hybridization 

of blockers to adapters prior to introduction and hybridization of 110-130 nucleotide biotinylated NB-LRR specific 

oligo baits to DNA library. C) target capture of NB-LRR DNA fragments by streptavidin-coated magnetic beads, 

sequestered with a magnet, D) non-target DNA is washed away and NB-LRR library is enriched (DAB, 2021).  

At present, RenSeq has been deployed in mouse-ear cress (Arabidopsis thaliana) (Van de 

Weyer et al., 2019), strawberry (Fragaria ananassa) (Barbey et al., 2019), potato (Solanum 

tuberosum L.) (Witek et al., 2016), tomato (Solanum lycopersicum L.) (Seong et al., 2019), 

hexaploid bread wheat (Triticum aestivum L.) (Steuernagel et al., 2016), wheat-Dasypyrum 

villosum L. introgression line (Xing et al., 2018), and the wheat wild relatives Aegilops tauschii 

(Arora et al., 2019), and Ae. peregrina (Narang et al., 2020). 

For the discovery of stem rust R genes in a wild Ae. tauschii diversity panel Arora et al. (2019) 

combined k-mer based association genetics with RenSeq leading to the identification of Sr33, 

Sr45, Sr46 and SrTA1662 (Figure 5.12). With no dependency on a high quality reference 

genome, AgRenSeq constitute a promising tool for accessing the genetic reservoir of novel R 

genes in wild ancestors for crop improvement (Li et al., 2020; Zhang and Batley, 2020). In 
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contrast to laborious positional cloning or mutational genomics approaches AgRenSeq enables 

a rapid R gene cloning (Steuernagel et al., 2016; Lu et al., 2020). The discovered R gene(s) can 

be used for the development of high quality functional markers for marker-assisted breeding, 

or a resource for future engineering of genetically modified crops (GMO) (Schenke and Cai, 

2020; Tripathi et al., 2020).  

 
Figure 5.12 Combined association genetics and resistance (R) gene enrichment and sequencing. A) phenotyping 

of a diverse panel of breeding lines using distinct pathogen isolates or races, B) Pair-wise selection of closely 

related lines with diverging infection type, C) Selected lines are subjected to RenSeq and NLR repertoire 

assembled de novo, D) subreads (k-mers) of 51 bp are extracted from raw reads, pre-filtered based on the 

correlation of their presence/absence to the level of resistance or susceptibility in the phenotyped panel. Each pre-

filtered k-mer is given a P value based on its ability to predict the phenotype using linear regression to control for 

population structure. E) k-mers are plotted in an association matrix according to their sequence identity to NLRs 

from a given resistant line (x-axis) and the measure of their association with phenotype (y-axis). A candidate R 

gene contig is illustrated by a red-dot column. F) multiple alignment of candidate R gene across susceptible and 

resistant lines for identification of resistance-specific single nucleotide variant or insertion/deletion. After Arora 

et al. (2019). 
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Objectives 

The following objectives were pursued in the project 

 

I. Analyze the genetic diversity and population structure of Nordic Seed hybrid rye elite breeding 

material 
 

II. Investigate the genetics underlying male-fertility restoration in the Gülzow type CMS breeding 

system of rye 
l 

III. Investigate Puccinia recondita f. sp. secalis population structure by appropriate DNA marker 

analysis and virulence phenotyping 
 

IV. Establishment of efficient disease resistance phenotyping method for powdery mildew and leaf 

rust resistance in Nordic Seed hybrid rye components 
 

V. Phenotyping of agronomic important traits and resistance to biotic stresses in Nordic Seed 

hybrid rye components with emphasis on powdery mildew and brown rust disease 
 

VI. Identify trait-linked SNP markers by means of genome-wide association study (GWAS) for 

direct implementation in marker assisted selection in Nordic Seed hybrid rye breeding program 
 

VII. Establishment of bioinformatic pipeline for identifying resistance genes in rye components by 

single-molecule real-time (SMRT) Association Genetics Resistance Gene Enrichment 

Sequencing (AgRenSeq) analysis  

Hypothesis 

The following hypothesis were explored in the project 

I. Genetic separation of Nordic Seed hybrid rye elite breeding component populations 
 

II. Moderate level of genetic diversity in the Nordic Seed hybrid rye elite breeding component 

populations 
 

III. Presence of major and minor restoration of male fertility genes in the Gülzow type fertility 

control system 
 

IV. Spatiotemporal dependent variation in the Puccinia recondita f. sp. secalis population in 

Denmark  
 

V. Variation in the interaction between rye lines and Puccinia recondita f. sp. secalis isolates 
 

VI. Variation in the interaction between rye lines and Blumeria graminis f. sp. secalis populations 
 

VII. SNP markers linked to important agronomic traits or biotic resistance can be identified by 

GWAS in rye components 
 

VIII. Leaf rust resistance genes in rye components can be identified by SMRT AgRenSeq 
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Abstract

Rye (Secale cereale L.) responds strongly to changes in heterozygosity with hybrids por-

traying strong heterosis effect on all developmental and yielding characteristics. In order to

achieve the highest potential heterosis effect parental lines must originate from genetically

distinct gene pools. Here we report the first comprehensive SNP-based population study of

an elite germplasm using fertilization control system for hybrid breeding in rye that is geneti-

cally different to the predominating P-type. In total 376 inbred lines from Nordic Seed Ger-

many GmbH were genotyped for 4419 polymorphic SNPs. The aim of this study was to

confirm and quantify the genetic separation of parental populations, unveil their genetic

characteristics and investigate underlying population structures. Through a palette of com-

plimenting analysis, we confirmed a strong genetic differentiation (FST = 0.332) of parental

populations validating the germplasms suitability for hybrid breeding. These were, further-

more, found to diverge considerably in several features with the maternal population por-

traying a strong population structure characterized by a narrow genetic profile, small

effective population size and high genome-wise linkage disequilibrium. We propose that the

employed male-sterility system putatively constitutes a population determining parameter

by influencing the rate of introducing novel genetic variation to the parental populations.

Functional analysis of linkage blocks led to identification of a conserved segment on the dis-

tal 4RL chromosomal region annotated to the Rfp3 male-fertility restoration ‘Pampa’ type

gene. Findings of our study emphasized the immediate value of comprehensive population

studies on elite breeding germplasms as a pre-requisite for application of genomic-based

breeding techniques, introgression of novel material and to support breeder decision-

making.

Introduction

Rye (Secale cereale spp. cereale., genome RR, 2n = 2x = 14) is a cereal crop species belonging to

the botanical tribe Triticea within the grass family Poaceae and a close relative to common

wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) [1]. Rye is believed to have

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0239541 October 9, 2020 1 / 23

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Vendelbo NM, Sarup P, Orabi J,

Kristensen PS, Jahoor A (2020) Genetic structure

of a germplasm for hybrid breeding in rye (Secale

cereale L.). PLoS ONE 15(10): e0239541. https://

doi.org/10.1371/journal.pone.0239541

Editor: Dragan Perovic, Julius Kuhn-Institut,

GERMANY

Received: May 31, 2020

Accepted: September 9, 2020

Published: October 9, 2020

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0239541

Copyright: © 2020 Vendelbo et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: The research was funded by Innovation

Fund Denmark (grant no. 8053-00085B),

http://orcid.org/0000-0001-7433-9793
https://doi.org/10.1371/journal.pone.0239541
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239541&domain=pdf&date_stamp=2020-10-09
https://doi.org/10.1371/journal.pone.0239541
https://doi.org/10.1371/journal.pone.0239541
https://doi.org/10.1371/journal.pone.0239541
http://creativecommons.org/licenses/by/4.0/


evolved as a hitchhiking weed of its progenitor, an annual wild rye (S. cereale spp. vavilovii) in

cultivated fields of founder crops around 12.000 years ago in the Fertile Crescent of the Near

East, acquiring key agronomic traits by co-domestication events [2–4]. First evidence of delib-

erate rye cultivation dates to the European bronze age 5000 years ago and rye has since

remained a prominent crop in the temperate northern hemisphere covering 4.12 million hect-

ares in 2018 [5, 6]. Recognized for its tolerance to abiotic and biotic stress, rye exhibits a supe-

rior high yield potential under marginal conditions. In mid-19th century, targeted breeding of

rye was initiated in Germany, Poland and Russia leading to the generation of secluded germ-

plasms of which the best known are the ‘Petkus’ and ‘Carsten’ gene pools [7, 8]. As an alloga-

mous plant species, self-incompatibility has only recently been overcome in cultivated rye after

introgression of a dominant self-fertility gene [9]. Breeding lines in rye are therefore predis-

posed to severe inbreeding depression, when repetitively self-fertilized due to the high load of

recessive deleterious mutations accumulated in highly heterozygous species [10]. Inbred rye

lines consequently respond very strongly to changes in heterozygosity with hybrids demon-

strating a heterosis effect on all developmental and yielding characteristics with e.g. grain yield

displaying a 110–140% average relative to midparent performance [11–13].With the discovery

of cytoplasmic male-sterility (CMS) alleles, breeding effort shifted from open-pollinating vari-

eties (OPVs) to hybrids [14]. Breeding of hybrids in rye rely on a three-way cross of the for-

mula (ACMS x BNRG) x R, involving three components, a maternal line carrying the CMS allele,

a non-restorer germplasm (NRG) for maintaining the CMS and a restorer (R) pollen father

carrying the restorer of fertility (Rf) allele [15]. In order to achieve the highest potential of het-

erosis effect, parental lines should originate from genetically separate, heterotic gene pools

[16]. In recent years, technological and scientific advances have expedited the implementation

of genome-based breeding strategies in rye for a more efficient exploration of the genetic

potential [17, 18]. Implementation of marker assisted selection and genomic selection relying

on molecular DNA markers has enhanced the selection efficiency leading to increased genetic

gains surpassing traditional breeding methods [12, 13, 19]. In 2011 Haseneyer et al. [20] pub-

lished a 5K single nucleotide polymorphism (SNP) array for rye, succeeded by the 600K array

by Bauer et al. [1]. Recently Rabanus-Wallace et al. [21] published the first chromosome-scale

assembly of the 7.9 Gbp rye genome. In conjunction, these genomic resources represent signif-

icant milestones, providing indispensable tools for elucidating genes underlying important

agronomic traits, implementation of genomic-based breeding techniques and dissecting popu-

lation genetics in rye [22]. Through a comprehensive understanding of the genetic architec-

ture, wild relatives, OPVs, and landraces can be efficiently exploited through selected

introgression, broadening the genetic basis of elite breeding germplasm and providing access

to a rich reservoir of genetic diversity for ensuring continued genetic gains in hybrid breeding

[16, 23, 24]. SNP arrays constitute a high-throughput genotyping platform readily imple-

mented by breeding programs for assaying the genetic variation and identifying trait-linked

markers by genome-wide association studies for marker assisted selection in elite breeding

germplasm. Numerous population studies have been conducted on the Secale genus, open-pol-

linating rye varieties and inbred populations using simple sequence repeats (SSR), diversity

array technology (DArT), and, random amplification of polymorphic DNA (RAPD) marker

systems [25–27]. In the extensive study by Bauer et al. [1], they validated their 600K SNP array

in a smaller population study on a diverse panel of wild Secale sp. accessions, including inbred

lines from heterotic gene pools.

In this study, we report a comprehensive SNP-based study of genetic diversity and popula-

tion structure in a hybrid rye elite breeding germplasm as prerequisite for application of geno-

mic-based breeding techniques, introgression of novel material and to support breeder

decision-making. Our aim was to I) confirm and quantify the genetic separation between
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parental populations, II) gain a comprehensive understanding of the genetic characteristics,

features and architecture of the parental populations, and, III) Investigate underlying sub-pop-

ulation structures.

Materials & methods

Plant material

In total 376 Nordic Seed A/S inbred hybrid rye (Secale cereale L.) elite breeding component

lines were selected for the study, comprising 250 restorer, 119 non-restorer germplasm (NRG)

and 7 cytoplasmic male-sterile (CMS) lines. The restorer lines originated from the ‘Petkus’ and

‘Carsten’ gene pools with a predominance of the latter suggested by available pedigree data,

whereas information on the precise origin of the NRG lines is not-existent. The CMS male ste-

rility is based on the ‘Gülzow’ (G) type cytoplasm originating from the German population rye

variety ‘Schlägler alt’ [28].

DNA extraction

Four seeds of each line were sown in 104 hole plates (51.5 x 31 x 4.5cm), containing fine-grain

sphagnum substrate. Plants were cultivated at Nordic Seed A/S greenhouse facilities under nat-

ural light and manual irrigation, with night temperatures of 14–16˚C and day temperatures of

18–24˚C. Seven days after sowing, the lowest section of two coleoptiles and primary leaves

were cut, equivalent to 75 mg plant material, and placed in a 96-well Micro-Dilution Tube Sys-

tem (STARLAB International GmbH) containing two 4mm glass beads per 1.2 mL tubes.

Plant tissue samples were stored at -20˚C for two days prior to freeze drying for an additional

two days in a 9L CoolsafeTM (LaboGene) apparatus. Preceding the DNA extraction, leaves

were crushed at 4000 RPM using a TissueLyser II (Qiagen1) bead mill, and DNA extracted

using an SDS-based extraction method. DNA concentration and 260/280nm ratio of samples

were measured using EpochTM microplate spectrophotometer (Biotek1) and quality, i.e. evi-

dence of fragmentation by size-visualization on a 1.2% agarose gel.

Molecular marker resources and SNP genotyping

Samples containing 100 ng and 1.7–1.9 260/280nm ratio long-stranded DNA were sent for sin-

gle nucleotide polymorphism (SNP) genotyping at TraitGenetics GmbH using a pre-designed

Illumina Infinium 15Kwheat and 5KRye SNP iSelect ultra HD chip. Custom rye specific SNPs

were comprised of 2698 markers from the 5K array by Haseneyer et al. [20] denoted as ‘5K-set’

and 2059 markers from the 600K array by Bauer et al. [1] denoted as ‘600K-set’. Wheat SNPs

comprised of 12908 markers originating from the 90K array by Wang et al. [29] denoted

‘wheat-set’. The markers were prior to analysis filtered for marker allele frequency� 0.005,

missing individual score� 0.2, and, missing marker score of� 0.1.

Data analysis

Population genetic analysis of SNP marker data was done in R studio (v. 1.1.463) interface in R

statistical software (v. 3.6.3) by application of various predesigned packages [30, 31]. Marker

minor allele frequency (MAF), polymorphic information content (PIC), and, effective popula-

tion size (Ne) was calculated using SnpReady (v. 0.9.6) R package [32]. Calculation of the

genetic characteristics of accessions, i.e. observed heterozygosity (Ho), within population gene

diversity (Hs), and Wrights F statistics, inbreeding coefficient (FIS) and fixation indices (FST)

per population and identified sub-populations was done using Hierfstat (v. 0.04–22) R package

[33, 34]. Parental pool differentiating SNPs were identified by calculating the marker FST using
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Pegas (v. 0.13) R package [35]. Principal component analysis (PCA) was conducted using

inherent functions in R with 3D PCA constructed using rgl (v. 0.100.50) R package [36].

Shared ancestry between accessions were estimated by Admixture model using STRUCTURE

(v. 2.3.4) software, assigning each locus probabilistically to an ancestral founder (or subpopula-

tion) K per breeding line on basis of allele frequencies [37]. The model was run with burning

period set to 200.000 and Markov chain Monte Carlo to 400.000 iterations, with the results

visualized in R studio. Estimate of the most likely number of K was done using the DeltaK

method by Evanno et al. [38] in Structure Harvester (v. 0.6.94) at K set to 1 to 5 with 5 repli-

cates per level [39]. The analysis was conducted on the complete germplasm to investigate the

number of genetically distinct ancestral founders and for each of the parental populations to

identify the most likely number of subpopulations. Phylogenetic analysis comprised of a neigh-

bor-joining clustering of breeding lines with Euclidean genetic distance measure using ape (v.

5.3) R package [40]. The tree was constructed after 10.000 bootstrapping iterations with weak

nodes (80% recurrence) collapsed into multifurcations and generated using iTOL (v. 5) online

tool (http://itol.embl.de/) [41]. Fisher’s exact test was conducted to test whether the structural

composition, i.e. no. of ‘clades’ and ‘singletons’ in the phylogenetic tree diverged between pop-

ulations using R inherent functions. Analysis of pairwise linkage disequilibrium (LD) in the

parental populations was done using SnpStats (v. 1.36.0) R package with depth set to 6 and LD

estimated as the coefficient of determination (r2) [42]. Prior to analysis, a filtration step was

included to remove non-informative population-specific monomorphic markers. Heatmap of

the pairwise LD was constructed using LDheatmap (v. 0.99–7) R package [43]. Genetic map of

markers and visualization of linkage decay was done using Sommer (v. 2.9) R package with fil-

tration for marker correlation (r2) significance at p<0.0001 [44]. The intersection of the

LOESS curve fit to the baseline of population-specific critical value of r2, i.e. the estimated link-

age disequilibrium (LD) background was set as the delimiter of the linkage decay interval [45].

LD and rate of decay was calculated per parental population the 5K-set and 600K-set markers

separately due to divergence in the arrays genetic distance measure.

Results

Molecular marker resources and SNP genotyping

Quality filtration of markers for low minor allele frequency (MAF), missing marker, and miss-

ing individual across the entire panel led to the identification of 4419 high-quality SNP mark-

ers distributed evenly amongst the seven rye chromosomes. The filtered marker panel

comprised of 2364 5K-set markers, 1629 600K-set markers, and 426 wheat-set markers. In

terms of marker-set performance and informativeness across the entire germplasm a mean

MAF of 0.254, 0.250, 0.201 and mean PIC of 0.268, 0.262, and 0.225 was determined the 5K-

set, 600K-set and wheat-set markers respectively. Mean MAF was 0.188 across the markers in

the NRG&CMS population, omitting 1870 monomorphic markers, with ~50% of the polymor-

phic markers exhibiting a MAF� 0.1 (Fig 1A). The restorer population portrayed a homoge-

neous distribution of MAF frequencies with a mean of 0.251, omitting only 38 monomorphic

markers. Quality filtration was likewise conducted on the separate parental populations to

determine the effect of population size difference. The test yielded an additional 82 high-

quality markers for the NRG&CMS population, while 47 for the restorer population. Mean

polymorphic information content (PIC) was 0.202 in the NRG&CMS post filtration of mono-

morphic markers with� 35% exhibiting a PIC� 0.1 (Fig 1B). In the restorer population,

mean PIC across polymorphic markers was 0.261, with� 50% exhibiting a PIC value between

0.3 and 0.4. Overall mean PIC was estimated to 0.261.
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Fig 1. Population-wise distribution of minor allele frequency (MAF) (A) and polymorphic information content (PIC) (B) for 4419 SNP markers in the Nordic

Seed elite hybrid rye breeding germplasm comprising a seed mother (NRG&CMS) and pollen father (Restorer) population.

https://doi.org/10.1371/journal.pone.0239541.g001
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Genetic mapping of the 3383 mapped markers revealed an excess of markers mapping to

the peri-centromeric region in both the 5K-set and 600K-set markers, increasing the inter-loci

distance at the proximal and distal region (Fig 2A and 2B). None of the wheat-set markers had

a mapping position in the rye genome.

Genetic characteristics

Calculation of fundamental genetic characteristics led to the initial discovery of 11 lines por-

traying evidence of an inadvertent cross fertilization event between the two parental popula-

tions. All these 11 lines displayed a high proportion of the opposing ancestral component in an

analysis of inferred ancestry at K set to 2 with a mean of 56%. Moreover, 4 lines displayed a

mean residual observed heterozygosity (Ho) of 41%, suggesting a recent inadvertent cross fer-

tilization (S1 Table). Together, these results led to the decision to discard these lines from fur-

ther analysis leaving a trimmed population comprised of 242 restorer, 116 NRG and 7 CMS

component lines.

In the remaining trimmed population, the NRG&CMS population displayed a mean Ho of

3.6%, within population gene diversity (Hs) of 0.250, inbreeding coefficient (FIS) of 0.852, and

effective population size (Ne) of 72, equivalent to a Ne/N of 0.587. The restorer population dis-

played a Ho of 3.8%, Hs of 0.333, FIS of 0.886, and, Ne of 137 equivalent to a Ne/N of 0.565. Fix-

ation indices (FST) between the two populations was estimated to 0.332.

Principal component analysis

Initial analysis conducted on the complete set of 376 Nordic Seed hybrid rye elite breeding

component lines comprised of a principal component (PC) analysis plot visualizing the genetic

architecture across various PC combinations (Fig 3). While the analysis provides an estimate

of the proportion of variation explained by the individual PCs, the PCA primarily served in

our study to get a firsthand visual impression of the genetic diversity and architecture within

Fig 2. Genetic map of SNP markers in rye. A) 2364 markers from the 5K array and B) 1019 from the 600K array.

https://doi.org/10.1371/journal.pone.0239541.g002
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the material. In the constructed 2-D PCA plot depicting PC1 (37.57%) and PC2 (12.06%), lines

were observed to group into two distinct clusters in accordance to their population, restorer

and NRG&CMS (Fig 3A). With addition of PC3 (3.47%) a 3-dimensional PCA plot led to fur-

ther unfolding of the restorer populations genetic architecture, while the NRG&CMS popula-

tion remained closely grouped. Whilst informative as a static graph, visualization of the PC in

a 3D interactive software facilitates a more comprehensive mining of data structures. Lastly,

the PCA, furthermore, served to validate the discontinuation of 11 lines with majority of these

observed in the intermediary space diluting the distinct genetic separation between two paren-

tal population.

Phylogenetic analysis

Hierarchical clustering analysis of the trimmed Nordic Seed hybrid rye elite breeding population

supported the distinct genetic separation of the two parental populations visualized in a circular-

ized neighbor-joining dendrogram (Fig 4). In order to validate the phylogenetic tree, weak nodes

showing less than 80% recurrence were collapsed into multifurcations after 10.000 bootstrapping

iterations. This stringent validation-step dramatically reduced the number of inconsistent family

clades within the dendrogram, and hence the overall structural complexity in the germplasm. In

the constructed neighbor-joining dendrogram the populations were found to exhibit a signifi-

cantly different structural composition (p = 0.028) in a Fisher’s exact test. The NRG&CMS popu-

lation portrayed 25 clades comprising on average of 5 lines and 11 singletons relative to the

restorer population that portrayed 41 clades of similar mean size and 51 singletons.

Inferred ancestry & sub-population discovery

In order to dissect the underlying sub-population structure within the trimmed elite Nordic

Seed hybrid rye breeding germplasm, an Admixture analysis of inferred ancestry was

Fig 3. Principal component analysis of the Nordic Seed hybrid rye elite breeding germplasm (Npop = 376), based on 4419 SNP markers, (A) 2-D plot of principal

component (PC) 1 and 2, (B) 3-D plot of PC1, 2 and 3. Red dots indicate discarded lines.

https://doi.org/10.1371/journal.pone.0239541.g003
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conducted. This model-based clustering method assigned individual lines based on their allele

frequencies to K clusters, i.e. ancestral founder populations or sub-populations. Output of the

admixture model is a frequency distribution of K ancestral sub-population components for

each component breeding line easily presented in a bar plot and colorized according to K clus-

ters (Fig 5). Component breeding lines were aligned in accordance to their phylogenetic rela-

tionship in order to support the identification of underlying sub-population structures (Fig 5A

and 5F). First step was to validate the existence of two genetically distinct ancestral founders

which the parental populations originate by conducting the Admixture model on the entire

trimmed population at K set to 2 (Fig 5B and 5G). This was done using Evanno’s DeltaK

method confirming a historical separation of the two parental gene pools (ΔK = 2) with the

Fig 4. Circularized neighbor-joining dendrogram of the trimmed Nordic Seed hybrid rye elite breeding germplasm (Npop = 365) based on 4419 SNP markers,

after bootstrapping with recurring nodes shown as black dots.

https://doi.org/10.1371/journal.pone.0239541.g004
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Admixture model revealing limited extend of co-ancestry. The NRG&CMS population exhib-

ited a mean co-ancestry of 4.3% shared with the restorer population across a subset of admixed

lines (Fig 5B), whereas the restorer population exhibited a mean co-ancestry of 11.6% spread

Fig 5. Admixture model of inferred ancestry and neighbor-joining dendrogram of the trimmed Nordic Seed hybrid rye elite breeding germplasm based on 4419

SNP markers. Neighbor-joining dendrogram of the parental populations, (A) Seed parent (NRG&CMS, N = 123), and, (F) Pollen parent (R, N = 242). Analysis of co-

ancestry between parental populations (B) NRG&CMS (green) and (G) R population (yellow) at K set to 2. Discovery of sub-population structure at K set to 2, 3, 4

respectively for the (C,D,E) NRG&CMS, and (H,I,J) Restorer lines. Colors define fraction of inferred ancestral sub-population.

https://doi.org/10.1371/journal.pone.0239541.g005
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more homogeneously across the entire panel (Fig 5G). Evanno’s DeltaK method was further-

more applied to determine the most likely estimated number of founders for the individual

parental populations. Analysis suggested 3 ancestral founders in both the NRG&CMS and

restorer population. To examine the underlying sub-population structure, K was set to 2, 3,

and 4 within the individual populations (Fig 5C–5E and 5H–5J). For each of the identified sub-

populations, Ho, He, FIS and pairwise FST was estimated to dissect their genetic characteristics

and differentiation (Table 1). Breeding lines portraying a predominance of a single ancestral

subpopulation component (� 0.95) was found to cluster according to their position within the

neighbor-joining dendrogram. Despite considerable divergence in parental population size

the number of lines assigned to subpopulations were predominantly similar, indicative of a

more admixed, genetically complex population structure within the restorer.

Linkage disequilibrium & decay

Non-random association of alleles at different loci, i.e. linkage disequilibrium (LD) and the

decay of linkage are important genetic characteristics of breeding germplasms providing

insight into the marker density essential for trait-linked marker discovery by association

genetic studies. In our study, the intra- and inter-chromosomal, i.e. genome-wise, LD was cal-

culated for the two populations using 3383 mapped markers comprised of 2364 5K-set mark-

ers and 1019 600K-set markers (Table 2). Filtration for population-specific monomorphic

markers led to the total reduction of 1400 and 85 mapped markers in the NRG&CMS and

restorer population, respectively. While the linkage analysis had to be conducted for the indi-

vidual 5K-set and 600K-set markers due to divergence in the arrays genetic distance measure,

the two marker sets led to highly similar estimates of LD (Table 2). The NRG&CMS popula-

tion exhibited a mean genome-wise LD of 0.394 and 0.364 for the 5K-set and 600K-set markers

respectively with a mean of 0.385 across the entire marker panel. Restorer population exhibited

a mean genome-wise LD of 0.150 and 0.204 for the 5K-set and 600K-set markers respectively

with a mean of 0.166 across the entire marker panel.

Comparison of the intrachromosomal LD between populations led to the finding of a simi-

lar lower mean LD on the 4R chromosome, while higher level on the 3R chromosome (Fig 6,

Table 2). The restorer population distinguished itself by a�15% relative lower and higher LD

Table 1. Pairwise fixation indices (FST), observed heterozygosity (Ho), within subpopulation gene diversity (Hs), and inbreeding coefficient (FIS) of parental subpop-

ulations (SP) within the Nordic Seed hybrid rye elite breeding germplasm (A) seed mother (NRG&CMS, N = 123), and (B) pollen father (Restorer, N = 242). SP con-

stitutes n lines with� 0.95 Admixture inferred ancestry at K inferred subpopulations.

A Non-restorer germplasm & Cytoplasmic male-sterile B Restorer

Pairwise FST Genetic characteristics Pairwise FST Genetic characteristics

Inferred subpopulations (K) K = 4 SP1 SP2 SP3 SP4 n Ho Hs FIS SP1 SP2 SP3 SP4 n Ho Hs FIS

SP1 0 21 0.016 0.054 0.706 SP1 0 15 0.021 0.106 0.801

SP2 0.347 0 16 0.025 0.133 0.812 SP2 0.694 0 14 0.012 0.033 0.645

SP3 0.435 0.490 0 22 0.016 0.034 0.524 SP3 0.437 0.594 0 11 0.034 0.198 0.824

SP4 0.485 0.555 0.489 0 11 0.005 0.046 0.900 SP4 0.420 0.570 0.304 0 7 0.084 0.221 0.622

K = 32 SP1 SP2 SP3 n Ho Hs FIS SP1 SP2 SP3 n Ho Hs FIS

SP1 0 22 0.016 0.055 0.716 SP1 0 26 0.018 0.164 0.893

SP2 0.492 0 18 0.024 0.126 0.806 SP2 0.524 0 14 0.012 0.033 0.645

SP3 0.514 0.323 0 13 0.004 0.058 0.931 SP3 0.293 0.484 0 13 0.058 0.261 0.780

K = 2 SP1 SP2 n Ho Hs FIS SP1 SP2 n Ho Hs FIS

SP1 0 0.560 23 0.017 0.055 0.691 SP1 0 0.436 41 0.017 0.185 0.906

SP2 0.560 0 33 0.020 0.182 0.842 SP2 0.436 0 19 0.014 0.062 0.778

https://doi.org/10.1371/journal.pone.0239541.t001
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on the 2R and 6R chromosome, respectively. The NRG&CMS population was found to exhibit

a�15% relative lower LD on the 1R and 6R chromosome, while a�15% relative higher on the

7R chromosome.

To identify structural differences and patterns between populations, the pairwise intra-

chromosomal LD was visualized by a heatmap (S1 Fig). Due to the non-homogeneous distri-

bution of markers, extrapolation of intra-chromosomal distance is not feasible on the heatmap,

instead depicting the immediate pairwise relationships. Heatmaps constructed on basis of sep-

arate arrays were found to produce comparable intra-chromosomal patterns revealing large

LD blocks in the NRG&CMS population with an excess of LD in the peri-centromeric region

(Fig 7A, 7C and 7E). The restorer population portrayed a more homogeneously distributed LD

Table 2. Mean pairwise intrachromosomal linkage disequilibrium in the Nordic Seed hybrid rye elite breeding component germplasm, comprising a seed mother

(NRG&CMS, N = 123) and pollen father (R, N = 242) population using 3383 mapped SNP markers originating from the 5K array and 600K array. Prior to analysis

quality control (QC) was done to remove population-specific monomorphic markers.

Chromosome 1R 2R 3R 4R 5R 6R 7R Mean Total

Chromosome length (cM) 5K 253 320 247 283 332 277 207 274 1919

600K 153 167 166 205 209 170 139 172 1209

No. SNP Markers Total 5K 297 402 313 291 418 302 341 378 2364

600K 179 158 174 133 153 120 102 146 1019

QC SNP Markers NRG&CMS All 235 415 156 274 350 281 271 283 1982

5K 151 293 108 196 264 199 209 203 1420

600K 84 122 48 78 86 82 62 80 562

R All 476 559 485 423 561 418 441 480 3363

5K 297 401 312 291 415 298 339 336 2353

600K 179 158 173 132 146 120 102 144 1010

Linkage disequilibrium + SD NRG&CMS All 0.322+0.24 0.367+0.25 0.424+0.29 0.319+0.20 0.389+0.26 0.300+0.19 0.420+0.25 0.385+0.26 -

5K 0.396+0.30 0.375+0.24 0.546+0.36 0.328+0.21 0.422+0.27 0.326+0.19 0.456+0.25 0.394+0.26 -

600K 0.322+0.23 0.388+0.26 0.424+0.37 0.385+0.23 0.441+0.28 0.295+0.19 0.391+0.24 0.364+0.26 -

R All 0.151+0.17 0.134+0.13 0.191+0.19 0.131+0.13 0.153+0.15 0.190+0.20 0.162+0.14 0.166+0.16 -

5K 0.146+0.15 0.122+0.11 0.152+0.13 0.129+0.12 0.163+0.15 0.181+0.18 0.167+0.14 0.150+0.14 -

600K 0.194+0.20 0.175+0.17 0.295+0.25 0.151+0.14 0.184+0.19 0.267+0.27 0.169+0.13 0.204+0.20 -

https://doi.org/10.1371/journal.pone.0239541.t002

Fig 6. Relative difference in intrachromosomal linkage disequilibrium (%) compared to the genome-wise mean

for the seed mother (NRG&CMS) or pollen father (R) population in the Nordic Seed elite hybrid rye breeding

germplasm using 3383 SNP markers.

https://doi.org/10.1371/journal.pone.0239541.g006
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with a less distinct pattern of excess LD in the peri-centromeric region and fewer minor LD

blocks (Fig 7B, 7D, 7E and 7F). In both populations, the 3R chromosome demonstrated the

highest mean LD with this excess readily event in the NRG&CMS population portraying a

large LD block spanning from 76 to 108 cM in the 5K array and 76 to 99 cM in the 600K array

(Table 2, S1 Fig). In the distal region of the 4RL chromosome, a distinct LD block was present

in both populations (S1 Fig). In the NRG&CMS population, the block spanned 12 markers

from 184 to 189 cM on the 600K array exhibited a mean pairwise LD of 0.91 and mean marker

FST of 0.54. In the restorer population, the block comprised 5 markers at 189 cM on the 600K

array, exhibiting a mean pairwise LD of 0.80 and mean FST of 0.62. The two populations

diverged singularly by more than 40% in relative population-wise mean LD on the 6R chromo-

some with the increased LD in the restorer population organized in multiple moderate blocks

(Fig 6, S1 Fig).

Fig 7. Pairwise linkage disequilibrium (LD, r2) across the 7R rye chromosome in the Nordic Seed hybrid rye elite breeding populations using population-

specific polymorphic SNP markers (m), originating from a 5K (A,B,E) and 600K array (C,D,F), visualized by heatmap for the, A/C) Seed mother

(NRG&CMS), B/D) Pollen father (R) population, with the genome-wise distribution of LD across arrays visualized in bins of 5 cM. Missing bins is represented

by dotted lines.

https://doi.org/10.1371/journal.pone.0239541.g007
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The rate of LD decay, determined for the individual arrays, were found to be moderately

comparable, with the point of linkage decay determined at 23 cM and 9.5 cM for the 5K-set

and 600K-set markers, respectively (Fig 8A and 8D). The rate of decay, however, diverged con-

siderably between the parental populations. In the restorer population, linkage decay could

only be determined in the 600K array at 5.5 cM (Fig 8C and 8F), while in the NRG&CMS pop-

ulation it could only be determined in the 5K array at 160 cM (Fig 8B and 8E).

Discussion

Recent years technological and scientific advances have progressively expedited the introduc-

tion of genomic-based techniques in modern plant breeding facilitating an unprecedented

insight into the genetic features shaping breeding germplasms [46]. Comprehensive under-

standing of these features is a necessity to efficiently exploit and continuously advance the

genetic potential residing in breeding germplasm to ensure genetic gains and trait-diversity to

meet future demands [47]. Currently, DArT, SSR and SNP molecular marker systems have

been validated for population studies in the Secale genus, OPVs, landraces, hybrid cultivars

and small scale inbred populations [1, 25, 48]. In this investigation, we present the first

Fig 8. Genome-wise linkage decay in the Nordic Seed hybrid rye elite breeding germplasm (A,D), seed mother (NRG&CMS) (B,E), and, pollen father (Restorer) (C,F)

population using population specific polymorphic SNP markers from a 5K (A-C) and 600K (D-F) array. LOESS smooth fitted curve (green) and baseline of population-

specific critical value of r2 (red).

https://doi.org/10.1371/journal.pone.0239541.g008
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comprehensive population study of an elite germplasm using the Gülzow-type fertilization

control system for hybrid breeding comprising 376 inbred component lines based on 4419

SNP markers.

Verifying genetic separation of parental populations

Existence of heterotic parental gene pools constitutes the cornerstone in hybrid breeding pro-

grams as the prerequisite for achieving a high heterosis effect in hybrid crosses. Our primary

objective was, therefore, to confirm and quantify the genetic separation of parental popula-

tions. The immediate necessity of a marker-assisted assessment was further emphasized due to

partial pedigree information on the NRG&CMS population.

Initial visualization of the germplasm’s genetic architecture through PCA and phylogenetic

analysis provided an early indication of a distinct genetic separation (Figs 3 and 4). The admix-

ture model of inferred ancestry likewise separated the two parental populations suggesting the

existence of two genetically distinct ancestral founder gene pools with limited degree of co-

ancestry (Fig 5B and 5G). This infers that the NRG&CMS population is derived from a gene

pool genetically distinct to that of the ‘Petkus’ and ‘Carsten’. Estimation of the fixation indices

(FST = 0.332) quantification the genetic separation providing a measure for comparative inter-

pretation. In an extensive population study by Van Inghelandt et al. [49] on 1537 inbred

hybrid maize elite breeding lines belonging to four heterotic pools, the FST ranged from 0.06 to

0.29. Bauer et al. [1] conducted a similar small-scale population study in an elite hybrid rye

breeding germplasm to validate the 600K high-density SNP array. In their study, they con-

firmed a ‘strong’ differentiation between parental populations exhibiting an FST value of 0.229.

In conjunction, our study suggests a comparatively high genetic differentiation between the

parental populations in the assayed germplasm validating a heterotic pattern suitable for

hybrid development. Furthermore, in maize, the relationship between panmictic midparent

heterosis, specific combining ability and yielding characteristics has been reported to be posi-

tively correlated with the interparental genetic distance [50, 51]. Genetic distance can hence be

readily implemented as a simple predictor of hybrid performance in parental crosses prior to

development and implementation of more accurate genomic selection procedures [18, 52].

We have confirmed similar positive correlations between interparental genetic distance and

average yield performance of hybrids in the germplasm (P. Sarup, personal communication).

However, Frisch et al. [53] has demonstrated that transcriptome-based distance measure yields

more accurate prediction models of hybrid performance.

Genetic diversity & architectural complexity

Hybrid breeding in rye relies on a three-way cross system involving a genetically distinct pollen

parent and a seed parent NRG&CMS. Introgression of foreign released OPVs is a common

source for introducing novel genetic variance in otherwise secluded rye breeding germplasm. In

practical terms, this involves three-stages, (1) recurrent self-fertilization of OPVs to stabilize

their genetic profile, (2) field- and/or greenhouse trials for phenotyping of agronomically

important traits, and, (3) evaluation of the genetic compatibility of selected OPVs for introgres-

sion in either of the parental gene pools. Restoration of the G-type male sterility (MS) system

employed in the CMS population is commonly observed by foreign OPVs, whereas the capacity

to maintain the G-type MS, i.e. NRG lines, are less frequent [54]. Majority of foreign OPVs

introduced to the germplasm has therefore consequently been restorers, hence contributing to

an uneven broadening of the germplasms genetic base disfavoring the NRG&CMS population.

As a practical derivative of the three-way cross hybrid system, efforts have primarily been

centered around the restorer population relative to the two-component NRG&CMS
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population. It is reasonable to presume that these circumstances in conjunction have left a

considerable mark on the comparative difference in genetic diversity and architectural com-

plexity between the parental populations. With a sound understanding of the practical breed-

ing history, our study set out to investigate and quantify the derived effect on the genetic

features of the elite hybrid rye breeding germplasm. Initial assessment of the breeding lines

genetic characteristics led to the finding of a similar low level of residual heterozygosity, high

inbreeding coefficient and proportionate effective population size (Ne/N) in the two parental

populations suggesting exceedingly fixed inbred individuals. While portraying a similar pro-

portionate effective population size it is important to notice the considerable size difference in

the actual effective population (Ne) with only 76 individuals relative to 137 in the NRG&CMS

and restorer population, respectively. Owing to a small effective population size the

NRG&CMS population is hence exposed to a strong potential effect of genetic drift inferred to

facilitate a loss of genetic diversity over time by random fixation of neutral alleles [55].

Estimation of the within population gene diversity term (Hs) confirmed a relative higher

level of genetic diversity in the restorer (0.333) relative to the NRG&CMS population (0.250)

as expected from the practical breeding history. This divergence in relative genetic diversity

could readily be observed in the PCA and phylogenetic analysis providing visualization for a

more intuitive interpretation of the estimated genetic characteristics (Figs 3 and 4). In the pop-

ulation study by Bauer et al. [1], they identified a similar level of genetic diversity (0.311)

within a smaller inbred restorer population, while contrary to our observations a compara-

tively higher level (0.327) within the NRG&CMS population. In hybrid rye breeding germ-

plasms relying on the more commonly employed ‘Pampa’ (P) type MS system, introgressed

OPVs are contrary to the G type less frequently capable of restoring fertility [14, 56]. As a

result, OPVs often exerting the capacity to maintain the P type MS hence contribute to the

broadening of the NRG&CMS populations genetic profile. This emphasizes the direct implica-

tions of the employed MS system on the introgression of foreign material for broadening the

genetic base and the derived effects on the genetic diversity and architectural structure on

parental gene pools in elite hybrid rye breeding germplasms. In comparison to elite hybrid

breeding germplasm of related cereal species, a similar level of genetic diversity have been

reported in maize populations (0.256–0.355) [57] and rice accessions (0.290) [58]. In conjunc-

tion, these results indicated a population-wise discrepancy in the genetic diversity defined by a

moderate-to-high level of genetic diversity in the restorer population relative to the more

genetically narrow NRG&CMS population.

Effects of the practical breeding history could likewise be observed in the parental popula-

tion’s structural architecture. Comparatively, fewer lines could be assigned to secluded sub-

populations of a single ancestral component in the restorer population suggesting a more

structurally complex admixture which could be explained by the continuous introgression of

foreign restorers (Table 1). Interestingly, the Evanno’s DeltaK method indicated an additional

restorer founder gene pool distinct to the ‘Carsten’ and ‘Petkus’ (Fig 5I). Based on available

pedigree information, we propose that the more secluded SP2 component is likely derived

from the novel ancestral gene pool introduced through introgressed restorers (Table 2, Fig 5I,

Teal). The Evanno’s DeltaK method, furthermore, suggested that the NRG&CMS population

is derived from three, however, unknown ancestral founder populations, portraying a more

distinct subpopulation structure (Fig 5D).

Linkage disequilibrium & decay

Existence of non-random association of alleles at different loci, i.e. linkage disequilibrium

(LD) is a prerequisite of association genetics facilitating the statistical establishment of
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causality between marker and a trait of interest [59, 60]. To determine the population-wise

LD, the identified 3383 mapped markers were filtered for population-specific monomorphism

causing a considerable discrepancy in marker density between the restorer (3298) and

NRG&CMS (1983) population (Table 2). The estimation of genome-wide LD led to the discov-

ery of a large divergence in LD between the parental populations exhibiting a mean of 0.381

and 0.166 in the NRG&CMS and restorer population, respectively. Visualization of the intra-

chromosomal pairwise LD by heatmap revealed that the excess of LD in the NRG&CMS popu-

lation was centered around larger LD blocks spanning beyond the low-recombining peri-

centromeric region (Fig 7A, 7C and 7E) [61]. This region is shaped by an abundance of repeti-

tive transposable elements and low-recombination frequency, rendering genes largely inacces-

sible to breeders [61, 62]. In barley, the peri-centromeric region constitutes 48% of the genome

harboring an estimated 14–22% of the gene content [63]. Effect of low-recombination fre-

quency could readily be observed in the 5K-set markers with e.g. mean pairwise LD in the

NRG&CMS population reaching as high as 0.96 in the 105–110 cM bin on the 7R chromosome

(Fig 7E). LD blocks, however, residing outside of the apparent centromeric region provides

evidence of chromosomal segments targeted by selection in the germplasm [60]. Conserved

blocks in both parental populations suggest a common selection scheme of either an agro-

nomic important trait e.g. disease resistance or a domestication-related trait e.g. grain shatter-

ing [64, 65]. Comparative analysis of the population-wise LD patterns led to the discovery of a

common excess on the 3R chromosome in both populations (Fig 6). On the short-arm of 3R

chromosome we identified a vast LD block spanning in the NRG&CMS population from 76 to

102 cM on the 5K array (S1 Fig). Several agronomic important QTLs controlling genes affect-

ing preharvest sprouting and drought tolerance have been reported on the 3R chromosome in

rye [66, 67]. Melz and Adolf [28], furthermore identified a male sterility (ms) minor gene ms2
on the 3RL chromosome, later denoted as ‘restorer of fertility’ (Rf) ‘Gülzow’ type Rfg2 which

could likewise be related to the conservation of this segment in the germplasm [28, 68]. While

functional analysis in rye is impeded by poor or insufficient gene annotation, certain agro-

nomic traits e.g. male-fertility restoration is, however, well annotated, with the major Rf genes

of the ‘Pampa’ type, Rfp1, Rfp2, and, Rfp3 accurately mapped to the 4RL chromosome [69, 70].

Intriguingly we identified a strongly conserved LD block in both parental populations at the

distal region of the 4RL chromosome, with 9/12 markers in the restorer population and 3/5

markers in the NRG&CMS population annotated as ‘Rfp3’. The ‘Gülzow’ Rfg1 and ‘C’ type

Rfc1 Rf major genes have likewise been mapped to the distal region of the 4RL chromosome

and been proposed allelic to the P-type [68, 71]. The novel rye reference genome by Rabanus-

Wallace et al. [21], however, constitutes a milestone in large-scale functional analysis, de novo
annotating the near-full complement of 34.441 gene models in the rye genome.

As an outcrossing crop species rye has been reported to exhibit a rapid rate of LD decay

[72]. In our analysis the point of LD decay set as the interception point of the LOESS regres-

sion curve and the population-specific critical value of r2 could, however, not be determined

for the NRG&CMS population (Fig 8B and 8E). This finding is likely related to the substantial

intrachromosomal LD structure observed within the population, impeding the standard decay

of linkage as a function of the inter-loci distance [73]. The high LD within the NRG&CMS

population putatively derives from a low frequency of detectable recombination events caused

by a depletion of rare alleles within the NRG&CMS population with ~50% of the polymorphic

markers exhibiting a MAF� 0.1 (Fig 1A) [74]. In aggregate, these findings suggest the occur-

rence of a demographic bottleneck event or intense selection in the NRG&CMS population

supported by the observations of a lower genetic diversity, structural complexity and effective

population size [75]. It is possible that the low frequency of lines exhibiting the ability to main-

tain the employed G-type MS system (i.e. NRG lines) could have exerted a considerable

PLOS ONE Population genetics study of rye

PLOS ONE | https://doi.org/10.1371/journal.pone.0239541 October 9, 2020 16 / 23

https://doi.org/10.1371/journal.pone.0239541


selection pressure with introgressed lines exhibiting a high degree of relatedness. In the

restorer population, which portrayed a more homogeneous LD structure with minor LD

blocks, linkage decay could be determined in the 600K SNP array at 5.5 cM (Figs 7B, 7D and

8F). By comparison, in a study on an elite hybrid maize breeding germplasm by Van Inghe-

landt et al. [76], LD decay was observed in the range from 0.11 to 2.74 cM across four heterotic

gene pools. The comparatively rapid rate of LD decay in outcrossing species such as rye prom-

ises high resolution for association studies while requiring an equivalently higher marker den-

sity [72].

Introgression of novel genetic variation from foreign sources

Genetic diversity constitutes the fabric of which novel cultivars are shaped, portraying a

unique combination of alleles superior to the desired purpose. Erosion of genetic diversity,

therefore, constitutes a serious threat to modern plant breeding with loss of features imperative

to meet the future demands [77]. Findings of our study emphasizes foremost the necessity of

addressing the strong population structure and narrow genetic profile of the NRG&CMS pop-

ulation to sustain the genetic gains in the hybrid rye breeding program. The comparatively

small effective population size of both parental populations furthermore emphasizes the need

for broadening the germplasm, particularly in the NRG&CMS population. In rye, several pop-

ulation genetics studies have recently investigated the accessible genetic reservoir residing in

landraces, OPVs, and wild Secale species for this immediate purpose [3, 26, 77]. Introgression

of landraces and OPVs in elite hybrid breeding germplasms require a comprehensive evalua-

tion of their genetic compatibility in order to preserve the genetic separation of parental gene

pools [78]. Marker assisted introgression of OPVs has successfully been demonstrated by

Fischer et al. [16] in a ´Petkus´ and ´Carsten´ based elite hybrid rye breeding germplasm.

Introgression libraries of an exotic Iranian landrace has likewise been developed by Falke et al.
[79], and demonstrated by marker-assisted backcrossing to significantly enhance baking qual-

ity traits relative to the recurrent parent [80].

Performance and informativeness of SNP markers

Stringent assessment of marker properties and informativeness constitutes an imperative step

in the successful application of genomic-based breeding techniques in plant breeding. Analysis

of polymorphic information content (PIC) is often used as a measure of the informativeness of

a genetic marker for linkage studies but has likewise been deployed as a genetic diversity term

[81]. Across marker-sets, the 5K-set and 600K-set were highly similar in terms of mean marker

PIC (0.268, 0.262) and mean MAF (0.254, 0.250) score. The smaller wheat-set markers (426),

however, exhibited a slightly lower PIC (0.225) and MAF (0.201) score. In our study, we deter-

mined a mean PIC value of 0.20 and 0.26 across the population-specific polymorphic markers

in the NRG&CMS and restorer population, respectively (Fig 1B). These values correspond to

PIC values reported in SNP-based population studies on elite hybrid breeding germplasms in

maize (0.29) [57] and rice (0.23) [58]. Amongst the 4419 markers, we discovered a consider-

able divergence in population-specific polymorphic markers with 1870 and 38 monomorphic

markers in the NRG&CMS and restorer population, respectively. Initially this divergence was

interpreted as a bias introduced in the quality filtration step as a product of the population size

difference. Population-wise quality filtration on the entire marker panel, however, only led to

the identification of an additional 271 low-polymorphism markers for the NRG&CMS popula-

tion. This can either be explained by the narrow genetic profile of the NRG&CMS population

characterized by an depletion of rare alleles due to higher genetic drift (Fig 1A) and/or by a

diverging pattern in SNPs relative to the parental lines utilized for the 5K and 600K SNP array
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design more closely resembling the restorer population [1, 20]. If the latter explanation is cor-

rect this further supports the distinct genetic separation of the parental populations, character-

ized by a unique population-dependent pattern in SNPs.

In our investigation of LD structure and rate of decay, the separation of markers into a 5K-

set and 600K-set due to diverging array distance measure likewise enabled a comparative

assessment of the marker sets performance and informativeness. It is important to emphasize

that with an incomplete subset of markers from the 5K an 600K SNP array we cannot specu-

late on their comparative performance and informativeness. Neither of the assessed genetic

characteristics including LD, intrachromosomal organization of LD, and, progression of

linkage decay was found to consistently diverge between the marker sets in our analysis

(Table 2, Figs 7 and 8). Genetic mapping of the SNPs likewise revealed a similar positional

pattern in the arrays, displaying an evident excess of markers in the peri-centromeric region

(Fig 2A and 2B). While the non-uniform intrachromosomal distribution of markers cluster-

ing in the peri-centromeric region, pose question to the informativeness of the SNP marker

panel we observed no apparent evidence of a positional trend on the assessed genetic charac-

teristics. Conclusively, our analysis found no evidence of divergence in performance nor

informativeness between the 5K-set and 600K-set markers, hence endorsing the 20K SNP

chip construct.

Conclusion

In the present study, we demonstrated the application of a SNP-based marker system for dis-

secting the genetics of a large elite hybrid rye breeding germplasm. Through a palette of com-

plimenting analysis, we confirmed a strong genetic differentiation of parental populations.

These populations were found to diverge in several features with the NRG&CMS population

portraying a strong population structure characterized by a narrow genetic profile, small effec-

tive population size and high genome-wise LD. We propose that employed MS system puta-

tively constitutes a population determining parameter by influencing the rate of introducing

novel genetic variation. Functional analysis of LD blocks for inference of selection on agro-

nomic important traits in the germplasm led to the finding of a conserved segment on the dis-

tal 4RL chromosomal region annotated to the Rfp3 male-fertility restoration gene.

Considering the plethora of diversity preserved in genetic resources it is the emphasis of

this study to pursue a marker-assisted broadening of the NRG&CMS population to address

the strong population structure and narrow genetic profile. Furthermore, the novel rye refer-

ence genome by Rabanus-Wallace et al. [21] facilitates physical mapping and annotation of the

5K-set and 600K-set markers for combined linkage study and large-scale functional analysis to

further unravel the genetic features of the hybrid rye elite breeding germplasm.

Supporting information

S1 Table. Opposing population ancestry from an admixture model of inferred ancestry at

K set to 2 and observed residual heterozygosity (Ho) of 11 discarded Nordic Seed hybrid

rye elite breeding lines belonging to the restorer (R) and non-restorer germplasm (NRG)

population.

(DOCX)

S1 Fig. Pairwise intra-chromosomal linkage disequilibrium (LD, r2) in the Nordic Seed

hybrid rye elite breeding populations using population-specific polymorphic SNP markers

originating from a 5K (mNRG&CMS = 1420, mR = 2353) and 600K (mNRG&CMS = 562,

mR = 1010) array visualized by heatmap for the seed mother (NRG&CMS) and pollen
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S1 Table. Opposing population ancestry from an admixture model of inferred ancestry at K set to 2 and observed 

residual heterozygosity (Ho) of 11 discarded Nordic Seed hybrid rye (Secale cereale L.) breeding lines belonging 

to the restorer (R) and non-restorer germplasm (NRG) population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Line ID Opposing ancestry Ho 

R10 0.515 0.563 

R115 - 0.463 

R126 0.398 0.023 

R127 0.419 0.004 

R310 0.730 0.046 

R311 0.497 0.015 

R342 0.565 0.353 

R343 0.588 0.358 

NRG56 0.896 0.056 

NRG79 0.410 0.048 

NRG129 0.537 0.076 
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S1 Fig. Pairwise intra-chromosomal linkage disequilibrium (LD, r2) in the Nordic Seed hybrid rye (Secale cereale 

L.) breeding populations using population-specific polymorphic SNP markers originating from a 5K (mNRG&CMS = 

1420, mR = 2353) and 600K (mNRG&CMS = 562, mR = 1010) array visualized by heatmap for the seed mother 

(NRG&CMS) and pollen father (R) population 
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S1 Fig. (continued) 
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Abstract: Efficient and stable restoration of male fertility (Rf) is a prerequisite for large-scale hybrid
seed production but remains an inherent issue in the predominant fertility control system of rye
(Secale cereale L.). The ‘Gülzow’ (G)-type cytoplasmic male sterility (CMS) system in hybrid rye
breeding exhibits a superior Rf. While having received little scientific attention, one major G-type Rf
gene has been identified on 4RL (Rfg1) and two minor genes on 3R (Rfg2) and 6R (Rfg3) chromosomes.
Here, we report a comprehensive investigation of the genetics underlying restoration of male fertility
in a large G-type CMS breeding system using recent advents in rye genomic resources. This includes:
(I) genome-wide association studies (GWAS) on G-type germplasm; (II) GWAS on a biparental
mapping population; and (III) an RNA sequence study to investigate the expression of genes residing
in Rf-associated regions in G-type rye hybrids. Our findings provide compelling evidence of a novel
major G-type non-PPR Rf gene on the 3RL chromosome belonging to the mitochondrial transcription
termination factor gene family. We provisionally denote the identified novel Rf gene on 3RL RfNOS1.
The discovery made in this study is distinct from known P- and C-type systems in rye as well as
recognized CMS systems in barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.). We believe
this study constitutes a stepping stone towards understanding the restoration of male fertility in the
G-type CMS system and potential resources for addressing the inherent issues of the P-type system.

Keywords: restoration of male fertility (Rf ); cytoplasmic male sterility (CMS); pentatricopeptide
repeat protein (PPR); mitochondrial transcription termination factor (mTERF); 600K SNP array;
genome-wide association study (GWAS); RNAseq; chi-square; linkage disequilibrium

1. Introduction

In recent years, hybrids have become the predominant class of cultivated winter
rye (Secale cereale L.) in Northern Europe [1]. Outperforming population-based cultivars,
hybrids in rye demonstrate strong heterotic effects on all developmental and yield char-
acteristics [2,3]. Breeding of hybrids relies on the existence of cytoplasmic male sterility
(CMS) and restoration of male fertility (Rf) genes that reside in genetically distinct parental
populations [3,4]. This system efficiently enables control of parental crossing in the field,
which is a prerequisite for large-scale hybrid seed production [5]. In hybrid rye, numerous
CMS systems exist, of which the most predominant is the Pampa (P) type [6]. In this
system, five major P-type Rf genes have been identified on 1RS, 4RL (Rfp1, Rfp2, Rfp3),
and 6R (dominant modifier) chromosomes, and three minor genes on 3RL, 4RL, and 5R
chromosomes [7–10]. The less prevalent CMS systems include the ‘Gülzow’ (G) type
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originating from the population of rye variety ‘Schlägler alt’ [11], R-type originating from
a Russian population [12], and C- [13] and S- [14] types originating from the old Polish
population of rye variety ‘Smolickie’. In the G-type CMS system, one major gene has been
identified on 4RL (Rfg1) and two minor genes on 3R (Rfg2) and 6R (Rfg3) chromosomes [15].
In the C-type CMS system, two major Rf genes have been identified on 4RL (Rfc1) and
6RS (Rfc2) [16,17]. Intriguingly, Stojalowski et al. [18] observed a linkage between major
Rf genes on 4RL for all three CMS systems, C-type (Rfc1), G-type (Rfg1), and P-type (Rfp1,
Rfp2, Rfp3) to the same marker loci. This finding accentuates the pivotal importance of 4RL
across CMS systems in hybrid rye breeding.

Restoration of male fertility in hybrids derived from the predominant P-type cyto-
plasm is frequently incomplete and highly environmentally unstable [9,19–21]. In addition
to a potential loss in grain yield, partial pollination renders the cultivar susceptible to
fungal infection by ergot (Claviceps purpurea (Fr.) Tul.) which can contaminate the rye
grains with toxic sclerotia [22–24]. The P-type system is inherently shaped by the low
frequency of restorer gametes in European populations in which the predominance ex-
hibits unsatisfactory restoration [19,20]. In 1991, several non-adapted Argentinian and
Iranian rye populations with a high frequency of restorer gametes were identified [25].
Crossing an elite maternal line with one of these non-adapted exotics led to observations
of significantly higher restoration levels and environmental stability [26,27]. In order to
steer the introgression of novel superior exotic Rf genes through marker-assisted selection,
molecular markers were developed for Rfp1, Rfp2, and Rfp3 [8,9]. Hybrids carrying an
exotic Rf gene were, however, found to exhibit a significant reduction in grain yield by 4.4%
to 9.4% caused by linkage drag effects or epistatic interactions associated with the exotic Rf
gene [28]. Despite these deleterious effects, hybrid cultivars carrying the exotic Rfp1 have
been introduced to the Northern European market by a patented brand, PollenPlus® [29].
In contrast, hybrids derived from the less prevalent G-type cytoplasm are characterized by
a complete and environmental stable restoration of male fertility [30]. However, having
received little scientific attention, the underlying genetics of the G-type CMS system remain
largely unexplored [15].

The male sterility factors in CMS lines are encoded by mitochondrial genes that
cause a defect in the production of viable pollen [31]. While multiple gene families have
been linked with male fertility restoration, a distinct clade of the pentatricopeptide repeat
(PPR) RNA-binding factor family referred to as Rf -like PPR (RFL-PPR) constitutes the
predominant class of isolated Rf genes [5]. Proteins of the PPR superfamily are character-
ized by up to 30 tandem repeats of a canonical 35-amino-acid motif [32]. Based on motif
composition, PPR genes are divided into two subclasses: the P class solely containing
the canonical motif and the PLS class containing triplets of P, L (‘long’, ≈36 aa), and S
(‘short’, ≈31 aa) motifs [33,34]. While the P class has predominantly been associated
with RFL-PPR genes, instances of the PLS class have also been identified [35]. In rye,
591 PPR genes have been identified, out of which 83 belong to the RFL-PPR clade [36]
(Table S8a). PPR proteins target mitochondrial or chloroplast mRNA, participating in a
range of post-transcriptional processes (RNA editing, splicing, cleavage, and translation)
with profound effects on organelle biogenesis and function [33,37,38]. In wheat, the RFL-
PPR genes Rf1 and Rf3 have been shown to bind to a mitochondrial orf279 transcript, induce
cleavage, and prevent the expression of the sterilizing factor [39]. Within grasses, several
isolated Rf genes have been characterized as RFL-PPRs, including Rfm1 in barley [35],
Rf1 in sorghum (Sorghum bicolore L.) [40], Rf5 in maize [41], and Rf4, Rf5, and Rf6 in rice
(Oryza sativa L.) [42–44]. In the C-type CMS system of rye, the Rfc1 locus has been found to
reside in close proximity to a cluster of RFL-PPR genes on 4RL [36].

Another gene family less prevalently associated with Rf is the mitochondrial transcrip-
tion termination factors (mTERF) [45]. In rye, 131 mTERF genes have been identified [36]
(Table S8b). Similar to the PPR, mTERF genes encode helical repeat proteins that target
mitochondrial DNA, regulating the expression of mitochondrial genes [46]. Within grasses,
mTERF genes have been associated with restoration of male fertility in barley Rfm3 on
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the 6HS chromosome [47] and wheat Rf9 on the 6BS chromosome [48]. In the P-type CMS
system of rye, the Rfp1 locus has been found to reside in close proximity to four mTERF
genes [49,50]. In consistence, hotspots of RFL-PPR and mTERF genes have been identified
in regions harboring known Rf genes in rye [36].

In this paper, we report an investigation of the genetics underlying male fertility
restoration in G-type CMS-based hybrid rye breeding systems. The objective of this
study was to identify major and minor G-type Rf genes. This was approached through:
(I) genome -wide association study (GWAS) on a G-type CMS hybrid rye breeding
germplasm; (II) GWAS on a biparental mapping population for studying the inheritance of
male fertility restoration; and (III) gene expression analysis of PPR, RFL-PPR, and mTERF
genes residing in Rf-associated blocks in two G-type hybrid cultivars for the identification
of causative genes. This knowledge will serve as a stepping stone towards developing
novel hybrid cultivars exhibiting superior and environmentally stable restoration of male
fertility to maximize grain yield and enhance ergot resistance.

2. Results
2.1. Analysis of Genotyping Data

Prior to bioinformatic analysis using the single nucleotide polymorphism (SNP) ar-
ray genotype data, a quality filtration was conducted to remove monomorphic, non-
informative markers. Polymorphism information content (PIC) was calculated as a mea-
sure of the identified marker’s informativeness, with a mean PIC of 0.26 for the 20K
platform (n = 365), 0.34 for the 30K platform (n = 181), and 0.23 for the 600K platform
(n = 180). All SNP arrays portrayed a uniform distribution of markers across the rye
genome (Table S1). In total, 4419 informative markers were identified in the 20K array
on the entire germplasm and can be found thoroughly characterized in a recent study by
Vendelbo et al. (2020). A subset of this germplasm was genotyped on the recent rye 600K
array, yielding 261406 informative markers. In the F2 mapping population composed of
181 plants, 3493 informative markers were identified, out of which 1088 were derived from
the 5K rye array, 808 from the 600K rye array, and 1597 from the 90K wheat array.

2.2. Genome-Wide Association Study—Case Control

Genome-wide association study (GWAS) was conducted using population origin as
phenotypic input in a case control analysis for an initial ‘crude’ identification of potential
restoration of male fertility (Rf) genes in the germplasm. The 20K GWAS analysis produced
a distinct peak in the Manhattan plot at 724 to 745 Mbp on 3RL, with the highest associated
marker (−log10(p) = 19.1) located at 745 Mbp (Figure 1A, Table S2). In the successive 600K
GWAS analysis, a similar peak was identified at 710–747 Mbp with the highest associated
markers (−log10(p) = 27.07) located between 729 and 730 Mbp (Figure 1B–D, Table S3).

The identified Rf-associated region harbored five PLS-class PPR genes and one mTERF
gene in the ‘Lo7’ reference genome (Figure 1D, Table S7a). In addition, a unique peak
portraying a similarly strong association was found on 1RS at 49.3–58.5 Mbp in the 600K
GWAS analysis (Figure 1C). The region harbored 22 RFL-PPR genes organized in four
clusters, 2 P-class PPR genes, and 1 mTERF gene (Figure 1C, Table S7b). Out of 20 significant
associated markers residing at the site, 18 mapped to a narrow peak from 58.02 to 58.47 Mbp
on 1 RS (Table S3).

2.3. Biparental Population

A biparental F2 population consisting of 181 plants was developed from the ‘Gülzow’
(G)-type hybrid cv. Stannos. The population was phenotyped for six Rf-associated traits
as well as traits related to restoration in order to obtain a comprehensive dataset on the
inheritance of G-type Rf genes. Seed number and pollen production were found, on the
basis of our observations, to be the most representative Rf-associated traits (Figure 2A,B).
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The observed segregation ratio of sterile and fertile F2 plants was tested for goodness
of fit to the expected Mendelian ratio at the scenario of one, two, and three major Rf genes
using an χ2 test. Intriguingly, the observed segregation ratios were in accordance with
a monogenic dominant inheritance of male fertility restoration with χ2 (1, n,infertile = 38,
n,fertile = 143) = 2.26, p = 0.13 for seed number and χ2 (1, ninfertile = 43, nfertile = 138) = 1.11,
p = 0.29 for pollen production (Table S4). GWAS led to the identification of 16 Rf-associated
SNP markers, of which 5 markers showed a significant association with −log10(p) > 5.2
(Figure 3). On 3RL, a twin peak was identified in the GWAS. The first peak spanning
from 627 to 769 Mbp with the highest associated marker derived from the 90K wheat array
(−log10(p) = 6.66) was localized at 627 Mbp. The majority of the Rf-associated markers were
located around 745 Mbp (Figure 3, Table S4). The second peak, comprising four markers,
spanned from 807.1 to 808.7 Mbp with its highest associated marker (−log10(p) = 4.68) just
below the significance threshold of 4.85.
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Figure 3. Manhattan plot for genome-wide association study on the restoration of male-fertility-
related phenotypic scores. (A) Seed number and (B) pollen production (1–9) in an F2 biparental
population composed of 181 plants derived from the hybrid rye cv. Stannos. In total, 3494 informative
SNP markers were used. Significant association was identified using criterion of −log10(p) > 4.85
depicted as a magenta line.

The remaining four significantly associated SNP markers were derived from the
90K wheat SNP array. None of the four markers could successfully be mapped to the
‘Lo7’ rye reference genome. Two of these markers mapped to the short arm of the wheat
3B chromosome, including the highest Rf-associated (−log10(p) = 9.12) wheat marker
AX_158558079. One of the remaining moderately Rf-associated markers mapped to the
short arm of the wheat 1A chromosome, while the last had no available mapping position
in wheat. With no mapping position, genome-wide pairwise linkage disequilibrium
was calculated for each of the four highly Rf-associated wheat-derived SNP markers
to determine their position based on linkage to mapped markers (Table S5). All four
wheat markers exhibited a singular peak on 3RL with a top LD ranging from 0.43 to
0.97 in the region spanning 701 to 747 Mbp (Figure S2). The top Rf-associated wheat
marker AX_158558079 exhibited a max LD of 0.85 at 747 Mbp (Figure 4A,B). None of the
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Rf-associated wheat-derived markers showed linkage towards the Rf-associated marker
cluster at 807.1–808.7 Mbp (Table S9).
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2.4. Genomic Scan and Expression of Genes Residing within Restoration of
Male-Fertility-Associated Regions of G-Type Hybrids

To identify a likely candidate Rf gene, a genomic scan of identified Rf-associated
regions was performed and gene expression was investigated in two G-type hybrids. As
the RNA-seq data were obtained from spikes at flowering, active expression of Rf genes
would be expected in the fertile hybrids. The Rf-associated region spanning 710 to 760 Mbp
was found to harbor 448 genes in the ‘Lo7’ reference genome, out of which 272 were
expressed in cv. Helltop and 266 in cv. Stannis (Table S7a). Among the expressed genes,
251 were co-expressed in both hybrids. Amongst the panel of PPR, RFL-PPR and mTERF
genes residing in the Rf-associated regions, and two out of five PLS-class PPR genes, at
752.1 and 759.1 Mbp, were co-expressed in both G-type hybrids (Figure 1D, Table 1). The
site also harbored a single mTERF gene at 731.7 Mbp, likewise co-expressed in both G-type
hybrids. The mTERF gene co-localized with the top associated marker in the 600K case
control GWAS with less than 1 Mbp distance (Figure 1D, Table S3).
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Table 1. Pentatricopeptide repeat protein (PPR) and mitochondrial transcription termination factor
(mTERF) genes in restoration of male-fertility-associated regions identified on 1RS (40–70 Mbp) and
3RL (710–760 Mbp) chromosome in ‘Lo7’ rye (Secale cereale L.) reference genome. Genes expressed in
‘Gülzow’ type hybrid cultivars at flowering are marked as green, and genes not expressed as red.

Chromosome
Position
(Mbp)

Gene Length
(bp) Annotation

Expression

cv. Helltop cv. Stannos

1R

42.9 822 PPR (P Type)
46.2 2091 RFL-PPR (P Type)
46.2 2613 RFL-PPR (P Type)
46.3 2601 RFL-PPR (P Type)
46.9 2487 RFL-PPR (P Type)
47.1 2490 RFL-PPR (P Type)
47.1 1833 RFL-PPR (P Type)
51.9 1659 PPR (P Type)
61.1 417 RFL-PPR (P Type)
61.3 287 PPR (P Type)
61.3 213 PPR (P Type)
61.5 2499 RFL-PPR (P Type)
61.5 1866 mTERF
61.8 2472 RFL-PPR (P Type)
61.9 2448 RFL-PPR (P Type)
61.9 1460 RFL-PPR (P Type)
61.9 2451 RFL-PPR (P Type)
62.0 2499 RFL-PPR (P Type)
70.8 510 mTERF-like
70.8 540 mTERF-like

3R

731.7 462 mTERF
733.4 1986 PPR (PLS Type)
738.4 1743 PPR (PLS Type)
743.7 1461 PPR (PLS Type)
751.6 1356 PPR (PLS Type)
752.1 1548 PPR (PLS Type)
759.7 825 PPR (PLS Type)

The Rf-associated site on 1RS spanning from 40 to 70 Mbp was found to harbor
380 genes in the ‘Lo7’ reference genome, out of which 166 were expressed in cv. Helltop
and 160 in cv. (Table S7b) Stannos. Among the expressed genes, 144 were co-expressed
in both G-type hybrids. Out of 13 RFL-PPR genes residing in the region, three situated
at 46.2–47.1 Mbp were co-expressed in both G-type hybrids (Figure 1C, Table 1). The site
also harbored two P-class PPR genes, at 42.9 and 51.9 Mbp, and a single mTERF gene, at
61.5 Mbp, likewise co-expressed in both G-type hybrids. The mTERF gene resided 3.2 Mbp
from the top associated marker on 1RS.

3. Discussion

While the less common ‘Gülzow’ (G)-type system demonstrates superior restoration
of male fertility, it has received little scientific attention in the past. This is the first study
since Melz et al. [30] in 2003 to investigate the genetics underlying male fertility restoration
in G-type CMS hybrid rye breeding systems. Until now, only three G-type restoration
of male fertility (Rf) genes have been reported, a major gene located on 4RL (Rfg1) and
two modifying genes on 3R (Rfg2) and 6R (Rfg3) [15,51]. By exploiting recent advents
in rye genomic resources, we succeeded in identifying a novel major G-type Rf gene on
3RL, in addition to further evidence of a major gene on 1RS and a modifying gene on 3RL
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chromosome. Our findings provide a novel insight into the differentiation of the G-type
fertilization control system from the predominant P-type.

3.1. Indications of a Major Restoration of Male-Fertility-Like Pentatricopeptide Repeat Gene
on 1RS

While case control genome-wide association study (GWAS) is a useful tool for pro-
viding an insight into the genetics differentiating the parental gene pools, it has several
limitations. Using population origin of lines as ‘phenotypic’ input, statistically associated
markers in case control GWAS, can either be a population-defining trait such as an Rf QTL,
or a product of population structure.

In a recent population study by Vendelbo et al. [52] on the entire G-type hybrid rye
elite breeding germplasm, the maternal NRG & CMS population was found to exhibit
considerable population structure and vast LD blocks. Unequal relatedness among individ-
uals and population structure introduces a confounding effect that might cause spurious
marker associations and introduce a risk of false positives [53,54]. To moderate the effect
of these confounding factors, the GAPIT software used to conduct the GWAS therefore
utilizes a compressed mixed linear model [55,56]. Large LD blocks, on the other hand,
introduce an uncorrectable confounding factor. Long-distance LD complicates the disen-
tanglement of actual causal variants from linked neutral markers, which can in turn lead to
spurious associations [54].

In the 600K case control GWAS, a unique strong peak was identified on 1RS
(Figure 1B,C). While the evidential significance of case control GWAS is insufficient to
draw definitive conclusions, it provides an insight into pivotal genomic sites differenti-
ating the parental populations. Intriguingly, the region was found to harbor 22 out of
the 83 annotated Rf -like PPR (RFL-PPR) genes in the ‘Lo7’ reference genome situated in
three large clusters (Figure 1C) [36]. In wheat, the syntenic segment has been reported to
house two major Rf genes, Rf1 (1AS) and Rf3 (1BS), both belonging to the RFL-PPR gene
family [39,57,58]. In rye, a major P-type Rf gene has likewise been identified on 1RS in a
German inbred rye line ‘L18’ [7]. This Rf gene has, however, received little attention and it
remains unknown whether the underlying Rf gene belongs to the RFL-PPR family.

Examining the RNA-seq data, none of the eight RFL-PPR genes residing in close
proximity to the top associated marker peak were, however, found to be co-expressed at
the flowering stage in the G-type hybrids (Figure 1C, Table S7b). Instead, a mitochondrial
transcription termination factor (mTERF) gene residing 3.2 Mbp from the peak was found
to be co-expressed.

While these findings suggest that the germplasm houses an additional major G-type Rf
gene on 1RS, we did not observe any Rf-associated QTLs on 1RS in the mapping population
GWAS (Figures 3 and 4). This can either be due to the absence of the major Rf gene on 1RS in
the pollen father of cv. Stannos, or that the region harbors a population-defining trait other
than an Rf gene. Given that the locus aligns with a region containing numerous known
Rf genes in both wheat and rye, as well as an mTERF gene co-expressed in both G-type
hybrids, it is not unlikely that a large G-type Rf gene occurs on 1RS in the germplasm.

3.2. Modifying G-Type Restoration of Male Fertility Genes

While incapable of restoring male fertility, minor Rf genes are believed to enhance
(‘modify’) the effect of major Rf genes [7]. At present, two minor Rf genes have been iden-
tified in the G-type CMS hybrid rye breeding systems on the 3R (Rfg2) and 6R (Rfg3) chro-
mosomes [15]. In the mapping population, we identified an Rf QTL at 807.1–808.7 Mbp,
indicative of a minor Rf gene (Table S4). While no positional information exists on the
Rfg2 gene, a minor P-type Rf gene has been identified in the German inbred line ‘L18’
with associated markers mapping to 806.1 and 869.5 Mbp [7]. Calculation of pair-wise LD
ruled out the presence of spurious association between the potential minor Rf gene and
the downstream major Rf gene, confirming an independent QTL (Table S9). It remains
uncertain whether the potential minor Rf gene represents a unique gene or the previously
described Rfg2.
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3.3. Decisive Role of 3R in the G-Type CMS Breeding System

The initial genome scan for population-differentiating traits using case control GWAS
indicated that the 3R chromosome played a unique role in the G-type CMS system
(Figure 1A,B). This is consistent with previous population studies on the assayed
germplasm, identifying a singular enrichment of interchromosomal LD for both parental
populations on the 3R chromosome, suggesting a conservation of a population-defining
trait or traits [52].

To investigate whether the population-differentiating region on 3RL harbored a G-
type Rf gene, a biparental mapping population was developed. In contrast to the case
control GWAS, the biparental mapping population is not subject to confounding issues
related to population structure. The segregation ratio of Rf-associated traits in the mapping
population was found to be in accordance with a monogenic dominant inheritance of an
Rf gene by χ2 test consistent with the singular peak identified in the case control GWAS
(Figure 1A,B). Since minor Rf genes are incapable of restoring male fertility on their own,
they do not influence the segregation ratio of infertile/fertile F2 progeny and are hence
not ‘caught’ in the χ2 test. Utilizing the phenotypic dataset on Rf-associated traits from the
mapping population, we identified an Rf-associated region on 3RL consistent with findings
in the initial case control GWAS (Figure 3A,B). The precise position of the causative Rf
gene was, however, initially obscured by the finding that the four most associated SNP
markers, deriving from the 90K wheat array, could not be accurately mapped to the
rye reference genome ‘Lo7’ [36,59]. Instead, chromosome-wide LD mapping of each Rf-
associated wheat marker was conducted, with the top associated marker mapping to
747 Mbp (Figure 4, Table S5). Intriguingly, while the 4R chromosome plays a pivotal role
in the P- and C-type CMS systems in rye, housing Rfp1, Rfp2, Rfp3, and Rfc1, we found
no evidence of G-type genes on 4R in either case control or mapping population GWAS
(Figures 1 and 3) [8,9,28,60]. Instead, our findings suggest that the 3R chromosome plays a
unique role in the G-type CMS system, possibly harboring both a minor and major Rf gene.

3.4. Novel Major Restoration of Male Fertility Gene Unique to the G-Type CMS Breeding System

While no major Rf gene on the 3RL chromosome has to our knowledge been identified
in either of the known CMS systems in rye, minor genes have been identified in both the
G-type and P-type [7,15]. In the case of Rfg2, ambiguous segregation ratios of primary
trisomics of rye 3R led to the assumption that 3R likely housed a minor G-type Rf gene.
While Melz and Adolf [15] cautiously interpreted this anomaly as a product of a modifying
gene, their findings suggest that something of significance is occurring on 3R in the G-type
CMS system. It therefore remains open whether the identified major G-type gene is Rfg2,
previously misclassified as a minor gene, or an unreported Rf gene on 3RL. We propose to
denote the major G-type Rf gene on 3RL RfNOS1.

To our knowledge, no Rf gene has been reported on chromosome segments orthol-
ogous to rye 3RL in any of the domesticated species residing within the botanical tribe
Triticeae. In wheat, major Rf genes have been identified on 1AS (Rf1), 1BS (Rf3), 6AS
(Rf9), 6BS (Rf4, Rf6), 6D (Rf5), and 7D (Rf2) chromosomes [48,57,58,61–63]. In barley
(Hordeum vulgare L.), two major Rf genes have been identified on 6HS (Rfm1, Rfm3) [47,64].
Intriguingly, Martis et al. [65] discovered that the distal regions of 3RL and 4RL con-
served syntenic segments of an ancestral Triticeae chromosome a6. In a comparative
analysis, they found that the segment on 3RL portrayed distinctly less collinearity than
all other syntenic segments, suggesting a differential evolution of 3RL during rye specia-
tion. On the contrary, the syntenic segment on 4RL was found to be highly conserved in
Brachypodium distachyon L., rice (Oryza sativa L.), sorghum (Sorghum bicolore L.), and barley.
Rye 4RL, a region housing three major P-type and one C-type Rf genes, was found to be
syntenic to barley 6HS [60,65]. These results are consistent with the findings of Hackauf
et al. [50], who reported that the segment housing Rfp1 on 4RL exhibits an ortholog on
wheat 6DS and barley 6H. In a subsequent study, Hackauf et al. [8], furthermore, proposed
that Rfp3 on 4RL likely maps to an orthologous segment housing Rf6 on wheat 6BS and



Int. J. Mol. Sci. 2021, 22, 9277 10 of 16

Rfm1 on barley 6HS [62]. These findings provide further evidence of a conserved synteny
between these chromosomal segments and the conservation of Rf genes pivotal to the
fertilization control systems across rye (P- and C-type), barley, and wheat [51]. Together,
this accentuates the novelty of our discovery of a major Rf gene, RfNOS1, on 3RL in the
G-type CMS system in rye, with no known Rf genes on orthologous chromosome segments
in other Triticeae species.

3.5. Non-Pentatricopeptide Repeat Restoration of Male Fertility Gene on 3RL

The majority of characterized Rf genes have been assigned to the PPR superfamily,
denoted as Rf -like PPR genes or RFL-PPRs. In domesticated Poaceae species, this includes
wheat Rf1 and Rf3 [39], barley Rfm1 [35], sorghum Rf1 [40], maize Rf5 [41], and rice Rf4,
Rf5, and Rf6 [42–44]. A genome scan for Rf-associated genes at the site on 3RL harboring
the major G-type Rf gene RfNOS1 in the ‘Lo7’ reference genome revealed no RFL-PPR
genes. Instead, the region harbored five PLS-class PPR genes either misclassified, not
resembling known PLS-type RFL-PPR genes, or pointing towards a non-PPR Rf gene on
3RL (Figure 1D, Table S8a). Out of 83 RFL-PPRs annotated in the ‘Lo7’ reference genome,
none of them belong to the PLS class. Whereas a less prevalent group, PLS-type RFL-PPR
genes exists, as observed in the case of Rfm1 in barley [35]. It, therefore, cannot be ruled
out that the RFL-PPR annotation of ‘Lo7’ is incomplete, inclined to annotate the prevalent
P-class as RFL-PPR genes, while disregarding the less well-represented PLS class. However,
both of the PLS-class PPR genes residing in the Rf-associated region on 3RL that were
co-expressed in the two G-type hybrids resided more than 20 Mbp from the top associated
peak in the 600K case control GWAS (Figure 1D, Table S8b). In conjunction, this suggests
that the major Rf gene on 3RL belongs to the non-PPR family.

A growing body of Rf genes is now being characterized as non-PPR Rf genes, adding
to the complexity of male fertility restoration. Until now, this includes glycine-rich proteins
(Rf2, in rice; [66]), acyl-carrier protein synthase (Rf17, in rice; [67]), aldehyde dehydrogenase
(Rf2, in maize; [68]), bHLH transcription factor (Rf4, in maize; [69]), and Rf1, a peptidase, in
sugar beet (Beta vulgaris L.) [70]. The region on 3RL harbored several genes related to plant
fertility that were co-expressed in both G-type hybrids at anthesis (Table S7a). Amongst
these were two KATANIN genes located at 730.3 and 759.9 Mbp. In Arabidopsis, KATANIN
is required for fertility, embryo development, and seed production [71]. Genes involved in
flower development, including MADS-box transcription factor [72–74], BZIP transcription
factor [75], and basic helix-loop-helix (bHLH) DNA-binding superfamily protein [69] were
likewise found co-expressed within the region.

Intriguingly, the region was found to harbor a single mTERF gene located at 731
Mbp, coinciding with the top-associated peak in the 600K case control GWAS (Figure 1D,
Table S8b). In rye, Hackauf et al. [8] reported a close linkage between Rfp1 and Rfp3 on 4RL
to mTERF genes. A similar observation was made by Bernhard et al. [47], who identified
two mTERF genes closely linked to Rfm3 on barley 6HS, syntenic to rye 4RL. Pan et al. [76]
successively observed the role of mTERF genes in kernel development in maize, connecting
the gene family to the reproductive system of plants. This newly identified mTERF gene,
which is expressed at flowering in both G-type hybrids, is a potential candidate for the
novel major G-type Rf gene on 3RL. We denote the gene as RfNOS1, belonging to the
expanding class of non-PPR Rf genes.

3.6. CMS Systems in Hybrid Rye Breeding

On the basis of male fertility restoration requirements and genetic similarity of steriliz-
ing cytoplasms, G-, C-, and R-type CMS systems have been proposed to belong to the larger
Vavilovii (V) type [6,77,78]. In a comprehensive study by Lapinski and Stojalowski [6] on
50 rye populations from 23 countries, the vast majority of male sterility sources were found
to belong to the V-type. Populations with European descent were predominantly found to
carry the V-type sterility-inducing cytoplasm, while the P-type was exclusively observed
in lines descending from South America. Nonetheless, with no previous report of a major
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Rf gene on 3RL in either R, S, or C-type CMS system, such a unilateral grouping as V-type
seems premature. From our observations, the G-type CMS system distinguishes itself from
the other CMS systems by a less pivotal role of Rf genes on 4RL.

4. Methods
4.1. Plant Material

In total, 365 Nordic Seed Germany GmbH inbred hybrid rye (Secale cereale L.) elite
breeding lines were selected for this study, comprising 242 restorers, 116 non-restorer
germplasm (NRG), and 7 cytoplasmic male sterile (CMS) lines. The CMS male sterility is
based on the ‘Gülzow’ (G)-type cytoplasm originating from the population of the rye variety
‘Schlägler alt’ [11,15]. Population structure and information on genetic characteristics of the
germplasm are presented in a recent study by Vendelbo et al. [52]. A biparental mapping
population was developed from a hybrid rye cv. Stannos. DNA extraction was performed
using an adapted SDS-based method according to USDA [79] after Pallotta et al. [80] on
an equivalent of 75 mg of plant material collected from the primary leaves of two seven-
day-old, seedlings per line. DNA concentration and 260/280 nm ratio of samples were
measured using an EpochTM microplate spectrophotometer (Biotek® Vermont, Winooski,
VT, USA) and evidence of fragmentation by size visualization on a 1.2% agarose gel.

4.2. Biparental Mapping Population

To investigate the inheritance of male fertility restoration in the G-type CMS-based
Nordic Seed breeding system, a biparental mapping population was developed. The
population was phenotyped for restoration of male fertility, including traits associated with
restoration. Seeds of the hybrid cv. Stannos (F1) were sown in pots containing a course-
grain sphagnum substrate at Nordic Seed Germany GmbH greenhouse facilities. The
seedlings were cultivated under a 16 h light regime with night temperatures of 14–16 ◦C
and day temperatures of 18–24 ◦C. Seven days after sowing, at the 2-leaf stage, seedlings
were set to vernalize in a climate chamber under 16 h of light at 8 ◦C for a week and then
3 ◦C for the following seven weeks. After vernalization, the pots were transferred to the
greenhouse. Prior to anther-protrusion, cellophane bags were put on the spikes to prevent
cross-fertilization. At maturity, seeds of a single F1 plant were harvested and the procedure
was repeated to generate an F2 biparental mapping population. At four timepoints, a
total of 181 F2 plants were phenotyped for pollen production using a customized visual
1–9 scale (1: no pollen, 9: large amount of pollen). The plants were, furthermore, scored
for number of spikes per plant, total seed number, seeds per spike, total grain weight, and
thousand kernel weight in order to obtain a comprehensive phenotypic dataset on the
inheritance of male fertility restoration in the population. The segregation ratio of infertile
and fertile F2 plants was tested for goodness of fit to the expected Mendelian ratio at the
scenario of one, two, and three major restorations of male fertility (Rf ) genes using an
χ2 test [81]. An F2 plant was considered ‘sterile’ if it either yielded less than 20 seeds or
scored ≤ 2 in pollen production.

4.3. Molecular Markers

All rye lines included in this investigation were genotyped using a custom Illumina
Infinium 15Kwheat [59] and 5KRye [82,83] single nucleotide polymorphism (SNP) array,
denoted 20K, as described by Vendelbo et al. (2020). In addition, 180 lines comprising
88 NRG and 92 restorer lines were also genotyped using the state-of-the-art 600K high-
density rye array by Bauer et al. [83]. The F2 biparental mapping population was genotyped
on a custom Illumina Infinium 25Kwheat and 5KRye SNP array, denoted 30K, enriched with
an additional 10K wheat markers, compared to the previous 20K array, deriving from
the 90K wheat SNP array by Wang et al. [59]. The mapping position of SNP markers
derived from the 90K wheat array was found by mapping the marker sequences to the ‘Lo7’
reference genome using the NCBI blastn (v. 2.9.0+, ML, USA) function at a significance
threshold of the e-value at 10−5, selecting the physical position of the top hit [36,84]. The
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position of Rf -associated markers without accurate mapping position in the ‘Lo7’ reference
genome was determined by calculation of pairwise LD across the entire mapped marker
panel. LD was calculated using snpStats (v. 1.36.0, Cambridge, UK) R package with LD set
as the coefficient of determination (r2) [85].

4.4. Data Analysis

Genetic analysis of SNP marker data was performed in R studio (v. 1.1.463, Boston, MA,
USA) interface in R statistical software (v. 3.6.3) by application of various predesigned
packages [86,87]. Prior to analysis, markers were filtered for marker allele frequency ≥0.005,
missing individual score ≤ 0.2 and missing marker score ≤ 0.1 to identify informative
markers. The polymorphism information content (PIC) was calculated as an estimate of
marker informativeness using SnpReady (v. 0.9.6, Laguna, Philippines) [88].

4.5. Genome-Wide Association Study

The discovery of Rf -associated regions was made by a genome-wide association
study (GWAS) using the genomic association and prediction integration tool (GAPIT) (v.3)
package in R [55]. Phenotypic input for GWAS included all recordings of the biparental F2
population, and a binary case control for the entire population relative to their population
origin using the 20K SNP array and 600K high-density SNP array, respectively. A standard
Bonferroni-corrected threshold of α = 0.05 was used as the significance threshold

4.6. RNA-Seq Data Expression Analysis of PPR and mTERF Genes Residing in Rf-Associated
Region in G-Type Hybrids of Rye

Annotated major Rf -associated genes, pentatricopeptide repeat proteins (PPR), Rf-like
PPR, and mitochondrial transcription termination factors (mTERF), residing in regions
associated with Rf were identified in the ‘Lo7’ reference genome [36]. To ascertain the
potential causative Rf gene or genes amongst the identified panel, gene expression was
investigated in two G-type Nordic Seed hybrid cv. Helltop and cv. Stannos de novo
transcriptome assemblies. The transcript data were obtained from spikes of the G-type
hybrids at flowering. High-quality de novo transcriptome assembly of the two hybrids has
recently been published by Mahmood et al. [89] and raw reads from the transcript library
have been made accessible in a sequence read archive repository at (https://www.ncbi.
nlm.nih.gov/bioproject/PRJNA612415, accessed on 12 March 2021). Coding and protein
sequences of the Rf-associated gene panel were extracted from the ‘Lo7’ reference genome
repository. The de novo assembled transcriptome assemblies were likewise translated to
coding protein sequences with TransDecoder (v. 5.5.0, Valencia, Spain). The NCBI blastx
and blastp (v. 2.9.0+, Maryland, USA) functions were used to blast coding and protein
sequences of Rf-associated genes in the panel towards the generated protein transcriptome
database at a significance threshold of the e-value at 10−5 to ascertain genes expressed in
the two G-type hybrid cv. at flowering stage [84].

4.7. Graphical Editing

Graphs and figures were outputted from R in .svg format and manually curated using
Inkscape (v. 1.1) program (https://inkscape.org/, accessed on 7 May 2021).

5. Conclusions

In this study, we exploited recent advents in rye genomic resources to dissect the
genetics underlying restoration of male fertility in a G-type CMS system. Our findings
provide compelling evidence of a novel major G-type Rf gene on 3RL with no known
orthologues in either barley or wheat. Gene mining of the Rf-associated region on 3RL led to
the identification of an mTERF gene co-expressed in two G-type hybrids as a candidate gene
for restoration. We propose to denote the novel G-type Rf gene as RfNOS1. Conclusively,
our investigation provides a novel insight into the genetics of male fertility restoration in

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA612415
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA612415
https://inkscape.org/
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a G-type CMS system and its differentiation to rye P- and C-types in addition to known
CMS systems in barley and wheat.
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71. Luptovčiak, I.; Samakovli, D.; Komis, G.; Šamaj, J. KATANIN1 is essential for embryogenesis and seed formation in Arabidopsis.
Front. Plant Sci. 2017, 8, 728. [CrossRef] [PubMed]

72. Schreiber, D.N.; Bantin, J.; Dresselhaus, T. The MADS box transcription factor ZmMADS2 is required for anther and pollen
maturation in maize and accumulates in apoptotic bodies during anther dehiscence. Plant Physiol. 2004, 134, 1069–1079. [CrossRef]
[PubMed]

73. Zhou, L. A MADS-box transcription factor related to fertility conversion in male sterile wheat lines. Acta Agron. Sin. 2008, 34, 598.
[CrossRef]

74. Linke, B.; Nothnagel, T.; Börner, T. Flower development in carrot CMS plants: Mitochondria affect the expression of MADS box
genes homologous to GLOBOSA and DEFICIENS. Plant J. 2003, 34, 27–37. [CrossRef]

75. Zou, M.; Guan, Y.; Ren, H.; Zhang, F.; Chen, F. A bZIP transcription factor, OsABI5, is involved in rice fertility and stress tolerance.
Plant Mol. Biol. 2008, 66, 675–683. [CrossRef]

76. Pan, Z.; Ren, X.; Zhao, H.; Liu, L.; Tan, Z.; Qiu, F. A mitochondrial transcription termination factor, ZmSmk3, is required for nad1
intron4 and nad4 intron1 splicing and kernel development in maize. G3 Genes Genomes Genet. 2019, 9, 2677–2686. [CrossRef]

77. Lapinski, M.; Stojalowski, S. The C-source of sterility-inducing cytoplasm in rye: Origin, identity and occurrence. Vorträge Pflanz.
1996, 35, 51–60.

78. Warsecha, R.; Salak-Warzecha, K. Comparative studies on CMS sources in rye. Vorträge Pflanz. 1996, 35, 39–49.
79. USDA. United States Department of Agriculture: Wheat and Barley DNA Extraction Protocol (96-Well Plate Format). Available

online: https://www.ars.usda.gov/ARSUserFiles/60701500/SmallGrainsGenotypingLaboratory/Protocols/wheat%20and%
20barleyDNA%20extraction_original.pdf (accessed on 7 July 2021).

80. Pallotta, M.A.; Warner, P.; Fox, R.L.; Kuchel, H.; Jefferies, S.J.; Langridge, P. Marker assisted wheat breeding in the southern region
of Australia. Proc. Tenth Int. Wheat Genet. Symp. 2003, 789–791.

81. McHugh, M.L. The chi-square test of independence. Biochem. Med. 2013, 23, 143–149. [CrossRef]
82. Haseneyer, G.; Schmutzer, T.; Seidel, M.; Zhou, R.; Mascher, M.; Schon, C.C.; Taudien, S.; Scholz, U.; Stein, N.; Mayer, K.F.; et al.

From RNA-seq to large-scale genotyping-genomics resources for rye (Secale cereale L.). BMC Plant Biol. 2011, 11, 131. [CrossRef]
[PubMed]

83. Bauer, E.; Schmutzer, T.; Barilar, I.; Mascher, M.; Gundlach, H.; Martis, M.M.; Twardziok, S.O.; Hackauf, B.; Gordillo, A.; Wilde, P.;
et al. Towards a whole-genome sequence for rye (Secale cereale L.). Plant J. 2017, 89, 853–869. [CrossRef]

84. NCBI. National Center for Biotechnology Information. Available online: https://www.ncbi.nlm.nih.gov (accessed on 13 June
2021).

85. Clayton, D. snpStats: SnpMatrix and XSnpMatrix Classes and Methods. R Package Version 1.36.0. 2019. Available online:
https://rdrr.io/bioc/snpStats/ (accessed on 7 July 2021).

86. Rstudio Team. Rstudio: Integrated development for R. RStudio, Inc., Boston. 2015. Available online: http://www.rstudio.com
(accessed on 15 June 2021).

87. R Core Team. R a Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021; Available online: https://www.R-project.org/ (accessed on 13 June 2021).

88. Granato, I.S.C.; Galli, G.; de Oliveira Couto, E.G.; e Souza, M.B.; Mendonça, L.F.; Fritsche-Neto, R. snpReady: A tool to assist
breeders in genomic analysis. Mol. Breed. 2018, 38, 102. [CrossRef]

89. Mahmood, K.; Orabi, J.; Kristensen, P.S.; Sarup, P.; Jorgensen, L.N.; Jahoor, A. De novo transcriptome assembly, functional
annotation, and expression profiling of rye (Secale cereale L.) hybrids inoculated with ergot (Claviceps purpurea). Sci. Rep. 2020, 10,
13475. [CrossRef] [PubMed]

http://doi.org/10.1111/tpj.12888
http://www.ncbi.nlm.nih.gov/pubmed/26031622
http://doi.org/10.3389/fpls.2017.00728
http://www.ncbi.nlm.nih.gov/pubmed/28529520
http://doi.org/10.1104/pp.103.030577
http://www.ncbi.nlm.nih.gov/pubmed/15001699
http://doi.org/10.3724/SP.J.1006.2008.00598
http://doi.org/10.1046/j.1365-313X.2003.01703.x
http://doi.org/10.1007/s11103-008-9298-4
http://doi.org/10.1534/g3.119.400265
https://www.ars.usda.gov/ARSUserFiles/60701500/SmallGrainsGenotypingLaboratory/Protocols/wheat%20and%20barleyDNA%20extraction_original.pdf
https://www.ars.usda.gov/ARSUserFiles/60701500/SmallGrainsGenotypingLaboratory/Protocols/wheat%20and%20barleyDNA%20extraction_original.pdf
http://doi.org/10.11613/BM.2013.018
http://doi.org/10.1186/1471-2229-11-131
http://www.ncbi.nlm.nih.gov/pubmed/21951788
http://doi.org/10.1111/tpj.13436
https://www.ncbi.nlm.nih.gov
https://rdrr.io/bioc/snpStats/
http://www.rstudio.com
https://www.R-project.org/
http://doi.org/10.1007/s11032-018-0844-8
http://doi.org/10.1038/s41598-020-70406-2
http://www.ncbi.nlm.nih.gov/pubmed/32778722


| 96  

 

Genomic can of male fertility restoration genes in a ‘Gülzow’ type 

hybrid breeding system of rye (Secale cereale L.) 

Nikolaj M. Vendelbo, Khalid Mahmood , Pernille M. Sarup,  

Peter S. Kristensen, Jihad Orabi, and Ahmed Jahoor  

Supplementary material 

Caption of all supplementary files has been given below and a subset of supplementary figures 

and tables included in the dissertation. The extended supplementary materials has been 

provided at an open-access Zenodo data repository (https://zenodo.org/record/5510286). 

 

Table S1. Chromosomal distribution and polymorphism information content (PIC) of informative single 

nucleotide polymorphism (SNP) markers deriving from three genotyping platforms on Nordic Seed hybrid rye 

(Secale cereale L.) breeding germplasm (20K, 600K) and F2 biparental mapping population (30K). 

 

Table S2: Top-most associated SNP markers in case control GWAS on Nordic Seed hybrid rye (Secale cereale 

L.) breeding germplasm (n = 365) using 4419 informative SNP markers from a 20K SNP array 

 

S3 Table: Top associated SNP markers on each chromosome in case control GWAS on Nordic Seed hybrid rye 

(Secale cereale L.) breeding germplasm (n=180) using 261406 informative SNP markers from a 600K array 

Table S4: Restoration of male-fertility associated SNP markers in rye (Secale cereale L.) F2 mapping population 

(n = 181) originating from a Gülzow type hybrid rye cv. Stannos. Population was genotyped using 30K SNP array. 

Genotyping platform 20K 30K 600K

lines 365 181 180

Chromosome

1R 590 332 33854

2R 711 395 33698

3R 631 386 31493

4R 515 299 32555

5R 669 374 37073

6R 516 322 36872

7R 528 340 38918

Unknown 259 1045 16943

Total 4419 3493 261406

PIC 0.26 0.34 0.23

Markers

c9229_3272 3R 656,97 7,96 0,9 1,68 3,87

c9041_959 3R 659,47 10,59 1,0 0,94 13,13

c9041_915 3R 659,47 10,59 1,0 0,94 13,13

AX_99687383 3R 724,45 15,87 1,0 2,34 22,57

AX_99754750 3R 724,46 15,87 1,0 1,70 22,57

c10717_796 3R 726,61 13,96 1,0 2,34 22,57

c12145_1411 3R 728,04 6,91 1,0 1,88 NA

c11210_1125 3R 745,44 19,08 1,0 2,13 4,96

AX_99878275 4R 884,68 5,43 1,0 0,48 NA
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S5 Table: Genome-wide pairwise linkage disequilibrium in a rye (Secale cereale L.) F2 mapping population, 

comprised of 181 plants genotyped on 30K SNP array, between unmapped restoration of male fertility associated 

markers derived from 90K wheat SNP array and 2448 informative SNP markers with accurate mapping position 

on 'Lo7' rye reference genome 

S6 Table: Genotype of SNP markers in 181 rye (Secale cereale L.) F2 plants at region on chromosome arm 3RL 

associated with restoration of male fertility, A) all markers in the region, B) significant associated wheat markers 

S7 Table: Gene annotation in ‘Lo7’ rye (Secale cereale L.) reference genome and gene expression in Gülzow type 

hybrids during flowering at region associated with restoration of male fertility on chromosome arm A) 3RL, and 

B) 1RS 

S8 Table: Annotated A) pentatricopeptide repeat (PPR) proteins and restoration of male fertility-like PPR (RFL-

PPR), and B) mitochondrial transcription termination factor (mTERF) proteins in 'Lo7' rye (Secale cereale L.) 

reference genome 

Table S9: Pairwise linkage disequilibrium of SNP markers associated with restoration of male-fertility on 

chromosome arm 3RL in Gülzow type hybrid rye (Secale cereale L.) breeding germplasm.  

 

 

 

RAC875_c14529_815 3R 626,81 NA NA 7,78 6,22 6,66 1,60 6,76 6,16 6,12 39,70 NA NA

wsnp_Ex_c2502_4675968 3R 745,45 NA NA 3,29 3,17 3,23 0,20 2,99 2,06 3,21 17,94 0,56 1,35

c6046_935 3R 745,95 NA NA 3,50 3,59 3,09 0,09 3,14 2,05 3,05 18,41 1,63 0,10

c5149_346 3R 747,04 NA NA 3,35 4,09 3,52 0,19 3,13 1,98 3,39 19,46 0,70 NA

Excalibur_c5298_171 3R 769,35 NA NA 4,75 N/A 3,33 0,00 5,20 4,25 3,49 21,03 NA NA

c92_747 3R 798,24 NA NA 2,62 4,04 4,28 0,38 3,71 2,06 4,24 20,96 NA NA

AX_99346444 3R 807,11 NA NA 3,32 4,68 4,37 0,35 4,19 2,51 4,28 23,35 0,58 0,39

AX_99840974 3R 808,70 NA NA 3,32 4,68 4,37 0,35 4,19 2,51 4,28 23,35 0,76 3,13

c7821_382 3R 808,70 NA NA 3,32 4,68 4,37 0,35 4,19 2,51 4,28 23,35 4,79 5,58
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RFL_Contig1291_309 Unknown NA 3B 60,52 4,87 4,18 7,00 0,68 6,49 3,87 6,43 32,85 NA NA

Kukri_c47935_137 Unknown NA NA NA 9,33 5,67 7,62 0,33 8,91 8,26 7,66 47,45 NA NA
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SFig. 1 Principal component analysis (PCA) on F2 biparental mapping population (n = 181) using 3493 informative 

SNP markers 

 

SFig. 2 Mapping of restoration of male-fertility associated markers derived from the 90K wheat SNP array by 

pairwise linkage disequilibrium towards 2448 informative SNP markers with accurate mapping position on the 

'Lo7' rye (Secale cereale L.) reference genome. 
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SFig. 2: Continued 
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Discovery of a Novel Leaf Rust (Puccinia recondita) Resistance
Gene in Rye (Secale cereale L.) Using Association Genomics
Nikolaj Meisner Vendelbo 1,2,* , Khalid Mahmood 1, Pernille Sarup 1 , Mogens S. Hovmøller 2,
Annemarie Fejer Justesen 2, Peter Skov Kristensen 1 , Jihad Orabi 1 and Ahmed Jahoor 1,3

1 Nordic Seed A/S, Grindsnabevej 25, 8300 Odder, Denmark; khma@nordicsee.com (K.M.);
pesa@nordicseed.com (P.S.); pskr@nordicseed.com (P.S.K.); jior@nordicseed.com (J.O.);
ahja@nordicseed.com (A.J.)

2 Department of Agroecology, Faculty of Technical Sciences, Aarhus University, 4200 Slagelse, Denmark;
mogens.hovmoller@agro.au.dk (M.S.H.); annemariefejer.justesen@agro.au.dk (A.F.J.)

3 Department of Plant Breeding, The Swedish University of Agricultural Sciences, 23053 Alnarp, Sweden
* Correspondence: nive@nordicseed.com

Abstract: Leaf rust constitutes one of the most important foliar diseases in rye (Secale cereale L.). To
discover new sources of resistance, we phenotyped 180 lines belonging to a less well-characterized
Gülzow germplasm at three field trial locations in Denmark and Northern Germany in 2018 and
2019. We observed lines with high leaf rust resistance efficacy at all locations in both years. A
genome-wide association study using 261,406 informative single-nucleotide polymorphisms revealed
two genomic regions associated with resistance on chromosome arms 1RS and 7RS, respectively. The
most resistance-associated marker on chromosome arm 1RS physically co-localized with molecular
markers delimiting Pr3. In the reference genomes Lo7 and Weining, the genomic region associated
with resistance on chromosome arm 7RS contained a large number of nucleotide-binding leucine-
rich repeat (NLR) genes. Residing in close proximity to the most resistance-associated marker, we
identified a cluster of NLRs exhibiting close protein sequence similarity with the wheat leaf rust Lr1
gene situated on chromosome arm 5DL in wheat, which is syntenic to chromosome arm 7RS in rye.
Due to the close proximity to the most resistance-associated marker, our findings suggest that the
considered leaf rust R gene, provisionally denoted Pr6, could be a Lr1 ortholog in rye.

Keywords: hybrid breeding; Gülzow germplasm; field trial; disease progression; 600K high-density
SNP array; nucleotide-binding leucine-rich repeat (NLR); NB-ARC domain; phylogenetic analysis;
Lr1-like disease resistance protein

1. Introduction

Winter rye (Secale cereale L.) is an important cereal crop in Northern and Eastern
Europe, with an acreage of 903,800 ha in Poland, 636,300 ha in Germany, 146,600 ha in
Denmark and 113,200 ha in the Baltic countries in 2017 [1]. Since the introduction of hybrids
in the mid-1980s, the primary focus of resistance breeding in rye shifted towards ergot
caused by Claviceps purpurea (Fr.) Tul [2,3]. Recent decades of breeding efforts and the
introduction of the exotic restoration of male fertility genes have, however, reduced the
importance of ergot and the resulting toxic alkaloids in rye grains [4,5]. This provides an
opportunity to focus on leaf rust, also termed brown rust, which has received little scientific
attention and commercial interest in recent years. In 2002, Miedaner et al. [6] reported a
low level of inherent resistance to leaf rust in the predominant hybrid rye breeding gene
pools Petkus and Carsten. This is still the case based on observations of top-yielding hybrid
cultivars and population varieties in the Danish official trials, which showed 9.5% mean
leaf rust severity in 2019 (Table S2 [7]). Similarly, the German list of recommended varieties
of rye had 11.5% mean leaf rust severity in 2021 (Table S2 [8]). Under moderate to severe
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infection levels, leaf rust has been reported to cause a 11–27% reduction in grain yield, in
addition to considerable quality losses [9].

The cereal rusts are heteroecious, requiring two taxonomically unrelated host plants to
complete their life cycle, and macrocyclic, entailing five distinct spore types corresponding
to different life stages [10–12]. During the growing season, rusts can cause severe epidemics
through repetitive infection and clonal reproduction of asexual urediniospores [13,14]. As
obligate biotrophs, rusts require a living host for reproduction, but it may survive parts
of the year as telia on rye plant debris, or as aecia on the alternate host [15]. In years with
conditions conducive to leaf rust, the successive autumn-sown winter rye crop can likewise
be infected, leading to an early establishment [16].

Cereal rusts are capable of migrating long distances by wind dissemination of ure-
diniospores [17–20], which may result in exotic incursions of new races from distant
areas [21]. In wheat, two new races of yellow rust, ‘Warrior’ (Pst7) and ‘Kranich’ (Pst8),
first detected in Europe in 2011, are believed to have migrated from a sexual population
in the near-Himalayan region of Asia [22]. Sexual recombination in rust fungi facilitates
the development of new virulence combinations, driving adaptation to deployed host
resistance and the emergence of novel aggressive pathotypes [22,23]. Population studies
on wheat leaf and yellow rust populations, however, reveal clonal population structures
and the absence of sexual recombination in many areas [24–27]. In such populations,
novel genetic variation may be driven by means of mutations, somatic hybridization and
internuclear exchange [23,28].

In rye, leaf rust is caused by a fungal basidiomycete Puccinia recondita f. sp. secalis
Roberge. ex Desmaz. (Prs) [29]. Unlike the alternate hosts for the rusts of wheat, the
alternate host of Prs, small bugloss (Anchusa arvensis L.), is widespread in the North
European flora, being a common weed in agricultural fields [12,30–32]. Observation of high
pathotype diversity and virulence complexity in the German Prs population may suggest
the occurrence of sexual recombination in rye leaf rust [33], which may facilitate Prs to
overcome deployed resistance (R) genes [23,33].

Currently, five major leaf rust R genes have been identified in rye, Pr3 (1RS), Pr4 (1RL),
Pr5 (1RL), Pr1 (6RL) and Pr2 (7RL) [34,35]. An additional three major leaf rust R genes
have been identified in wheat–rye substitution and translocation lines, in the wheat gene
nomenclature denoted Lr26 (1BL-1RS), Lr25 (4BS.4BL-2RL) and Lr45 (2AS-2RS.2RL) [36,37].

Most major R genes belong to a large family of nucleotide-binding leucine-rich repeat
proteins (NLR) [38]. In rye, 1,167 NLR genes have been identified in the Lo7 reference
genome and 1,447 NLR genes in the Weining reference genome [39,40]. In grasses, the
canonical NLR gene consists of three domains: a C-terminus leucine-rich repeat (LRR)
domain, involved in pathogen effector recognition [41], a central nucleotide-binding (NB)
domain functioning as a regulatory domain determining protein activation state [42] and an
N-terminus coiled-coil (CC) domain believed to be involved in signaling and the induction
of cell death [43].

Genomic-based breeding techniques have accelerated the introgression and pyramid-
ing of R genes for enhancing resistance durability [44–46]. Recent advances in genomic
resources available in rye, including the 600K high-density SNP array and chromosomal-
scale reference genomes of a German inbred winter rye line Lo7, and a Chinese population
rye variety Weining, respectively, constitute significant milestones in rye genomic breed-
ing [39,40,47]. In order to expand the ‘toolbox’ available for resistance breeding in rye,
continuous mining for the discovery of novel genetic variability in R genes is essential.

In this paper, we investigate leaf rust resistance in a Gülzow-based elite hybrid rye
breeding germplasm. The Gülzow germplasm is differentiated from the predominant
hybrid rye breeding gene pools, Petkus and Carsten, by a distinct cytoplasmic male sterility
system [48,49]. Our objectives were to (I) characterize leaf rust resistance and disease
progression in the assayed germplasm, (II) identify genomic regions and molecular markers
associated with leaf rust resistance to facilitate marker-assisted selection for leaf rust
resistance and (III) investigate in silico whether NLR genes residing in leaf rust resistance-
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associated regions on the Lo7 and Weining reference genomes resemble known leaf rust
R genes.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

A panel of 180 inbred rye (Secale cereale L.) lines, 92 restorer and 88 non-restorer
germplasms, belonging to the Gülzow-based elite hybrid rye breeding germplasm at
Nordic Seed A/S (Dyngby, Denmark), were investigated in this study. Population structure
and information on the genetic characteristics of the accessions were investigated in a
recent study by Vendelbo et al. [50]. DNA extraction was done using an adapted SDS-
based method according to USDA [51], after Pallotta et al. [52], on an equivalent of 75 mg
plant material collected from the primary leaves of two seven-day old seedlings per line.
DNA concentration and 260/280 nm absorption ratio of samples were measured using an
EpochTM microplate spectrophotometer (Biotek®, Santa Clara, CA, USA) and evidence of
fragmentation by size visualization on 1.2% agarose gel.

2.2. Molecular Marker Resource and SNP Genotyping

Samples of each line containing 200 ng high-molecular-weight gDNA with ≥1.8 260/280nm
ratio were sent for single-nucleotide polymorphism (SNP) genotyping at Eurofins Genomics
Europe Genotyping (Aarhus, Denmark). Genotyping was done using a 600K SNP array
with 600,843 SNP markers on a Affymetrix GeneTitanTM Scanner platform (Thermo Fisher
Scientific Inc., Waltham, MA, USA) [47]. Marker map for the 600K SNP array on the
Lo7 reference genome and evaluation of its performance in the assayed germplasm was
recently presented in a study by Vendelbo et al. [53]. The marker map was acquired from
https://doi.org/10.5281/ZENODO.5086235 (Access date: 9 July 2021). Prior to analysis,
markers were filtered for marker allele frequency ≥0.05, missing individual score ≤ 0.2
and missing marker score ≤ 0.1 to identify informative markers.

2.3. Collection of Puccinia Recondite f. sp. secalis Populations

To establish a representative bulk inoculum of Puccinia recondita f. sp. secalis (Prs) for
inoculation of field trials, leaf samples of rye in the field were collected from four locations
in the period May-July 2018 in Denmark and Northern Germany. In Denmark, the locations
were Dyngby in Jutland (55.9479◦ N, 10.2572◦ E), Flakkebjerg on Zealand (55.3255◦ N,
11.3826◦ E) and Holeby on Lolland (54.6998◦ N, 11.4511◦ E). In Northern Germany, the
location was Nienstädt (52.3451◦ N, 9.1664◦ E). Multiplication of Prs was done at the Global
Rust Reference Centre (GRRC), Institute of Agroecology, Aarhus University (Flakkebjerg,
Denmark). The detailed protocol has been provided at https://doi.org/10.5281/zenodo.54
78060 (Access date: 9 July 2021). Spores from each leaf sample were multiplied individually,
resulting in 10 ‘unique’ Prs field populations from each of the four sampled locations. For
multiplication of Prs, a 50:50 mixture of hybrid rye cvs. KWS Bono and KWS Florano was
selected on the basis of high leaf rust susceptibility reported in the Danish official trials
from 2015 to 2018 [7].

2.4. Field Trial

Field trials were conducted at three locations, two situated in Denmark at Gylling in
Central Jutland (55.8946◦ N, 10.1705◦ E) and Flakkebjerg on Zealand (55.3216◦ N, 11.3901◦

E), and one located in Northern Germany at Nienstädt in Niedersachsen (52.3556◦ N,
9.2270◦ E). Trials were sown in a Seedmatic® layout with a single parcel (1.0 m × 1.25 m)
consisting of six rows of approximately 25 plants per breeding line, with a between-row
distance of 25 cm and between-parcel distance of 40 cm. Each block comprised 18 parcels,
with three blocks per replicate, of which the first was laid down in numerical order and
the second in an incomplete randomized block design [54]. Hybrid cv. KWS Serafino was
included as a ‘resistant’ control, and cv. KWS Binntto as ‘susceptible’, selected on the basis
of disease severity recordings in the Danish official trials from 2015 to 2018 [7]. At Nienstädt

https://doi.org/10.5281/ZENODO.5086235
https://doi.org/10.5281/zenodo.5478060
https://doi.org/10.5281/zenodo.5478060
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and Flakkebjerg, a leaf-rust-susceptible spreader row consisting of 50:50 hybrid cvs. KWS
Binntto and KWS Serafino was sown as a spreader row at 2nd and 4th row position in
each parcel to facilitate artificial inoculation. The trial site at Gylling was not artificially
inoculated and no spreader rows were sown here. The Gylling trial site was sown on the
18th of September 2018, Flakkebjerg the 25th of September and Nienstädt the 4th of October
in 2018. The trial at Nienstädt was repeated and sown on the 13th of October 2019.

2.5. Field Inoculation

Flakkebjerg and Nienstädt were artificially inoculated using seedlings with sporulating
rust that had been inoculated with Prs field populations collected in 2018. The Gylling trial
site in 2019 was kept for natural infection to study the progression of leaf rust disease under
non-inoculated conditions. For each of the two sites, four sowing trays were prepared,
each containing 35 multiplication pots. Multiplication of field trial inoculum was done
according to the protocol provided at https://doi.org/10.5281/zenodo.5478060 (Access
date: 9 July 2021). Inoculation of trays was done using an airbrush compression system
in accordance with Thach et al. [27]. A spore inoculum solution was prepared for each
of the trials in Denmark by mixing one tube, containing ≈ 6–7 mg spores, for each of the
30 Prs field populations collected at the three Danish locations in 2018 in a single tube
by shaking for 60 s. The spore inoculum was split into four equal portions, one per tray,
of approximately 50 mg, transferred to a 50 mL airbrush glass container and suspended
in 4 mL 3MTM NovecTM 7100 engineering fluid. The inoculum solution for the trial in
Northern Germany was prepared following the same procedure, using the Prs populations
collected at Nienstädt. At 14 DAI, rusts were sporulating on the seedlings and trials were
inoculated by brushing a single multiplication pot over three consecutive spreader rows.
Three days later, multiplication pots were brushed in a similar manner across the same
spreader rows in the opposite direction, plastic pots removed and seedlings planted. Trials
were artificially inoculated in April in both years, following the same procedure to ensure
uniform disease pressure.

2.6. Disease Scoring

Trials were scored for leaf rust severity a minimum of two times using a 1–9 scoring
scale (Supplementary Table S1, [55]). The lines were scored by evaluating all plants of the
individual breeding line within the plot. The experiment at Gylling, Denmark was scored
four times in 2019 from the first detection of leaf rust in May until crop senescence at the
end of June to study the disease progression under untreated conditions.

2.7. Analysis of Disease Scoring Data

Area under disease progress curve (AUDPC) was calculated at the non-treated site,
Gylling, Denmark, using the agrocolae (v. 1.3–5) package in R [56]. For the purpose of
interpretation, disease severity scale was adjusted to calculate a corrected AUDPC starting
from zero (completely resistant with no evidence of chlorosis). Based on AUDPC and
the disease progression curve at Gylling, lines were placed into four groups in order to
characterize the assayed germplasms’ qualitative and quantitative resistance to leaf rust.
The groups comprised (i) resistant (‘R’), with an AUDPC less than 20, (ii) partially resistant
(‘P–R’), with an AUDPC of 20–80, (iii) partially susceptible (‘P–S’) and (iv) susceptible (‘S’),
with an AUDPC between 70 and 170. While the AUDPC intervals of groups overlapped,
each was distinguished by their disease progression; breeding lines assigned to (i) ‘R’ had
a near-linear curve with disease severity less than 2, (ii) ‘PS’ had a stable inclining curve
with a terminal severity score less than 6, (iii) ‘P–S’ had a late occurrence with a terminal
severity score between 6 and 8, and (iv) ‘S’ had an early occurrence with a terminal severity
score between 6 and 8. A pairwise t-test using a standard Bonferroni correction for multiple
comparison was done on the four groups’ AUDPC scores using inherent functions in R.

In order to correct the resistance phenotype for effects of replicate, block position,
population, location-year and G × E interaction effect, four linear mixed models were

https://doi.org/10.5281/zenodo.5478060
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constructed using the lme4 (v. 1.1.26) package in R. The models were used for (1) indi-
vidual locations per parental population, (2) individual locations using the entire assayed
germplasm, (3) all locations per parental population and (4) all locations using the entire
assayed germplasm

y = u + b + r + G + ε

y = u + b + r + P + G + ε

y = u + b + r + G + E + G × E + ε

y = u + b + r + P + G + E + G × E + ε

where µ is the general mean, b is the block, r is the replicate, P is the population, G is the
line id, E is the location-year, G × E is the genotype, i.e., line and environment interaction
effect, and ε is the residuals. The parameters b, r and G × E were set as random effects and
P, E and G were set as fixed effects. The random effects and residuals were assumed to be
independent, normally distributed variables described as follows: b~N (0, I σ2

b ), r~N (0, I
σ2

r ), G × E~N (0, I σ2
G×E) and ε~N (0, I σ2

ε ). The best linear unbiased estimator (BLUE) for
the line effect, referred to as the resistance value, was used as phenotypic input for GWAS.

The broad sense heritability per plot (H2) was extracted using a modified model no. 4
with line set as random effect, distributed G~N (0, I σ2

G) and estimated as

H2 =
σ2

G
σ2

G + σ2
b + σ2

r + σ2
G×E + σ2

ε

where σ2
l is line variance, σ2

b is block variance, σ2
r is replicate variance, σ2

G×E is genotype–
environment interaction variance, and σ2

ε is the residual variance.

2.8. Genome-Wide Association Study

Discovery of leaf rust resistance-associated SNP markers was done by genome-wide
association study (GWAS) using the genomic association and prediction integration tool
(GAPIT) (v.3) package in R [57]. The Manhattan plot was colorized using the RColorBrewer
(v.1.1-2) R package colour palette [58]. GWAS was done using both the mixed linear
model (MLM) and the Bayesian information and Linkage Disequilibrium Iteratively Nested
Keyway (BLINK) method [59]. BLINK uses a multiple loci test for MLM by combining a
fixed effects model, Bayesian information content and linkage disequilibrium information,
collectively improving the statistical power in the GWAS. Markers that are in linkage
disequilibrium with the most significant marker at a site are excluded in BLINK. A standard
Bonferroni-corrected threshold of α = 0.05 was used as the significance threshold. To
investigate whether identified resistance-associated SNP markers on chromosome arm 1RS
resided in proximity to known Pr genes (Pr3, Pr4, Pr5), flanking co-segregating markers
were extracted and anchored to the Lo7 and Weining reference genomes using the NCBI
blast function [35,60,61].

2.9. Phylogenetic Analysis of Lines

In order to investigate the phylogenetic distribution of resistance, a neighbor-joining
clustering analysis of breeding lines was done using available SNP marker data with
the Euclidean genetic distance measure in the ape (v. 5.3) R package [62]. The tree was
constructed after 10.000 bootstrapping iterations, with weak nodes (≤80% recurrence)
collapsed into multifurcations. Circular neighbor-joining tree was generated using the
iTOL (v. 5) online tool (http://itol.embl.de/, access date: 5 October 2021), enabling a color
visualization of the resistance response of each line at the three field trial locations and the
distribution of lines carrying the resistance concentric circles [63].

http://itol.embl.de/
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2.10. Phylogenetic Analysis and In Silico Characterization of Nucleotide-Binding Leucine-Rich
Repeat Genes in Leaf Rust Resistance-Associated Regions

The leaf rust resistance-associated sites in the Weining reference genome were identi-
fied by the mapping of resistance-associated markers using the same procedure as described
previously for the Lo7 reference genome. Nucleotide-binding leucine-rich repeat (NLR)
genes residing in leaf rust resistance-associated regions in the Lo7 and Weining refer-
ence genomes were identified using the NLR annotation provided in a recent study by
Vendelbo et al. [53], available at https://doi.org/10.5281/zenodo.5085854 (Access date:
9 July 2021). Coding sequences of potential candidate NLR genes were extracted using
an online data repository [39,40]. Gene structures of NLR genes were predicted using the
AUGUSTUS (3.4.0) program [64].

To investigate whether NLR genes residing in leaf rust resistance-associated sites on
the Lo7 and Weining reference genomes resembled known leaf rust R genes, the NCBI blastp
function was used for a protein–protein search in the online database and a phylogenetic
analysis was conducted using a panel of cloned cereal rust R genes as reference [61]. The
phylogenetic analysis was performed using NLR genes’ conserved NB-ARC (nucleotide-
binding adaptor shared by APAF-1, R proteins and CED-4) domain sequences. The NB-ARC
sequences of NLR genes residing within the sites on the Lo7 and Weining reference genomes
were extracted from the data repository file referred to above by Vendelbo et al. [53]. The
panel of known NLR-type R genes comprised leaf rust (Lr1, Lr10, Lr21, Lr22a), stem rust
(Sr13, Sr22) and yellow rust (Yr5, Yr10, Yr28). NB-ARC sequences of reference NLR genes
were obtained from the UniProt online database [65]. Phylogenetic analysis was conducted
using a pipeline developed by Toparslan et al. [66] in R. Multiple sequence alignment
of NB-ARC domain sequences was done using the msa (v. 1.20.1) and pairwise genetic
distance based on identity calculated using the seqinr (4.2-8) package in R [67,68]. A tree
was constructed for the respective NLR repertoire of Lo7 and Weining reference genome
and visualized using the ggtree (v. 2.2.4) R package [69].

2.11. Graphical Editing

Graphs and figures were outputted from R in svg format and manually curated using
the Inkscape (v. 1.1) program (https://inkscape.org/, accessed on 7 September 2021).

3. Results
3.1. 600 K SNP Genotyping of Panel

Quality filtration of markers for low minor allele frequency, missing markers and
missing individual scores across the panel led to the identification of 261,406 informative
markers. Markers were homogeneously distributed across the rye genome, with an average
of 32,676 markers per chromosome and mean marker-to-marker distance of 25.54 kb.

3.2. Phenotyping of Leaf Rust Resistance

In both 2019 and 2020, field trials demonstrated a high level of leaf rust disease, with a
clear segregation of resistance within the assayed germplasm. Based on the AUDPC and
disease progression at the natural infection site, Gylling, lines were divided into four groups
(Supplementary Tables S3 and S5). The resistant (‘R’) group consisted of 48 restorer and 23
non-restorer germplasm lines, displaying a mean final disease severity (1–9) of 1.38 ± 0.84
standard deviation (SD) across trials (Supplementary Table S5). The partially resistant
(‘P-R’) group consisted of nine restorer and five non-restorer germplasm lines, displaying a
mean final disease severity of 3.85 ± 2.29 SD across trials. The partially susceptible (‘P-S’)
group consisted of 12 restorer and 52 non-restorer germplasm lines, displaying a mean
final disease severity of 7.21 ± 1.47 SD across trials. Finally, the susceptible (‘S’) group
consisted of 23 restorer and 8 non-restorer germplasm lines, displaying a mean final disease
severity of 7.21 ± 1.34 SD across year-location. AUDPCs for each group were 0.97 ± 3.6 SD
for the ‘R’ group, 41.4 ± 22.9 SD for the ‘P-R’ group, 84.6 ± 25.8 SD of the ‘P-S’ group and
116.4 ± 26.6 SD for the ‘S’ group (Figure 1A). Calculation of a pairwise t-test showed that

https://doi.org/10.5281/zenodo.5085854
https://inkscape.org/
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the AUDPC distribution of all groups differed significantly (p < 0.05). Susceptible control
hybrid cv. KWS Binntto demonstrated a mean final disease severity of 7.29 ± 0.86 SD across
trials, with an AUDPC of 144.1 (Supplementary Table S4, Figure 1B). Resistant control
hybrid cv. KWS Serafino demonstrated a mean final disease severity of 6.75 ± 1.03 SD
across trials, with an AUDPC of 91.3.
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Figure 1. Leaf rust disease severity in 180 hybrid rye (Secale cereale L.) breeding lines grouped
according to resistance response at Gylling (Denmark) field trial in 2019. (A) Area under disease
progress curve (AUDPC) boxplot with standard error of each assigned resistance response group—
resistant (‘R’), partially resistant (‘P-R’), partially susceptible (‘P-S’) and susceptible (‘S’) groups—with
different letters indicating significant differences (p < 0.05). (B) Mean disease progression curve of
each group during the growing season, including resistant control hybrid cv. KWS Binntto and
susceptible control hybrid cv. KWS Serafino.

The resistance spectrum of breeding lines was visualized in a circular neighbor-joining
dendrogram in iTOL, with concentric circles added to integrate the phenotypic score at
each trial site (Figure 2). The phylogenetic analysis revealed a uniform distribution of
resistant lines across the tree in both parental populations, while the majority of susceptible
lines in the restorer population were largely found to form a secluded clade.

3.3. Genome-Wide Association Study

For the identification of SNP markers associated with leaf rust resistance, a genome-
wide association study (GWAS) was done on each of the individual field trial locations,
across all trials and on AUDPC using both the entire germplasm and individual parental
populations (Supplementary Figure S1). GWAS conducted on the entire germplasm and
non-restorer germplasm population led to a consistent finding of a highly significant
peak (−log10(p) = 9.7–48.5) on chromosome arm 7RS from 1.56 to 4.85 Mb, with the most
associated marker at 4.7 Mb (Figure 3A, Supplementary Table S6). The most leaf rust
resistance-associated SNP markers on chromosome arm 7RS explained between 15.9 and
27.1% of the phenotypic variance (Supplementary Table S6). In the GWAS conducted on
the entire population across all trials, a significant peak (−log10(p) = 7.9) was identified at
115.1 Mb on chromosome arm 1RS, explaining 11.8% of the phenotypic variance (Figure 3A).
The SCM9 and Xscm1 markers co-segregating with Pr3, and flanking either side of the
gene, mapped to 96.7 and 137.6 Mb on chromosome arm 1RS of Lo7 and 118.1 to 184.1 Mb,
respectively, on the Weining reference genome. None of the GWAS analyses conducted
on the restorer population alone led to the observation of significant associated SNP
markers (Supplementary Figure S1). Non-significant peaks were, however, observed
on chromosome arms 1RS, 2RS, 2RL 3RS, 6RL, 7RS and 7RL in the restorer population,
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explaining between 6.9 and 10.2% of the phenotypic variance. While additional markers
with a moderately significant association were identified in GWAS on the entire germplasm
and non-restorer germplasm, these were disregarded due to inadequate consistency in the
discovery relationship. Using MLM-GWAS, the leaf rust resistance-associated region on
chromosome arm 7RS was found to span 11 Mb from the distal tip (Figure 3B).
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Figure 2. Circular neighbor-joining dendrogram of 180 hybrid rye (Secale cereale L.) breeding lines
using 261,406 informative SNP markers. Leaf rust resistance (1–9) at four field trials in Denmark and
Northern Germany in 2019 and 2020 displayed by concentric circles around the dendrogram. Lines
carrying the resistant genotype of single-nucleotide polymorphism (SNP) markers associated with
leaf rust resistance gene on chromosome arm 1RS (putative Pr3) and 7RS (Pr6) are likewise displayed
in the concentric circles.

The resistant allele of the most resistance-associated marker, AX-99370891, on chro-
mosome arm 7RS was exclusive to the non-restorer germplasm population and found
in all 23 resistant lines, two out of nine partially resistant lines and one susceptible line
(Figure 2, Supplementary Table S6). The resistant allele of the most resistance-associated
marker, AX-99442596, on chromosome arm 1RS was exclusive to the restorer population
and found in 33 out of 48 resistant lines and two out of nine partially resistant lines (Figure 2,
Supplementary Table S6).

The plot-based broad sense heritability (H2) was high for all of the linear mixed models
conducted both on individual and across parental populations and locations, ranging from
0.79 to 0.92 (Supplementary Figure S1, Supplementary Table S7). In the non-restorer
population, the H2 ranged from 0.82 to 0.92, and in the restorer population, the H2 ranged
from 0.79 to 0.87.
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Figure 3. Manhattan plot for genome-wide association study (GWAS) using BLINK method on leaf
rust disease resistance in 180 hybrid rye (Secale cereale L.) breeding lines using 261,406 informative
SNP markers anchored to the Lo7 reference genome. (A) Using best linear unbiased estimator (BLUE)
resistance value across four field trials in 2019 and 2020 for the entire germplasm as phenotypic
input, including Q-Q plot. (B) Excerpt of the chromosome arm 7RS from GWAS using the same
phenotypic input as in (A) with MLM method instead. The span of most associated marker position
is highlighted in green, mean position of most associated marker by an asterisk and NLR genes
in the Lo7 reference genome by vertical bars. The purple line represents the Bonferroni-adjusted
significance threshold based on informative markers.

3.4. Phylogenetic Analysis and In Silico Characterization of Nucleotide-Binding Leucine-Rich
Repeat Genes in Leaf Rust Resistance-Associated Block on Chromosome Arm 7RS

Mapping of 442 out of 685 resistance-associated markers on chromosome arm 7RS in
the Lo7 reference genome to the Weining reference genome led to the positioning of the
resistance-associated region from 5.8 to 23.6 Mb on chromosome arm 7RS (Supplementary
Table S8). Gene mining in the resistance-associated region led to the identification of
33 nucleotide-binding leucine-rich repeat (NLR) genes in the Lo7 reference genome and
38 NLR genes in the Weining reference genome (Supplementary Table S9).

Phylogenetic analysis and in silico characterization led to the identification of a large
cluster of full-length (‘complete’) NLR genes in both reference genomes, showing ≤80.7%
sequence similarity at a complete alignment with wheat leaf rust R gene Lr1 (Figure 4,
Table 1 and Table S10). In the Lo7 reference genome, the cluster consisted of five NLR
genes situated at 2.7 to 2.9 Mb, with the most leaf rust resistance-associated markers
from 1.59 to 4.9 Mb (Supplementary Table S6). In the Weining reference genome, the
cluster consisted of six NLR genes situated at 12.2 to 14.5 Mb, with the most leaf rust
resistance-associated markers positioned from 10.0 to 12.8 Mb (Supplementary Table S6).
The resistance-associated region on chromosome arm 7RS also housed NLR genes in both
reference genomes, showing ≤ 59.2% sequence similarity, aligning from 350 to 534 of
the entire 1020 aa protein sequence, with a putative rust resistance protein Rp1-dp8 in
Brachypodium distachyon (Figure 4, Tables 1 and S10). The Rp1-dp8-like NLR gene was
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situated at 9.6 Mb in the Lo7 reference genome, and, in the Weining reference genome, the
two respective NLR genes were situated at 18.9 and 19.1 Mb.
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Figure 4. Phylogenetic relationship of nucleotide-binding leucine-rich repeat (NLR) genes in a leaf
rust resistance association region on rye (Secale cereale L.) chromosome arm 7RS in the reference
genomes Lo7 and Weining. The tree was constructed using the central NB-ARC domain sequence.
Panels of known wheat leaf rust (Lr), stripe rust (Yr) and stem rust (Sr) genes are included as reference.
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Table 1. Characteristics of nucleotide-binding leucine-rich repeat (NLR) genes residing in leaf
resistance-associated region on rye (Secale cereale L.) chromosome arm 7RS in the reference genomes
Lo7 and Weining showing similarity with known leaf rust resistance genes.
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Lo7_chr7R_nlr_13 2.81 3246 1082 1429 Lr1 disease protein Triticum aestivum 1195 81.99 4.00
Lo7_chr7R_nlr_15 2.87 3207 1068 1438 Lr1 disease protein Triticum aestivum 1195 84.69 3.75

Lo7_chr7R_nlr_33 9.57 2294 526 -
Putative rust

resistance protein
Rp1-dp8

Brachypodium
distachyon 350 62.90 17.74

Weining

Wei_chr7R_nlr_15 12.21 3687 1075 - Lr1 disease protein Triticum aestivum 1064 83.72 4.29
Wei_chr7R_nlr_17 12.35 3207 1069 - Lr1 disease protein Triticum aestivum 1054 85.41 3.88
Wei_chr7R_nlr_18 12.46 6438 1730 - Lr1 disease protein Triticum aestivum 1113 86.03 3.87
Wei_chr7R_nlr_20 12.53 3294 1098 - Lr1 disease protein Triticum aestivum 1078 84.32 3.87
Wei_chr7R_nlr_27 14.41 1392 464 - Lr1 disease protein Triticum aestivum 464 81.66 3.41
Wei_chr7R_nlr_29 14.52 11,906 1044 - Lr1 disease protein Triticum aestivum 915 82.43 5.75

Wei_chr7R_nlr_31 18.91 2054 500 -
Putative rust

resistance protein
Rp1-dp8

Brachypodium
distachyon 534 54.68 25.72

Wei_chr7R_nlr_32 19.09 2053 440 -
Putative rust

resistance protein
Rp1-dp8

Brachypodium
distachyon 366 59.95 18.11

4. Discussion
4.1. Evidence of Quantitative Resistance in the Germplasm

Most race-specific resistance (R) genes in plants are subject to classical gene-for-gene
interactions with avirulence gene(s) in the pathogen, giving rise to effector-triggered immu-
nity responses [38,70]. In turn, selection drives the emergence of virulent pathogen geno-
types, permitting the evasion of R protein recognition, often termed the ‘arms-race’ [71,72].
As a result, monogenic inherited R genes exerting race-specific resistance under the gene-
for-gene principle have been associated with short durability and loss of effect for disease
control. In Canada, the wheat leaf rust pathogen P. triticina has been closely surveyed
since the early 1900s, documenting, amongst others, the rapid loss of effectiveness by race-
specific R genes such as Lr1, Lr13, Lr14a and Lr26 [73–75]. Contrary to R genes conferring
race-specific resistance, quantitative resistance conferring broad-spectrum resistance has
been associated with enhanced durability [76,77]. Quantitative resistance, also referred to
as partial resistance, is expressed as a susceptible infection type with reduced infection
frequency and severity [78]. While major R genes exerting quantitative resistance have
been identified, such as Lr34 in wheat [79], quantitative resistance is often governed by
several low-to-intermediate-effect quantitative trait loci (QTL) [80]. The potential additive
effect, however, may permit a high level of resistance by the pyramiding of multiple QTLs,
conferring quantitative resistance to leaf rust [81–83]. The adoption of marker-assisted
selection (MAS) in modern plant breeding systems has aided in breeding for oligogenic
traits, such as quantitative resistance [44,84]. In a large hybrid wheat breeding system,
Beukert et al. [85] found that MAS constituted an efficient strategy for the introgression of
leaf rust resistance QTLs. While quantitative resistance has been observed in inbred lines
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and population varieties of rye, no genes or QTLs have, to our knowledge, been deployed
in commercial hybrid rye cultivars [6,86,87].

In the assayed hybrid rye breeding germplasm, we observed a subset of breeding lines
in both parental populations (belonging to the assigned ‘P-R’ group), which demonstrated
a moderate to high level of quantitative resistance. These breeding lines were characterized
by the later occurrence of leaf rust and reduced disease progression compared to susceptible
lines. In the non-restorer germplasm population, none of the quantitative resistant lines
were found to harbor the resistant haplotype of the most leaf rust resistance-associated
markers on chromosome arm 7RS. This finding could suggest that the quantitatively
resistant lines do not carry the major Pr gene, instead either harboring rare variants of a
large effect, or several common QTLs of low to intermediate effect [88]. In both cases, this
would dramatically reduce the phenotypic variance explained and hence the statistical
power of GWAS to infer marker linkage.

In the restorer population, however, several of the quantitatively resistant lines carried
the resistance allele of the putative Pr3-associated marker on chromosome arm 1RS. If
the causative gene is Pr3, this could be explained by the observation of Prs pathotypes
virulent to Pr3 in Germany by Roux et al. [35] in 2004. However, the strict conservation of
the putative Pr3-associated marker amongst resistant or partially resistant lines indicates
that the R gene remains largely effective towards a large fraction of current pathotypes in
Northern Germany and Denmark. However, variation in copy number [89] or structural
variation [90] of the putative Pr3 gene may also give rise to the observed quantitative
resistance in these lines. This could be the case for the quantitatively resistant non-restorer
germplasm lines, potentially carrying a unique variant of the resistant locus on chromosome
arm 7RS.

4.2. Discovery of a Novel Major Pr Gene on Rye Chromosome Arm 7RS in the Non-Restorer
Germplasm Population

The use of genome-wide association studies (GWAS) has become a routine strategy for
the mining of R genes in crop species [91,92]. Exploiting recent advances in rye genomic
resources, we successfully identified a genomic region on the chromosome arm 7RS that
was significantly associated with leaf rust resistance [39,40]. With no previous Pr gene
identified on chromosome arm 7RS, we provisionally denote the new Pr gene discovered
in this study Pr6, in accordance with the nomenclature presented by Wehling et al. [34].

While Pr6 is a new finding in rye, several leaf rust R genes have been identified
in wheat and barley chromosomal segments syntenic to the rye chromosome arm 7RS.
During Triticeae speciation, a series of recurrent translocation events gave rise to major
patterns of chromosomal rearrangements, disturbing the collinearity of orthologous chro-
mosomes [93,94]. In barley, the chromosome arm 5HL, which is syntenic to the distal
tip of chromosome arm 7RS, harbors three major leaf rust R genes: Rph9, Rph9.z and
Rph12 [95–97]. In wheat, the 4A, 5B and 5D chromosomes are syntenic to rye chromosome
arm 7RS [40]. In total, ten major leaf rust R genes have been identified on wheat chromo-
somes syntenic to rye chromosome arm 7RS, comprising two on 4AL (Lr28, Lr30), three on
5BS (LrK1, Lr52), two on 5BL (Lr18, Lr), three on 5DS (Lr57, Lr70, Lr76) and two on the 5DL
(Lr1, LrSyn137) chromosome [98].

4.3. Discovery of a Putative Pr3 Gene in the Restorer Population

While the majority of resistant lines in the assayed germplasm belonged to the restorer
population, no genomic region significantly associated with resistance could be identified
by GWAS on the parental population alone, including the Pr6 locus. However, several non-
significant peaks were identified that could potentially correspond to both known, such
as Pr6, and novel Pr genes [34,35]. GWAS used BLUE estimated resistance values across
all trial locations on the entire population, which resulted in a resistance-associated SNP
marker physically co-localizing with molecular markers delimiting Pr3 on chromosome
arm 1RS [35]. Intriguingly, the resistant allele of the putative Pr3-associated marker was
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strictly confined to the restorer population. While this indicates that the putative Pr3
locus is prevalent amongst resistant and partially resistant restorer lines, several did not
carry the resistant allele. In conjunction with the finding of several non-significant, low-to-
intermediate-effect QTLs in GWAS on the restorer population, this suggests the presence of
additional, less prevalent R genes or low-to-intermediate-effect QTLs.

The ability of GWAS to establish an association between a marker and trait of in-
terest is influenced by several biological factors [88]. In a recent population study by
Vendelbo et al. [50] on the assayed germplasm, the population genetic characteristics di-
verged considerably, with the restorer population showing high genetic diversity, effective
population size and low linkage disequilibrium The higher frequency of effective recombi-
nation events will in turn cause a more rapid decay in linkage; hence, influencing the extent
of linkage between non-functional markers and the R gene of interest needed in GWAS to
establish a significant association [88,99]. In heterogeneous cross-fertilizing crop species,
the rate of decay is often rapid compared to self-pollinated species [100]. Additionally, the
existence of several less prevalent Pr genes and low-to-intermediate-effect QTLs in various
combinations would, in addition to the low sample size, further reduce the phenotypic
variance explained by genes needed for GWAS to establish a significant association [92].
The potential existence of a more complex genetic architecture underlying leaf rust resis-
tance in the restorer population is supported by the high level and diverse spectra of leaf
rust resistance, discovery of several low-to-intermediate-effect QTLs and the absence of the
putative Pr3 locus in some resistant lines.

4.4. Pr6, a Potential Ortholog to Wheat Leaf Rust Resistance Gene Lr1 on Rye Chromosome
Arm 7RS

Enabled by recent advances in rye genomic resources, we investigated whether the
identified distal region of chromosome arm 7RS associated with Pr6 harbored NLRs resem-
bling known leaf rust R genes. In plants, NLR genes have been observed to accumulate
in large clusters at recombination hotspots in the subtelomeric region, contributing to
the rapid generation of novel genetic variation in NLR genes [99,101]. To detangle the
NLR diversity, we conducted a phylogenetic analysis using the conserved NB-ARC do-
main, including cloned cereal rust genes as a reference [102,103]. The analysis led to the
identification of a large clade of paralogous NLR genes showing a close evolutionary re-
lationship and protein sequence similarity with wheat leaf rust R gene Lr1. In wheat, Lr1
has been mapped to the 5D chromosome syntenic to rye chromosome arm 7RS [40,104].
Initial fine mapping of Lr1 revealed a close linkage of the gene to a molecular marker,
Xpsr567 [105,106]. Intriguingly, a successive study mapped the Xpsr567 marker to the
distal region of rye chromosome arm 7RS [107]. These findings suggest that the novel
leaf rust R gene Pr6 could potentially be a rye ortholog to Lr1. A similar observation has
been made on powdery mildew by Hurni et al. [108], who demonstrated that the powdery
mildew resistance genes Pm8 on rye 1RS and Pm3 on the syntenic chromosome arm 1AS in
wheat are orthologous genes. Despite an independent evolution since the species diverged
7 million years ago, the orthologous powdery mildew R genes retained a similar resistance
function. Pr6 in rye and Lr1 in wheat could be another such example. However, the in silico
study presented here only constitutes a preliminary finding of a potential co-evolution
between a wheat and rye leaf rust R gene. In order to investigate whether Pr6 constitutes
an Lr1 ortholog, identification of the causative gene, e.g., by resistance gene enrichment
sequencing (RenSeq) analysis, followed by the transformation of a susceptible non-restorer
germplasm line, would be required [109].

5. Conclusions

In contrast to previously investigated hybrid rye breeding germplasms, the assayed
Gülzow germplasm displayed a high level of qualitative as well as quantitative resistance
to leaf rust, providing opportunities for the development of leaf-rust-resistant rye hybrids.
By performing GWAS on 261,406 informative SNP markers, we identified a putative Pr3



Cells 2022, 11, 64 14 of 19

gene confined to the restorer population and a novel Pr gene on chromosome arm 7RS,
provisionally denoted Pr6, confined to the non-restorer germplasm population. Using
recent advances in rye genomic resources, we identified a large cluster of Lr1-like NLR
genes residing in close proximity to Pr6. With wheat leaf rust R gene Lr1 situated on 5D
homologous to rye 7RS, our finding suggests that Pr6 could potentially be a rye ortholog to
Lr1. Despite the discovery of two Pr genes, our findings show that GWAS was impeded by
several co-existing biological factors. To unveil the genetics underlying leaf rust resistance in
the genetically diverse restorer population, we recommend developing bi- and multiparent
mapping populations for the restorer, in addition to increasing the sample size [110,111].
This approach would equally permit the concurrent investigation of the genetics underlying
leaf rust resistance in the quantitatively resistant lines, constituting a valuable genetic
resource for enhancing the resistance durability [83]. As R genes in rye can be introgressed
into wheat by chromosomal translocation and substitution lines, gene mining in rye serves
a dual purpose, accentuating the relevance of studies in rye [60,112].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11010064/s1, Figure S1: Manhattan plot for genome-wide association study (GWAS)
using BLINK method of leaf rust disease resistance in an entire hybrid rye (Secale cereale L.) breeding
germplasm (‘All’), or parental populations, restorer (‘R’, n = 92) and non-restorer germplasm (‘NRG’,
n = 88) using 261,406 informative SNP markers, Table S1: 1–9 scoring scale for leaf rust disease
severity in rye (Secale cereale L.), Table S2: Leaf rust disease severity of top-yielding hybrid rye (Secale
cereale L.), hybrid rye population mixtures and population varieties tested in the Danish official trials
in 2019 and in the German list of recommended varieties in 2021, Table S3: Leaf rust disease severity
score (1–9) of 180 Nordic Seed hybrid rye (Secale cereale L.) elite breeding lines across four field trials
in Denmark and Northern Germany in 2019 and 2020, Table S4: Leaf rust disease severity score (1–9)
of two hybrid rye (Secale cereale L.) cultivars tested in six replicates at four field trials in Denmark
and Northern Germany in 2019 and 2020, Table S5: Distribution of 180 Nordic Seed hybrid rye
(Secalae cereale L.) elite breeding lines in four leaf rust resistance groups based on area under disease
progression curve and disease progression pattern, Table S6: Metrics and genotype of top-most leaf
rust resistance associated markers in Nordic Seed hybrid rye (Secale cereale L.) elite breeding lines,
Table S7: Variance components and plot broad sense heritability of leaf rust resistance in 180 Nordic
Seed hybrid rye (Secale cereale L.) inbred lines evaluated at four field trials in Denmark and Northern
Germany. The material comprised of 88 non-restorer germplasm lines (N), 92 restorer lines (R), Table
S8: Mapping position of leaf rust resistance-associated markers on chromosome 7RS on Lo7 reference
genome to Weining reference genome, Table S9: Annotated nucleotide-binding leucine-rich repeat
(NLR) genes residing in a leaf rust resistance-associated region on chromosome arm 7RS in Nordic
Seed hybrid rye (Secale cereale L.) elite breeding germplasm in Lo7 and Weining reference genomes,
Table S10: In silico characterization of nucleotide-binding leucine-rich repeat genes residing in leaf
rust resistance-associated region on rye (Secale cereale L.) chromosome arm 7RS in Lo7 and Weining
reference genomes, Supplementary Material S1: NB-ARC sequence of nucleotide-binding leucine-
rich repeat (NLR) genes residing in leaf rust resistance-associated region on rye (Secale cereale L.)
chromosome arm 7RS in Lo7 and Weining reference genomes, Supplementary Material S2: Genotype
of 261,406 Informative single-nucleotide polymorphism (SNP) markers in 180 Nordic Seed hybrid
rye (Secale cereale L.) elite breeding lines.
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Caption of all supplementary files has been given below and a subset of supplementary figures 

and tables included in the dissertation. The extended supplementary materials has been 

provided at an open-access Zenodo data repository (https://zenodo.org/record/5510292). 

 

Supplementary Table S1: 1-9 scoring scale for leaf rust disease in rye (Secale cereale L.). 

Group Score Phenotype Leaf Coverage (%) Incidence (%) 

Resistant 
1 No disease 0-0.01 0 

2 Few colonies/pustules/spots per plant 0.1 1-49 

Partial Resistant 
3 Few colonies/pustules/spots per tiller 0.5 51-100 

4 Several colonies/pustules/spots on lower leaves: < 10 % coverage 1 100 

Partial Susceptible 
5 Lower leaves: 10-25 % coverage 5 100 

6 Upper leaves: <10% coverage, lower leaves: 25-50 % coverage 10 100 

Susceptible 

7 Upper leaves: <25% coverage, lower leaves: 50-75 % coverage 25 100 

8 Half of leaves dead with lower leaves: 75-95 % coverage 50 100 

9 No green 75-100 100 

 

Supplementary Table S2: Disease severity across top-yielding hybrid rye cultivars evaluated in the Danish 

official trial in 2019 at nine locations. 

 

Supplementary Table S3: Leaf rust disease severity score (1-9) of 180 Nordic Seed hybrid rye (Secale cereale 

L.) breeding lines across four locations in Denmark and Northern Germany in 2019 and 2020. Area under disease 

progression curve (AUDPC) was determined at the non-treated trial site Gylling in 2019. 

Horsens Odder Skive Gørding Tinglev Årslev Søllested Skælskør Gørløse Mean Max

  KWS Berado 3 1 0,1 0,5 10 10 3 18 10 6 18

  KWS Binntto 3 5 1 0 10 18 10 18 25 10 25

  KWS Jethro 0,1 5 1 0,1 10 10 0,5 10 10 5 10

  KWS Livado 5 0,5 0,5 3 3 3 3 5 10 3,7 10

  KWS Loretto 1 18 3 5 8 18 10 10 25 11 25

  KWS Receptor 8 5 3 0,5 18 25 5 33 33 15 33

  KWS Serafino 8 1 0,5 0,5 10 8 5 33 10 8 33

  KWS Skylor 10 10 25 10 18 18 10 33 33 19 33

  KWS Tayo 1 0,1 0,1 0,1 1 8 3 25 18 6 25

  KWS Vinetto 0,1 3 0,5 3 10 10 8 18 18 8 18

  SU Arvid 90+10% population 5 1 5 0 18 18 1 25 18 10 25

  SU Performer 90+10% population 1 3 8 5 5 3 3 25 18 8 25

  SU Pluralis 90+10% population 5 5 1 0,1 10 8 0,1 10 25 7 25

  Stannos 10 3 18 18 33 33 18 50 8 21 50

  DL 12 0,5 0,5 1 0,5 1 18 0,5 10 10 4,7 18

  Piano 3 5 5 0,5 10 8 5 25 25 10 25

Mean  4 4 5 3 11 14 5 22 19 10 25

% Leaf affected at location

Cultivar

https://zenodo.org/record/5510292
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Supplementary Table S4: Leaf rust disease severity score (1-9) of two hybrid rye (Secale cereale L.) cultivars 

across four field trial locations in Denmark and Northern Germany in 2019 and 2020. The cv. KWS Serafino was 

selected as ‘resistant’ control, and cv. KWS Binntto as ‘susceptible’ control based on available information prior 

to the trial.  

 

Supplementary Table S5: Disease severity distribution of leaf rust in 180 Nordic Seed hybrid rye (Secale cereal 

L.) breeding lines phenotyped at found trial locations in Denmark and Northern Germany in 2019 and 2020. A) 

Mean disease severity (1-9) and standard deviation (SD) for each assigned resistance group; R (‘resistant’), P-R 

(‘partial resistant’), P-S (‘partial susceptible’), and S (‘susceptible) at each trial site, and recorded date. B) 

Distribution of restorer (R) and non-restorer germplasm (NRG) lines in each of the assigned resistance groups.  

 

Supplementary Table S6: Top 1000 leaf rust resistance associated 600K SNP markers from BLINK Genome-

wide association study in 180 Nordic Seed hybrid rye (Secale cereale L.) breeding lines using BLUP estimated 

resistance value on field trial phenotyping data. 

 

mean SD mean SD mean SD mean SD

R 1,01 0,08 1,03 0,20 1,08 0,46 1,00 0,00

P-R 1,00 0,00 1,39 0,79 2,68 1,66 3,71 2,12

P-S 1,00 0,00 1,70 0,80 4,70 1,43 6,22 1,56

S 1,79 0,96 2,77 1,27 5,58 1,49 6,23 1,09

mean SD mean SD mean SD

R 1,32 0,37 1,15 0,55 1,89 1,28

P-R 1,32 0,55 2,71 1,43 3,86 1,74

P-S 1,86 0,83 3,82 1,54 7,44 1,90

S 2,16 0,87 4,35 1,22 7,37 1,35

mean SD mean SD

R 1,31 0,86 1,35 1,08

P-R 2,68 1,63 3,43 2,32

P-S 4,35 1,49 7,49 1,35

S 4,98 1,18 7,35 1,46

mean SD mean SD

R 1,13 0,79 1,27 1,05

P-R 2,25 2,49 3,00 2,60

P-S 6,72 1,49 7,68 1,06

S 6,87 1,48 7,47 1,47

R NRG Total

R 48 23 71

P-R 9 5 14

P-S 12 52 63

S 23 8 32
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Supplementary Table S7:  

a: Informative 600K SNP array markers in the region on chromosome arm 7RS associated with  

leaf rust resistance in 180 Nordic Seed hybrid rye (Secale cereale L.) breeding lines. 

b: Mapping of 600K SNP array markers in the region on chromosome arm 7RS associated with 

leaf rust resistance in 180 Nordic Seed hybrid rye (Secale cereale L.) breeding lines on the 'Lo7' 

reference genome to the 'Weining' rye reference genome using NCBI blastn function. 

Supplementary Table S8: Annotated nucleotide-binding leucine rich repeat (NLR) genes on rye (Secale cereale) 

reference genome A) ‘Lo7’, and B) ‘Weining’, residing in the leaf rust resistance associated block on chromosome 

arm 7RS in Nordic Seed hybrid rye breeding germplasm (n = 180) in ‘Lo7’ reference genome. 

Supplementary Table S9: NB-ARC domain of nucleotide-binding leucine rich repeat genes residing in leaf rust 

resistance associated block on rye (Secale cereale L.) 7RS in a hybrid rye breeding germplasm (n = 180) in ‘Lo7’ 

and ‘Weining’ reference genome. 

Supplementary Table S10: 

a: Characteristics of candidate leaf rust resistance nucleotide binding leucine rich repeat genes 

residing in leaf resistance associated block on rye (Secale cereale L.) chromosome arm 7RS. 

b: Pairwise Multiple sequence alignment identity of candidate leaf rust resistance nucleotide 

binding leucine rich repeat genes residing in leaf resistance associated block on rye (Secale cereale 

L.) chromosome arm 7RS. 

Supplementary Figure S1: GWAS using BLINK method on 261,406 informative SNP markers in 180 Nordic 

Seed hybrid rye (Secale cereale L.) breeding lines using BLUP estimated LR resistance value for all individual 

trial sites and across.  

Supplementary Figure S2:  Phylogenetic tree of 1,027 nucleotide-binding leucine-rich repeat (NLR) proteins 

NB-ARC domain in ‘Weining’ rye (Secale cereale L.) reference genome. NB-ARC domains of known NLR genes 

have been included as reference. NLR genes residing in a brown rust resistance block in the sub-teleomeric region 

of chromosome arm 7RS (LR 7RS) have been colored in light green.  

Supplementary material S1: NB-ARC sequence of nucleotide-binding leucine-rich repeat (NLR) proteins in leaf 

rust resistance associated region on chromosome arm 7RS in the rye reference genome ‘Lo7’ and ‘Weining’. 
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Summary 

● Most released rye cultivars are susceptible to leaf rust due to the low resistance exhibited by 

the predominant hybrid rye breeding gene pools Petkus and Carsten.  

● To discover new sources of leaf rust resistance, we phenotyped a diverse panel of 92 inbred 

lines from the less prevalent Gülzow germplasm using six distinct isolates of Puccinia 

recondita f. sp. secalis. We identified 51 lines with resistance against all isolates. A genome-

wide association study using 261,406 informative single-nucleotide polymorphisms (SNPs) 

revealed five genomic regions associated with resistance on chromosome arms 1RS, 1RL, 2RL, 

5RL and 7RS.  

● In order to identify the underlying resistance genes against Puccinia recondita (Pr), we 

sequenced the complement of rye nucleotide binding leucine-rich repeat (NLR) intracellular 

immune receptors using a Triticeae NLR bait library and PacBio® long-read single-molecule 

high-fidelity (HiFi) sequencing.  

● Trait-genotype correlations across 10 resistant and 10 susceptible lines highlighted four 

candidate NLR-encoding Pr genes, one of which mapping to the same genomic region as 

molecular markers delimiting the R gene Pr3 on chromosome arm 1RS and the top SNP 

associated with resistance in the diversity panel. 
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Introduction 

Leaf rust is one of the most devastating diseases in hybrid rye (Secale cereale L.), as it can 

reduce grain yield by up to 27% in the field (Miedaner and Sperling, 1995). Because the 

predominant heterotic gene pools ‘Petkus’ and ‘Carsten’ used for the breeding of rye hybrids 

suffer from low inherent resistance, most newly released cultivars are highly susceptible to leaf 

rust (Supplementary Table S1, Miedaner et al., 2002; Sortsinfo, 2021). In rye, leaf rust is caused 

by the heteroecious macrocyclic fungal basidiomycete, Puccinia recondita f. sp. secalis (Prs), 

which is prolific across the rye growing regions in Europe (Miedaner et al., 2011). Unlike wheat 

leaf rust, stripe rust and stem rust the alternate plant host of Prs, small bugloss (Anchusa 

arvensis L.), is widespread in the Northern European flora and a common weed in agricultural 

fields (Anikster et al., 1997; Andreasen and Stryhn, 2012; Hanzlik and Gerowitt, 2012; De Mol 

et al., 2015). The evolutionary plasticity generated by potential frequent sexual recombination 

and the capacity of spores to migrate long distances accentuate the risk of novel aggressive Prs 

pathotypes emerging and spreading, which in turn constitutes a serious threat to hybrid rye 

production (Hovmoller et al., 2008; Miedaner et al., 2011; Kolmer et al., 2019; Figueroa et al., 

2020).  

Host resistance represents a sustainable and more environmentally conscious alternative to 

chemical control strategies (Nelson et al., 2018). Currently, six major leaf rust resistance (R) 

genes have been identified in rye, Pr3 (on the short arm of chromosome 1, 1RS), Prs4 (on the 

long arm of chromosome 1, 1RL), Pr5 (1RL), Pr1 (6RL), PrNOS1 (7RS) and Pr2 (7RL) 

(Wehling et al., 2003; Roux et al., 2004; Vendelbo et al., 2021a). In addition, three major leaf 

rust R genes have been described in translocation lines between rye and wheat (Triticum 

aestivum L.) with rye as the resistance donor and designated according to the wheat gene 

nomenclature as Leaf rust resistance 26 (Lr26, from translocation 1BL-1RS), Lr25 (4BS.4BL-

2RL), and Lr45 (2AS-2RS.2RL) (McIntosh et al., 1995; Friebe et al., 1996). The majority of R 

genes encode intracellular nucleotide-binding leucine-rich repeat (NLR) immune receptor 

proteins (Kourelis and Van Der Hoorn, 2018). In the grasses, canonical NLR genes are 

comprised of three domains, (i) a C-terminal leucine-rich repeat (LRR) domain for pathogen 

effector recognition and NLR autoinhibition (Qi et al., 2012; Monino‐Lopez et al., 2021); (ii) a 

conserved nucleotide-binding (NB) domain in the middle of the protein that is involved in 

regulation of NLR activation (Williams et al., 2011); and (iii), an N-terminal coiled-coil (CC) 

domain mediating the downstream immune signalling cascade (Maekawa et al., 2011). In the 
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reference genome of the German inbred grain-type rye line Lo7, 1,167 NLR genes have been 

reported with this number reaching 1,447 in the Chinese forage-type Weining (Li et al., 2021; 

Rabanus-Wallace et al., 2021).  

Breeding of novel resistant cultivars has been accelerated by the adoption of genomic and 

molecular breeding techniques. The use of marker-assisted selection (MAS) allows the 

pyramiding of R genes and intermediate-effect quantitative trait loci (QTLs) for enhancing the 

durability of resistance (Miedaner and Korzun, 2012; Beukert et al., 2020; Liu et al., 2020). 

When coupled with speed-breeding approaches, MAS enables the rapid development of novel 

cultivars by the introgression of exotic R genes into an elite background (Hickey et al., 2017; 

Ghosh et al., 2018). Importantly, mining for novel genetic variation for resistance against a 

given pathogen is a prerequisite for the continuous development of novel resistant cultivars. 

Next-generation mapping resources such as nested association mapping (NAM) and 

multiparent advanced generation intercross (MAGIC) populations, in combination with high-

density single nucleotide polymorphism (SNP) genotyping have provided powerful techniques 

for the identification of R genes and QTLs (Bajgain et al., 2016; Rollar et al., 2021). Historical 

recombination events naturally present within a diverse panel for a crop specie can also be 

exploited for mining R genes and QTLs through genome-wide association studies (GWAS) and 

SNP genotype data (Alqudah et al., 2020). GWAS identifies a genomic region ing a trait of 

interest and, predominantly, a non-functional marker associated with the trait that can be readily 

implemented in MAS (Korte and Farlow, 2013). However, as the markers often reside outside 

the actual genes of interests, how informative they are can be compromised by crossover events. 

Furthermore, the identification of the causal gene is often not possible in cases when the R gene 

is absent from the reference genome or exhibit considerable divergence with the reference 

sequence (Florence et al., 2013). 

The limitations of GWAS can be overcome by performing trait association on sub-sequences 

(k-mers) derived from R gene enrichment sequencing (AgRenSeq). To obtain trait-genotype 

associations in cis, the associated k-mers are mapped to the contigs of a de novo assembly of a 

resistant accession (Arora et al., 2019). AgRenSeq makes it possible to mine for novel R genes 

in undomesticated wild relatives of crop species without the need for a high-quality reference 

genome. Instead of identifying a resistance-associated genomic region, RenSeq identifies 

candidate NLR genes conferring resistance, from which functional markers can be developed 

for MAS and as a resource for genetic engineering (Dong and Ronald, 2019). However, the de 
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novo assembly of NLR genes from short-reads data is a complex task due to their high copy 

number and sequence similarity between paralogues (Jupe et al., 2013). This limitation was 

previously alleviated by coupling RenSeq with long-read PacBio® single-molecule real-time 

(SMRT) sequencing (Witek et al., 2016; Xing et al., 2018). Since then, improvements to the 

PacBio® HiFi sequel II system have demonstrated a 99.9% accuracy in recall rate of single-

nucleotide variants (SNVs) and 96% for insertions and deletions (InDels) (Wenger et al., 2019).  

Currently, RenSeq has been deployed in Arabidopsis (Arabidopsis thaliana), strawberry 

(Fragaria × ananassa), potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.) 

hexaploid bread wheat, an introgression line between wheat and mosquito grass (Dasypyrum 

villosum L.), and the wheat wild relatives Tausch’s goatgrass (Aegilops tauschii) and goat grass 

(Ae. peregrina) (Steuernagel et al., 2016; Witek et al., 2016; Xing et al., 2018; Arora et al., 

2019; Barbey et al., 2019; Van de Weyer et al., 2019; Seong et al., 2020).  

The objective of this study was to determine the efficacy of SMRT AgRenSeq for the mining 

of leaf rust R genes in rye.  

Methods 

Collection of Danish Puccinia recondita f. sp. secalis samples, their multiplication and 

single pustule isolation 

With no molecular markers nor differential sets available for the identification of races in 

Puccinia recondita f. sp. secalis (Prs), a national sampling of the pathogen was conducted at 

six geographically distinct sites in Denmark from 2018 to 2019 (Table S2, Fig. S1). 

Multiplication of field samples and isolation of single pustule isolates (SPI) were performed as 

described by Vendelbo et al. (2021a). 

Plant materials and DNA extraction 

In total, 92 inbred rye (Secale cereale L.) restorer lines belonging to the elite hybrid rye 

breeding germplasm at Nordic Seed A/S (Dyngby, Denmark) were selected for the study. Four 

seeds per line were sown per well in 104-well trays containing a fine-grain sphagnum substrate. 

The seedlings were propagated in the greenhouse facilities at Nordic Seed A/S under 16 h of 

daylight at 18–24°C and 8 h of darkness at 14–16°C. The lowest section of two coleoptiles and 

primary leaves was excised after 7 d (equivalent to 75 mg of plant material) and placed in a 96-

well Micro-Dilution Tube System (STARLAB International GmbH) containing two 4-mm 

glass beads per 1.2-mL tube. Plant tissue samples were stored at –20°C for 2 d prior to freeze 

drying for an additional 2 d. DNA extraction was performed using an adapted SDS-based 
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method according to USDA (2006) according to Pallotta et al. (2003). The DNA concentration 

and 260/280–nm absorption ratio were measured using an EpochTM microplate 

spectrophotometer (Biotek®). Fragmentation of genomic DNA was assessed by size separation 

on a 1.2% (w/v) agarose gel.  

Phenotyping for pathogen resistance 

All lines were phenotyped for their resistance response against six geographically distinct Prs 

SPIs to investigate the level of resistance to leaf rust in the panel. Phenotyping was conducted 

using a 10-step (0-9) infection type (IT) scale adapted by McNeal et al. (1971) and Hovmoller 

et al. (2017). Seedlings with a mean IT between 0–2 were categorized as ‘resistant’, IT of 3–4 

as ‘partially resistant’, IT of 5–6 as ‘partially susceptible’, and IT of 7–9 as ‘susceptible’. Large-

scale multiplication of trial inoculum was done in spore-proof greenhouse cabins at Nordic 

Seed A/S (Dyngby, Denmark) in accordance with the protocol described by Vendelbo et al. 

(2021a). In the trial, eight seeds per line were sown in a 28-hole tray containing a coarse-grain 

sphagnum substrate. The trial followed a partial randomized design with two repetitions for 

each of the two trial replicates, hence producing four scorings per line per SPI evaluated. 

At 14 d after sowing, each tray was inoculated with 30 mg of SPI spores solubilized in 4 mL 

3MTM NovecTM 7100 (Sigma-Aldrich®, Missouri, USA) engineering fluid according to the 

method described by Thach et al. (2015). After incubation for 14 d, the lines were phenotyped 

for their infection type response by scoring both the first and second leaf of each of the eight 

seedlings per pot.  

Molecular marker resource and SNP genotyping 

For each line, 200 ng of high-molecular weight genomic DNA with a 260/280-nm absorbance 

ratio of ≥1.8 were sent for SNP genotyping at Eurofins Genomics Europe Genotyping (Aarhus, 

Denmark). Genotyping was accomplished using a 600K SNP array with 600,843 SNP markers 

on an Affymetrix GeneTitanTM Scanner platform (Thermo Fisher Scientific, Massachusetts, US) 

platform (Bauer et al., 2017). Mapping of the SNP markers to the Lo7 rye reference genome 

and characterisation of its performance in the assayed germplasm was recently investigated by 

(Vendelbo et al., 2021b). The marker map is available at 

https://doi.org/10.5281/ZENODO.5086235.  

Data analysis 

Bioinformatics analysis was done in the R Studio (v. 1.3.959) interface with R statistical 

software (v. 4.0.1) with various predesigned packages (RStudio Team, 2015; R Core Team, 

https://doi.org/10.5281/ZENODO.5086235
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2021). Prior to analysis of the SNP genotyping data, markers were filtered for marker allele 

frequency of at least 5%, missing individual score below 20%, and missing marker score below 

10% to identify informative markers. Computationally demanding tasks were run on the 

national high-performance computing facility GenomeDK at the Aarhus Genome Data Center, 

Aarhus University. Custom R scripts for all visual outputs have been provided as supporting 

information.  

Genome-wide association study  

The exploration of SNPs associated with leaf rust resistance relied on a genome-wide 

association study (GWAS) using the genomic association and prediction integration tool 

(GAPIT v.3) package in R (Lipka et al., 2012). The phenotypic input for GWAS included all 

individual recordings for the six SPI Prs scorings averaged across the two replicates.  

In silico test of the bait library 

Before using the 60 K Triticeae nucleotide-binding leucine-rich repeat (NLR) bait library (Tv_1) 

designed by Steuernagel et al. (2016), an in silico test was run to evaluate its capture success in 

rye. Baits were mapped to the rye reference genome Lo7 NLR repertoire using the Basic Local 

Alignment Search Tool for nucleotide (BLASTN v. 2.9.0+) function at the National Center for 

Biotechnological Information (NCBI) (NCBI, 2021). Bait hits were then filtered for a minimum 

of 80% sequence identity over the full 120-nt bait length, according to the findings made by 

Jupe et al. (2013), who reported that ~80% sequence identify between bait and NLR sequence 

is sufficient for enrichment. The Tv_1 bait library is available at 

https://github.com/steuernb/MutantHunter/. Bait library was assessed using custom scripts and 

inherent functions in R for NLR sequence capture success, unique baits per NLR sequence, 

unique NLR sequences per bait, distribution of bait alignment (in bp), and alignment identity 

(in %).  

Phylogenetic analysis and pair-wise selection of restorer lines 

To reduce the false association from non-causative background, 10 pairs of lines were selected 

for Single-Molecule Real Time R gene enrichment and Sequencing (SMRT RenSeq), each 

comprising of two phylogenetically closely related lines but exhibiting a divergent resistance 

profile. Phylogenetic analysis was performed with a neighbour-joining clustering of lines using 

measures of their Euclidean genetic distance using the ape (v. 5.3) R package (Paradis and 

Schliep, 2019). The tree was constructed after 10,000 bootstrapping iterations with weak nodes 

showing less than 80% recurrence collapsed into multifurcations. The tree was drawn with 

https://github.com/steuernb/MutantHunter/
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iTOL (v. 6.1.1) (http://itol.embl.de/), allowing a colour-based visualization the resistance 

response presented by each line against the six Prs SPIs as concentric circles (Letunic and Bork, 

2019). 

Single-molecule real-time high-fidelity resistance gene enrichment sequencing  

The construction of PacBio® RenSeq libraries was outsourced to Arbor Biosciences (Michigan, 

USA). A minimum of 5 µg genomic DNA per sample demonstrating a UV 260/280 absorbance 

ratio between 1.7 and 1.9 and of at least 10-kb modal length was provided. Genomic DNA 

libraries were enriched for NLR sequences using the Tv_1 60K Triticeae NLR bait library 

(Steuernagel et al., 2016). The enriched target DNA was sequenced on a PacBio® Sequell II 

long read SMRT platform according to PacBio® methods without modifications to generate 1.5 

Gb of high-fidelity (HiFi) circular consensus sequence (CCS) per line. Prior to sequencing DNA 

libraries were multiplexed to allow pooling. 

De novo assembly and NLR annotation 

The CCSs were assembled with HiCanu (v. 2.0; -pacbio-hifi, trimReadsCoverage = 2, errorRate 

= 0.01, genomeSize = 8.8m, minOverlapLength = 500, minReadLength = 1000) (Nurk et al., 

2020). The expected genome size of the rye NLR repertoire was estimated using NLR data from 

the recent rye reference genome Lo7 (Rabanus-Wallace et al., 2021) with an addition of 40% 

flanking region in accordance with the study by Van de Weyer et al. (2019). Contigs associated 

with NLR genes were annotated using NLR-Parser (v.3) and NLR-Annotator 

(https://github.com/steuernb/NLR-Annotator) (Steuernagel et al., 2015; Steuernagel et al., 2020). 

NLR contigs were mapped to the rye reference genome Lo7 using NCBI BLASTN (v. 2.9.0+) 

with a significance threshold set to 1×10–5, selecting the physical position of the top hit (NCBI, 

2021). Contig positions were kept if they met the criteria of ≥90% alignment length and ≥85% 

alignment identity.  

In vitro test of the bait library 

To investigate the Tv_1 bait library performance in vitro, the individual restorer line SMRT 

RenSeq data were subjected to a similar analysis as described for the in silico test. In addition, 

to assess the bait distribution amongst lines, baits were classified into three categories: (i) ‘core’, 

aligning in more than 12 lines; (ii) ‘common’, aligning in 5–12 lines; and (iii) ‘rare’, aligning 

in fewer than five lines. The distribution of bait alignment, bait alignment identity, and bait 

category distribution were visualized using the ggplot2 (v. 3.3.3) R package (Wickham, 2011). 

The distribution of baits per NLR contig and NLR contig per bait was visualized using the 

http://itol.embl.de/
https://github.com/steuernb/NLR-Annotator


| 131  

 

YaRrr R (v. 0.1.5) package. The R scripts for the in silico and in vitro assessment of the 60K 

bait library on the panel are provided as supporting information. 

k-mer presence/absence matrix 

Raw CCS reads were processed into k-mers (k = 51 nt) using Jellyfish (v. 2.2.10), discarding 

rare k-mers with a count ≤10 per line (Marcais and Kingsford, 2011). A collective k-mer 

presence/absence matrix was generated by pooling k-mers from all lines in a binary format with 

1 (‘present’) and 0 (‘absent’). The matrix was filtered for rare k-mers present in ≤3 lines. k-mer 

processing of the CCS reads was done following the Java source code published at 

https://github.com/steuernb/AgRenSeq.  

Association genetics RenSeq analysis  

The phenotypic data were converted using the following formula developed for phenotypic 

scores in the Stackman’s IT scale (–2 to 2). 

Stackman′s IT score = 2 − (
4

9
∗ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒 0−9) 

Identification of candidate leaf rust resistance genes amongst the NLR-annotated contigs was 

done by AgRenSeq analysis following the Java pipeline provided by Arora et al. (2019) at 

https://github.com/steuernb/AgRenSeq and general linear regression model (AgRenSeq-GLM) 

using the Python module provided at https://github.com/kgaurav1208/AgRenSeq_GLM. This 

modulated analysis utilises a linear regression model for each of the k-mers to account for 

population structure amongst lines and likelihood test for nested models to output a P-value for 

each of the k-mers’ association to resistance. A standard Bonferroni-corrected threshold of α = 

0.025 was used as the significance threshold. 

Characterization of the candidate leaf rust resistance gene Pr3 

To improve NLR annotation, a manual reference assembly was generated for all leaf rust 

resistance-associated contigs identified by AgRenSeq to expand the contig size. For each contig, 

raw CCS mapping to the contig was performed using NCBI BLASTN (v. 2.9.0+) function, 

selecting CCS aligning over at least 2,000 bp and with 95% sequence identity (NCBI, 2021). 

CCS reads were trimmed for adaptor sequences and assembled using the respective leaf rust 

resistance-associated contig as reference and manually inspected to generate a consensus 

sequence in Geneious Prime (v. 2020.2.3) (GeneiousPrime, 2020). The gene structure of the 

manually assembled consensus NLR contigs was predicted using the AUGUSTUS (3.4.0) 

program (Stanke et al., 2004). The prediction of protein domain structures was done using 

InterPro-Scan (Jones et al., 2014). Prediction of LRR motifs was done using LRRpredictor (v. 

https://github.com/steuernb/AgRenSeq
https://github.com/steuernb/AgRenSeq
https://github.com/kgaurav1208/AgRenSeq_GLM
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1.0) (Martin et al., 2020). Coding sequences were mapped to the Lo7 and Weining reference 

genomes using NCBI BLASTN (v. 2.9.0+) (Li et al., 2021; NCBI, 2021; Rabanus-Wallace et 

al., 2021).  

To distinguish unique NLR genes from homologues within the panel of leaf rust resistance-

associated contigs identified by AgRenSeq, a phylogenetic analysis was undertaken on the basis 

of protein sequence similarity using the pipeline developed by Toparslan et al. (2020) in R. 

Multiple sequence alignment of protein sequences was done using ‘Clustal Omega’ in the msa 

(v. 1.20) R package. A neighbour-joining tree was constructed using Nei’s standard genetic 

distance and visualized using the ggtree (v. 2.2.4) R package (Yu, 2020). To validate the tree, 

10,000 bootstrapping iterations were run. As reference, sequences of known NLR genes 

conferring rust resistance in cereals were included in the analysis, obtained from the UniProt 

and NCBI online databases (NCBI, 2021; UniProt, 2021). 

Identification of single nucleotide variants (SNVs) and insertions/deletions (InDels) between 

candidate gene variants was done by multiple sequence alignment using the Multiple Sequence 

Comparison by Log- Expectation (MUSCLE) method in Geneious Prime (v. 2020.2.3) with 

≤10 iterations. For comparative analysis, NLR genes at mapping positions in the Lo7 and 

Weining reference genomes were extracted from the NLR annotation file provided by 

(Vendelbo et al., 2021b). Annotation files are available at https://doi.org/10.5281/zenodo.5085854. 

If present in the reference genomes (≥95% sequence similarity), coding sequences and de novo 

predicted protein sequences were extracted. To investigate whether the candidate Pr gene was 

positioned near designated Pr genes on chromosome arm 1RS, flanking co-segregating markers 

were extracted and mapped to the Lo7 and Weining reference genome by BLASTN (Roux et 

al., 2004; Mago et al., 2005). 

Graphical editing 

Graphs and Figures were saved from R in .svg format and manually curated using the Inkscape 

(v. 1.1) program (https://inkscape.org/). 

Results 

Phenotyping of rye breeding lines for resistance to leaf rust 

We tested 92 inbred rye restorer breeding lines for leaf rust resistance using six Puccinia 

recondita f. sp. secalis (Prs) single pustule isolates (SPIs) of distinct geographical origin, which 

uncovered a high level of resistance in the germplasm (Table S2, Fig. S1). We categorized 51 

lines as consistently resistant (IT 0–2), 11 as partially resistant (IT 3–4), 11 as partially 

https://doi.org/10.5281/zenodo.5085854
https://inkscape.org/
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susceptible (IT 5–6), and the remaining 19 as consistently susceptible (IT 7–9) (Table S3). Four 

lines showed a SPI-specific resistance response. Fig. 1 illustrates the 10 infection types as a 

resource for future studies of leaf rust resistance in rye. 

 

Fig. 1. Infection type (IT) response scale for leaf rust in rye (Secale cereale L.) caused by the fungal pathogen 

Puccinia recondita f. sp. secalis according to Hovmøller., et al. (2017) and McNeal., et al. (1971). In terms of 

virulence/avirulence, IT 0–6 are considered ‘avirulent’ and 7–9 as ‘virulent’.  

Genome-Wide Association Study 

Quality filtering of markers from the 600 K SNP array allowed the identification of 261,406 

informative markers (Datafile S1). To explore the genetic basis underlying leaf rust resistance 

in the panel, we performed a genome-wide association study (GWAS) across the six Prs SPIs 

(Fig. S2, Table S4). We identified five genomic positions associated with leaf rust resistance 

against one or more SPI that mapped to chromosome arms 1RS, 1RL, 2RL, 5RL and 7RS (Table 

1, Fig. 2). However, none of the markers exhibited a p-value above the Bonferroni significance 

threshold of –Log10(p) = 6.72. Each marker explained between 9.3 and 13.1% of the phenotypic 

variance (Table 1).  

 

Table 1. Genetic markers associated with leaf rust resistance identified from 92 hybrid rye restorer breeding lines 

by association genetics using 261,406 SNP array markers. 

Chromosome Position (Mb) Marker ID –Log10(p) 
Phentypic variance  

explained (%) 
1RS 115.55 AX-99251803 6.11 13.1 

1RL 625.54 AX-99805135 4.50 9.3 

2RL 818.90 AX-99478491 4.90 9.6 

5RL 770.21 AX-99776626 4.49 9.3 

7RS 26.93 AX-99684185 4.83 12.1 
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Fig. 2. Manhattan plots for genome wide association study (GWAS) for leaf rust resistance in 92 inbred rye lines. 

GWAS was performed using 261,406 informative SNP markers mapped to the Lo7 reference genome. The entire 

germplasm collection was phenotyped for resistance against six distinct Puccinia recondita f. sp. secalis single 

pustule isolates (SPIs) in a greenhouse, as two replicate trials. (a) SPI-5, (b) SPI-3, (c) SPI-1, and (d) SPI-2. Five 

genomic regions associated with resistance are marked by magenta asterisks. The Bonferroni-adjusted significance 

threshold based on informative markers was 6.72. 

In silico test of 60K Triticeae NLR bait library for rye 

Prior to RenSeq analysis, we assessed the performance of the 60 K Triticeae-specific NLR bait 

library Tv_1 in rye by performing an in silico analysis of its capture success rate against the 

NLR repertoire of the Lo7 reference genome. Using a set threshold, we determined that 29,785 

baits align, capturing 1,125 out of the 1,167 annotated NLR sequences in the Lo7 reference 

(Table S7). Each bait mapped on average to 5 ± 6 (standard deviation, SD) unique NLR 

sequences, with a mean of 140 ± 164 (SD) unique baits mapped per NLR sequence (Table S5). 

Phylogenetic analysis and pair-wise selection of restorer lines 

To identify Pr genes in the panel, we reasoned that selecting pairs of lines that are closely 

related but differ only in their resistance profile would maximize the discriminatory power of 

informative polymorphisms without having to resort to sequencing the entire panel (Fig. 3a). 

The corresponding shortlisted resistant lines exhibited five different infection types (ITs) 

spectra: resistant (ITs1), partially resistant (ITs2), and three different SPI-specific spectra (ITs3-

5) (Fig. 3b). 
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Fig. 3. Phylogenetic analysis and type of leaf rust infection response in 92 inbred rye lines. (a) Circular neighbour-

joining dendrogram indicating the infection types (IT) against six geographically distinct Danish Puccinia 

recondita f. sp. secalis single pustule isolates, shown as concentric circles. Ten pairs, comprising two closely 

related lines with divergent IT, selected for SMRT RenSeq are marked by stars. (b) IT spectrum of the 10 resistant 

lines. 

SMRT RenSeq, de novo assembly and NLR annotation 

To increase the contiguity and accuracy of the assembled NLRs, we sequenced the selected 

lines using PacBio® HiFi technology. SMRT RenSeq of these 20 selected restorer lines yielded 

between 0.27 to 2.24 Gb of circular consensus sequence (CCS) data per line with a mean of 

1.40 Gb (Table S6). De novo assembly using HiCanu produced 482 to 2,122 contigs per line, 

with a mean of 1,330 contigs. NLR annotation of the assemblies led to the identification of 288 

to 1,102 NLR contigs per line, with a mean of 646 contigs (Table S6), consisting of 151 to 573 

partial (incomplete) annotated NLR contigs and 137 to 529 complete (full-length) NLR contigs 

per line.  

Following SMRT RenSeq, we conducted an analysis across the 20 restorer lines to test the in 

vitro capture efficacy of the 60 K Triticeae NLR bait library. In total, 35,199 baits aligned to a 

minimum of one line. Of these baits, 23,195 were shared with Lo7. On average, 15,796 ± 2,910 

(SD) baits aligned to the genomic sequence from each line, of which 60.9% were considered 

core as they aligned to NLR sequences present in more than 12 lines; 31.1% were common 

baits that aligned to NLR sequences present in 5–12 lines; and 8.0% were rare baits that aligned 
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to NLR sequences present in fewer than five lines (Fig. S3e). Across lines, 75.9% of the aligned 

baits were shared with Lo7. Baits were found to align with an average of 113 bp ± 14.9 (SD) 

on average, with a mean alignment identity of 91.9% ± 4.3 (SD) (Fig. S3a-b). Approximately 

0.5% of the baits aligned with less than 80% alignment identity. Each bait mapped to an average 

average of 4 ± 7 SD unique NLR contigs, with a mean of 63 ± 82 (SD) unique baits per NLR 

contig (Fig. S3c-d, Table S5).  

k-mer-based association genetics RenSeq (AgRenSeq) analysis 

To identify candidate NLR gene(s) for leaf rust resistance in the restorer panel, we performed 

association genetics on the k-mers (sub-reads) derived from the raw RenSeq data. To correct 

for false associations due to population structure, we applied a general linear model (GLM). 

The NLRs from a resistant line were anchored to the Lo7 reference genome to provide an 

ordered template for AgRenSeq (Fig. 4). AgRenSeq identified three peaks, the most promising 

of which mapped to chromosome arm 1RS (–Log10(p) = 17.9) with a k-mer count of 932. The 

other two peaks pointed to chromosome arm 5RL (–Log10(p) = 18.7) with a k-mer count of 231, 

and to chromosome arm 6RL (–Log10(p) = 18.7), with a k-mer count of 160, as being potential 

involved in resistance against leaf rust (Fig. S6). In total, we identified 25 NLR contigs 

harbouring resistant-specific k-mers were identified across the shortlisted resistant lines (Fig. 

4a-b, Table S8a).  
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Fig. 4. Identification of candidate leaf rust resistance NLR genes by AgRenSeq in 20 inbred rye lines. Each circle 

column on the x-axis represents an NLR contig from the SMRT RenSeq assembly of a resistant line anchored to 

the Lo7 rye reference genome, and each dot on the y-axis represents a k-mer assigned a statistical association to 

resistance. (a) Resistant line RS13, phenotyped using isolate SPI-4. (b) Resistant line RS03, phenotyped using 

isolate SPI-6. The purple dashed line represents the Bonferroni-adjusted significance threshold based on number 

of k-mers. 

Characterization of candidate genes conferring resistance to leaf rust resistance 

We sought to improve the quality of the NLR annotation by expanding contig size. To this end, 

we generated a manually curated reference-based local assembly for each of the 25 candidate 

leaf rust resistance NLR contigs obtained by AgRenSeq. Accordingly, we selected raw CCS 

reads mapping to each contig in the relevant resistant line harbouring the candidate NLR contig, 

and trimmed and assembled them. This manual assembly step increased the contig size by 2 kb 

± 1.5 kb (SD), resulting in a mean contig size of 7.6 kb ± 1.8 kb (SD) (Table S8). Out of the 25 

contigs, 16 contigs were considered to be complete (full length) NLR genes, with the remaining 

nine being partial (incomplete). On average, the full-length NLRs encoded an NLR protein of 

1,147 amino acids (aa) ± 297 (SD). To distinguish unique NLR genes from homologous contigs 

within the panel, we performed a phylogenetic analysis based on sequence alignment of the 
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NLR proteins (Fig. 5), leading to the identification of four clades comprising 15 NLR proteins, 

and consisting of candidate Pr proteins shared between at least two resistant assemblies. Out of 

the 10 NLRs forming basal splits in the phylogeny, 5 belonged to the resistant line RS7. 

  

Fig. 5. Phylogenetic relationship of candidate leaf rust resistance (R) NLR genes in 20 inbred rye lines. The tree 

was constructed using protein sequences, with bootstrapping values set as percent recurrence of from 10,000 

iterations shown for nodes with ≥50% recurrence. Candidate leaf rust R gene RenRS5_3 is marked with by an 

asterisk. Examples of cloned wheat leaf rust (Lr), stripe rust (Yr), and stem rust (Sr) genes are included for 

comparison.  

 

Clade 1 comprised seven full-length NLR contigs encoding proteins of 1,414 to 1,700 aa (Fig. 

5, Table S8). All members were anchored to position 111.15 Mb on chromosome arm 1RS in 

the Lo7 reference genome, which also coincided with the genomic block showing the highest 

association with leaf rust resistance identified from the GWAS analysis with the 600K SNPs, 

spanning from 101 to 117 Mb (Table 1, Fig. 6a, Table S4). This genomic region contained five 

NLR genes in In the Lo7 reference genome. Of the 2,558 SNP markers positioned within the 

region on the Lo7 chromosome arm 1RS, 1,817 markers mapped to the Weining reference over 



| 139  

 

the 90–190 Mb interval. The region of the Weining reference genome had 19 NLR genes, of 

which 15 formed three larger clusters of five NLR gene each within the region spanning 130–

145 Mb (Fig. 6b). For comparative analysis with known leaf rust resistance genes mapping to 

the same chromosome arm 1RS, we mapped restriction fragment length polymorphism (RFLP) 

markers co-segregating with Lr26 and Pr3 to the Lo7 and Weining reference genomes. The 

Xmwg68 marker co-segregating with Lr26 mapped to 16.6 Mb in Lo7 and 19.5 Mb in Weining, 

with Lr26 positioned distal to Xmwg68 towards the telomeric tip and thus clearly excluded from 

the above candidate interval. The SCM9 and Xscm1 markers, co-segregating with Pr3 and 

flanking the gene on either side, mapped to 96.7 and 137.6 Mb in Lo7 and to 118.1 and 184.1 

Mb in Weining, respectively (Fig. 6a-b). 

 

Fig. 6. Visualization of SNP markers associated by GWAS with leaf rust resistance on chromosome arm 1RS in 

92 inbred rye lines. (a) Lo7 reference genome with 2,558 associated markers. (b) Weining reference genome with 

1,817 associated markers. The region harbouring the known rye leaf rust resistance gene Pr3 is marked as a blue 

bar based on flanking genetic markers SCM9 and Xscm1 (Roux et al., 2004). The position of annotated NLR genes 

are marked as vertical bars. NLR genes showing ≥80% sequence identity to the clade 1 member RenRS5_3 

candidate Pr gene are in pink (‘Homologue’) and genes with ≥95% sequence identity are in orange (‘Variant’). 

Clade 2 consisted of four NLR contigs encoding near-identical canonical NLR proteins of 1,383 

to 1,417 aa, distinguished by intraspecific polymorphisms in the distal end of the C-terminal 

LRR domain (Table 2, Table S8). Clade 3 contained two NLR contigs encoding canonical NLR 
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proteins of 950 and 1,050 aa that exhibited considerable intraspecific polymorphisms. Clade 4 

was defined by two identical NLR contigs encoding a non-canonical NLR protein of 713 aa 

with no N-terminal CC domain. 

Table 2: Nucleotide-binding leucine-rich repeat (NLR) contigs associated with leaf rust resistance in four assigned 

clades based on phylogenetic relationship identified in resistant inbred rye lines. Contigs were mapped to the rye 

Lo7 reference genome.  

Clade NLR contigs 

Assemblies Anchoring position in Lo7 

Resistant SPI-resistant Chromosome arm Position (Mb) 

1 7 RS1, RS3, RS5 RS13 1RS 111.15 

2 4 RS1, RS3, RS7  5RL 792.53 

3 2 RS3, RS7  NA NA 

4 2 RS7 RS15 5RL 807.97 

SPI (Single pustule isolate). ‘NA’ (Not anchored). 

Characterization of candidate NLR genes conferring resistance to leaf rust on 

chromosome arm 1RS 

We selected clade 1, with seven NLRs, as the most promising for candidate Pr genes for further 

characterization. The NLRs in this clade mapped to the region on chromosome arm 1RS 

dsplaying the greatest association with leaf rust resistance (Fig. 2), which also overlapped with 

the genomic location of the known leaf rust resistance gene Pr3 (Fig. 6a-b). To investigate gene 

presence/absence and sequence variation across the captured NLR complements from the 20 

rye lines, we mapped all seven NLR contig members from clade 1 to the raw assemblies, and 

scored and visualized the extent of sequence identity between putative homologues (Fig. S7). 

We then selected RenRS5_3 for further study, as its complete annotation further facilitated its 

characterization. The RenRS5_3 contig was present (with ≥ 95% sequence identity) in 7 out of 

the 20 rye lines analyzed (Table S9). Without transcript evidence, we predicted the most likely 

gene structure. We detected a putative transcription start site 45 bp into the contig, as well as 

two exons spanning the sequence from 199–3,313 bp and 3,404–4,015 bp (Fig. 7a). The 

corresponding NLR protein was predicted to have 1,306 aa with an N-terminal CC domain from 

aa 17 to 225, a central NB-ARC domain from aa 226 to 586, and a C-terminal LRR domain 

from aa 587 to 1,306 containing 25 LRR motifs (Fig. 7b). Manual reference-based assembly of 

RenRS5_3 in each of the seven lines carrying this NLR gene revealed two variants. One variant, 

denoted R was conserved across the three resistant lines belonging to IT1 group with 99.9% 

sequence identity; the second variant, denoted S, was conserved amongst susceptible or 
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partially resistant lines belonging to the IT2 category with 97.8% sequence identity (Fig. 3b). 

The two variants displayed a pairwise sequence similarity of 98.8% at the DNA level and were 

differentiated by 45 SNPs, 39 of which were situated in the genomic region encoding the C-

terminal LRR domain. The variants encoded two NLR proteins showing 95.1% sequence 

identity, differentiated by 32 single amino acid substitutions, a 31-aa deletion starting at aa 

1,105, and a 32-aa C-terminal extension of the LRR domain in the R variant (Fig. 7c).  

 

Fig. 7. Characterization of the candidate leaf rust resistance nucleotide-binding leucine-rich repeat (NLR) gene 

RenRS5_3. (a) Gene structure, (b) NLR protein motif and domain structure, coiled-coil (CC), nucleotide-binding 

(NB), leucine-rich repeat (LRR), and (c) Alignment of RenRS3_5 resistant (R) and susceptible (S) variants with 

single amino acid substitutions marked as white lines. 

We identified NLR contigs with ≥97.8% similarity with the coding sequence of RenRS5_3 in 

three lines belonging to the IT categories IT1 and IT3. These contigs exhibited a more complex 

gene structure and encoded a non-canonical NLR protein of 1,314 aa lacking the N-terminal 

CC domain and showing ≥87% sequence identity with the RenRS5_3 variants. Using the 

RenRS5_3 sequence as a query against the reference genomes, we detected two paralogous 

NLR genes in the Lo7 genome residing at 111.02 (Lo7_chr1R_nlr_64) and 111.15 Mb 

(Lo7_chr1R_nlr_65) and sharing 83.5–85.1% sequence similarity with RenRS5_3 (Fig. 6a). In 

the Weining reference genome, RenRS5_3 aligned with a larger cluster of five paralogous NLR 

genes located from 137.1 to 138.9 Mb with ≥80.2% sequence similarity (Fig. 6b). One of the 

NLR genes from Weining (Wei_chr1R_nlr_77) at 138.7 Mb showed 97.1% sequence identity 

with the R variant and 100% sequence identityads with the ‘S’ variant.  
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Discussion 

Leaf rust resistance genes in restorer germplasm 

In contrast to the predominant gene pools Petkus and Carsten deployed for hybrid breeding in 

rye, the restorer germplasm analysed in this study boasts a high level of resistance to leaf rust 

(Supplementary Table S1, Miedaner et al., 2002). We discovered here five intermediate-effect 

genomic regions on chromosome arms 1RS, 1RL, 2RL, and 7RS which are known to harbour 

Pr genes in rye (Wehling et al., 2003; Roux et al., 2004; Vendelbo et al., 2021a). Marker density 

was high, as the average inter-marker distance was 25.5 kb in the assayed germplasm, which 

contributed to our ability to distinguish between true associations characterized by, a distinct 

marker peak from false-positive outliers (Gaikpa et al., 2021). While GWAS has become a 

routine strategy for the mining of R genes and genomic regions associated with resistance in 

crop species, establishing causality between a SNP marker and a given R gene of interest can 

be impeded by several factors, such as low genetic diversity and the rate of decay of linkage 

disequilibrium (LD) (Korte and Farlow, 2013; Alqudah et al., 2020). The restorer population 

used here was previously shown to exhibit a high genetic diversity, a relatively higher effective 

population size, and lower linkage disequilibrium compared to the seed-mother population 

(Vendelbo et al., 2020). The rate of linkage decay in outcrossing species such as rye is often 

rapid and has been observed to occur within 4 kb in a similar hybrid breeding system in maize, 

providing potential opportunities for single gene resolution at sufficient marker density (Wu et 

al., 2016). While LD decay has not been investigated in the assayed restorer panel, the LD block 

surrounding the genomic region on chromosome arm 1RS appeared to span several Mb and 

contained multiple candidate Pr NLR genes (Fig. 6). The small sample size and the potential 

for several rare or less prevalent Pr genes both reduce the phenotypic variance explained and, 

hence, the statistical power of GWAS (Gibson, 2012; Korte and Farlow, 2013; Alqudah et al., 

2020). Furthermore, several rye lines also displayed partial resistance against all six SPIs tested, 

suggesting the potential presence of broad-spectrum slow rusting R gene(s) or QTL. Slow 

rusting resistance is expressed by a susceptible infection type of host reaction with reduced 

infection frequency and severity (Sucher et al., 2017). Although we failed to identify markers 

significantly associated with leaf rust resistance by GWAS, this approach nevertheless provided 

an important insight into the genetic architecture underlying resistance in the rye diversity panel 

phenotyped here and offered an opportunity for a comparative analysis with RenSeq.  
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Test of NLR capture by the bait library 

The 60 K Triticeae NLR bait library was developed using NLR sequences from barley 

(Hordeum vulgare L.), hexaploid bread wheat (Triticum aestivum L.), tetraploid pasta wheat 

(Triticum durum L.), red wild einkorn (T. urartu), domesticated einkorn (T. monococcum) and 

three goat grass species (Ae tauschii, Ae. sharonensis, and Ae. speltoides) (Steuernagel et al., 

2016). We first confirmed in silico that the bait library can perform a near complete capture of 

the NLR repertoire reported in the rye Lo7 reference genome (Rabanus-Wallace et al., 2021). 

During the course of our in vitro assessment, we observed a similar requirement for a minimum 

alignment identity between bait and target for efficient capture to that reported by Jupe et al. 

(2013), hence supporting a key parameter used in the in silico analysis. In practice, only half of 

all baits aligned per line relative to our in silico analysis, suggesting a partial enrichment of the 

accessible NLR repertoire. This observations was further supported by the considerably lower 

number of NLR annotated contigs per line (with mean of 646 NLRs) compared to the 1,167 

NLRs present in the Lo7 reference genome. This discrepancy clearly falls outside the ≤40% 

expected range accessional size variation of the NLR repertoire reported in previous RenSeq 

studies in Ae. tauschii and Arabidopsis (Arora et al., 2019; Van de Weyer et al., 2019). Our 

assessment of bait library performance offered a glimpse into NLR capture across the Gülzow 

rye germplasm. However, additional data and analysis will be required to explain the diverging 

success of NLR capture in this germplasm relative to the in silico analysis conducted on the 

Lo7 reference genome. Nonetheless, the immediate strength of RenSeq is the ability to mine 

for novel R genes in untapped genetic resources and wild crop relatives without high-quality 

reference genomes (Arora et al., 2019). This technique relies on the capacity of baits to align to 

a broad span of orthologous NLR genes with divergence sequence from the original NLR bait 

design library. In the pioneering application of RenSeq by Jupe et al. (2013), 68.5% of the 

enriched reads corresponded to genes that did not feature in the bait library design, hence 

demonstrating the plasticity of bait NLR capture. 

k-mer association genetics with SMRT RenSeq data 

Discovery of R genes using association genetics on subsequences depends on the detection of 

k-mer sequences specific to resistant lines, often differentiated by a SNV or InDel in the 

underlying NLR sequence. In contrast to the pioneering AgRenSeq study using Illumina short-

read sequencing (Arora et al., 2019), here we used the updated PacBio® SMRT sequel II HiFi 

system to achieve a higher precision in SNV and InDel calling (Wenger et al., 2019). When 
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assessing the effect of sample size on R gene detection using AgRenSeq, Arora et al. (2019) 

concluded that a panel of 80 diverse Ae. tauschii accessions is sufficient for detection of 

SrTA1662, and Sr46, two widespread stem rust R genes present in 42% of the accessions in the 

panel. However, increasing the sample size to 140 accessions allowed the detection of an two 

additional rare variants present in as few as 5% of the tested individuals. In this study, we 

investigated whether the high accuracy of SMRT circular consensus sequences would enable 

the detection of Pr genes in a limited pool of 20 lines by AgRenSeq analysis. Using a multiple 

alignment-guided approach to group homologous NLR genes identified in multiple resistant 

lines, we successfully discovered four non-redundant candidate Pr genes. Comparative analysis 

of mapping positions was consistent with two genomic regions identified by GWAS on 

chromosome arms 1RS and 5RL. 

Co-discovery of a candidate Pr gene on chromosome arm 1RS 

Serving as a proof-of-concept, one of the candidate Pr genes identified by AgRenSeq mapped 

to a pair of paralogous NLR genes in the Lo7 reference genome located at the centre of a 

genomic region associated with leaf rust resistance on chromosome arm 1RS (Roux et al., 2004). 

The underlying candidate Pr gene encoded a canonical NLR protein exhibiting sequence 

variation in the LRR domain, including a large deletion and a C-terminal extension of equal 

length. Loss-of-function and gain-of-function mutations are frequently discovered in the LRR 

domain, likely modulating the ability of the receptor to perceive the pathogen effector 

(Halterman and Wise, 2004; Xie et al., 2020). In flax (Linum usitatissimum L.) loss of a repeated 

unit within the LRR domain of M has been associated with inactivation of rust resistance 

(Anderson et al., 1997). In the Weining reference genome, the paralogous NLR cluster has 

undergone considerable gene expansion, although one of the paralogues shares an identical 

sequence to that of the susceptible variant of the candidate Pr gene. NLR clusters generate new 

functional diversity and arise from tandem duplication events often followed by unequal cross-

over, intra-cluster rearrangements, and gene conversion events (Barragan and Weigel, 2021). 

In plants, several NLR clusters form complex loci of multiple paralogous genes encoding NLR 

proteins with different resistance specificities against distinct races of a certain pathogen (Jones 

et al., 1993; Wei et al., 1999). In maize (Zea mays L.), the rust resistance locus Rp1 multiple 

copies of paralogous genes in various haplotype combinations carrying the Rp1-A and Rp1-H 

specificities (Smith et al., 2004). The evolutionary capacity of complex NLR loci was 

highlighted in a study by Richter et al. (1995), who identified four novel resistance specificities 
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derived from recombination events within the maize Rp1 complex. The candidate Pr gene 

discovered here may have arisen from such a cluster expansion in an ancestral line, followed 

by mutation events leading to a gain-of-function phenotype. This hypothesis may likewise 

explain the presence of the Pr gene paralogue identified in the panel, accentuating the rapid 

generation of novel genetic variation in NLR clusters (Barragan and Weigel, 2021). 

Chromosome arm 1RS from ‘Petkus’ rye has been widely deployed for wheat improvement of 

rust resistance through chromosomal translocation, carrying amongst others the two leaf rust R 

genes Pr3 and Lr26 (Lukaszewski, 1990; Mago et al., 2005). We used the RFLP markers SCM9 

and Xscm1, which genetically co-segregate with Pr3 (Roux et al., 2004), to physically delimit 

the genomic interval of the gene in the Lo7 and Weining reference genomes; the genomic 

coordinates of Pr3 spanned the candidate Pr gene identified here by AgRenSeq. Pr3 was 

initially discovered in a self-incompatible backcross family with the resistant parent a Russian 

population of rye variety ‘Jaroslavna’, segregating as a single dominant locus (Roux et al., 

2004). Whether the candidate Pr gene is Pr3, a paralogue, a variant thereof, or merely resides 

in the same region as Pr3 remains to be investigated. 

The information we present here on rye NLR gene sequences will provide a valuable genetic 

resource for the development of functional markers and for future genetic engineering (Dong 

and Ronald, 2019). With most breeding companies having invested in the infrastructure for 

MAS, molecular markers can now be easily integrated directly into commercial breeding 

programs (Miedaner and Korzun, 2012).  

In conclusion, we successfully demonstrated the use of SMRT AgRenSeq using high-fidelity 

long-read sequencing technology on a reduced sample size for the discovery of Pr genes in rye. 

In contrast to the predominant gene pools ‘Petkus’ and ‘Carsten’ used for hybrid breeding in 

rye, we observed a high level of leaf rust resistance in the tested germplasm. We identified five 

genomic regions situated on chromosome arms 1RS, 1RL, 2RL, 5RL, and 7RS by GWAS with 

a high-density SNP array. While an in silico assessment of the 60 K Triticeae bait library 

demonstrated a near-complete theoretical capture of the Lo7 NLR repertoire, our in vitro 

assessment showed partial target capture in the restorer germplasm. To explain this diverging 

NLR capture, additional data and analysis are required. We successfully identified four 

candidate Pr genes using SMRT AgRenSeq, including a canonical NLR gene whose genomic 

location overlapped with the top SNP associated with leaf rust resistance on chromosome arm 
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1RS. The nearly leaf rust resistance gene Pr3 may be the underlying candidate Pr3 gene or a 

paralogue or variant thereof. 
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Isolate Country Region Location Survey site Latitude Longitude Collection date

SPI-1 Denmark Zealand Flakkebjerg Trial 55,3161 11,3686 05-07-2018

SPI-2 Denmark Jutland Dyngby Trial 55,9527 10,2414 10-07-2018

SPI-3 Denmark Lolland Holeby Trial 54,7001 11,4488 04-10-2018

SPI-4 Denmark Jutland Peterslyst Farmers field 56,0810 10,0838 18-05-2019

SPI-5 Denmark Jutland Gylling Farmers field 55,8944 10,1688 20-05-2019

SPI-6 Denmark Fyn Vissenbjerg Farmers field 55,3949 10,1839 20-05-2019
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Datafile S1. Genotype information for 261,406 informative 600 K SNP array markers in 92 inbred rye (Secale 

cereale L.) lines (.Rdata). 

Fig. S1. Geographical location of the origin of the six Puccinia recondita f. sp. secalis single pustule isolates 

collected in Denmark in 2018 and 2019. 

Fig. S2. Manhattan plots for genome wide association study (GWAS) for leaf rust resistance in 92 hybrid rye 

(Secale cereale L.) restorer breeding lines using 261,406 informative SNP markers mapped to the Lo7 reference 

genome. The entire germplasm was phenotyped for resistance against six distinct Puccinia recondita f. sp. secalis 

single pustule isolates (SPI) in a greenhouse with two replicate trials. The Bonferroni adjusted significance 

threshold based on informative markers was 6.72. 

Fig. S3. Characteristics of NLR target sequencing in 20 inbred rye (Secale cereale L.) lines using a 60K Triticeae 

NLR bait library. The reference genome Lo7 was included as an in silico reference with baits filtered for >80% 

alignment identity. (a) Distribution of bait alignment in lines with raw consensus sequence (CCS) data. (b) 

Distribution of bait alignment identity against raw CCS data. (c) Unique baits per NLR annotated contig. (d) 

Unique NLR annotated contigs per bait. (e) Total number of unique baits per breeding line and distribution of bait 

categories; ‘rare’ baits aligned to NLR sequence present in fewer than five lines, ‘common’ baits to 5-12 lines, and 

‘core’ baits to more than 12 lines. 
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Fig. S4. Identification of resistance associated nucleotide-binding leucine-rich repeat (NLR) annotated contig 

across 20 inbred rye (Secale cereale L.) lines by association genetics resistance gene enrichment sequencing 

(AgRenSeq) analysis. (a) Standard AgRenSeq with candidate leaf rust resistance gene highlighted in red. (b), 

AgRenSeq with NLR contigs mapped to the Lo7 reference genome. (c), AgRenSeq-GLM. 

Fig. S5. Association genetics resistance gene enrichment sequencing (AgRenSeq) analysis for the identification 

of NLR contigs harbouring resistant-specific k-mers in 20 inbred rye (Secale cereale L.) lines. 

Fig. S6. Association genetics resistance gene enrichment sequencing (AgRenSeq) GLM analysis for the 

identification of NLR contigs harbouring resistant-specific k-mers in 20 inbred rye (Secale cereale L.) lines. 

Fig. S7. Distribution of alignment identity (%) of seven leaf rust resistance associated nucleotide-binding leucine-

rich repeat (NLR) contigs belonging to clade 1 in 20 inbred rye (Secale cereale L.) lines long-read resistance gene 

enrichment sequencing (RenSeq) raw circular consensus sequence (CCS) data.  

Data repository: All scripts and data needed to reproduce the visual analysis conducted in the manuscript 
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Discovery of a novel powdery 
mildew (Blumeria graminis) 
resistance locus in rye (Secale 
cereale L.)
N. M. Vendelbo1,2*, K. Mahmood1, P. Sarup1, P. S. Kristensen1, J. Orabi1 & A. Jahoor1,3

Powdery mildew is one of the most destructive diseases in the world, causing substantial grain yield 
losses and quality reduction in cereal crops. At present 23 powdery mildew resistance genes have 
been identified in rye, of which the majority are in wheat-rye translocation lines developed for wheat 
improvement. Here, we investigated the genetics underlying powdery mildew resistance in the 
Gülzow-type elite hybrid rye (Secale cereale L.) breeding germplasm. In total, 180 inbred breeding 
lines were genotyped using the state-of-the-art 600 K SNP array and phenotyped for infection type 
against three distinct field populations of B. graminis f. sp. secalis from Northern Germany (2013 and 
2018) and Denmark (2020). We observed a moderate level of powdery mildew resistance in the non-
restorer germplasm population, and by performing a genome-wide association study using 261,406 
informative SNP markers, we identified a powdery mildew resistance locus, provisionally denoted 
PmNOS1, on the distal tip of chromosome arm 7RL. Using recent advances in rye genomic resources, 
we investigated whether nucleotide-binding leucine-rich repeat genes residing in the identified 17 
Mbp block associated with PmNOS1 on recent reference genomes resembled known Pm genes.

Powdery mildew (PM) is one of the most devasting diseases  globally4. In cereals, the causative agent of PM is 
the ascomycete fungus Blumeria graminis (DC.) speer (Bg), which is capable of inflicting severe grain yield loss 
(≥ 20%) and quality reduction in  cereals5–8. In periods of conducive conditions, such as frequent precipitation and 
low to moderate temperatures, Bg can cause severe epidemics by repeated infections and clonal  reproduction9. As 
an obligate biotroph, Bg is highly specialized to its host species, divided into several distinct ‘formae specialis’ (f. 
sp.)10, and dependent on a living host for survival and reproduction. In the later stages of the growing season, or 
in periods of unconducive conditions, chasmothecia structures are  formed11. The chasmothecia field inoculum 
facilitates the infection of volunteer plants or the successive autumn sown winter crop, allowing Bg to overwinter 
as dormant  mycelia12. Long-distance dispersal by wind of conidiospores drives the large spatial variability in the 
Bg  population13–15. In barley (Hordeum vulgare L.), the virulence complexity of B. graminis f. sp. hordei has been 
observed to increase with the prevailing wind direction from west to east in  Europe16. Rather than geographi-
cal origin, evidence suggests that local use of host resistance and fungicides are the primary factors influencing 
the European B. graminis f. sp. hordei  population17. These findings underline the seriousness of long-distance 
dispersal of B. graminis spores, which allows novel and aggressive pathotypes to evolve through the recombina-
tion of distinct pathotypes and rapidly  spread18. In rye, the causative agent of PM, B. graminis f. sp. secalis, has 
attracted little scientific interest in recent  years19,20.

To reduce our dependency on pesticides, host resistance constitutes a sustainable alternative for farmers to 
ensure crop  productivity21. At present, 23 major PM resistance (R) genes have been identified in rye (Table 1). 
However, it is likely that a subset of colocalized R genes are allelic, as there was no evidence that these genes were 
distinct from existing R genes prior to denotation.

The majority of characterized Pm genes encode intracellular nucleotide-binding leucine-rich repeat (NLR) 
proteins that recognize pathogen effector molecules, leading to an effector-triggered immunity resistance 
 response43–45. Canonical NLR genes are composed of three  domains46. In grasses, the N-terminus is composed 
of a coiled-coil (CC) domain believed to be involved in signaling and the induction of cell  death47. In the center, 
a nucleotide-binding adaptor shared by APAF-1, R proteins, and the CED-4 (NB-ARC) domain functions as a 
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regulatory domain determining the protein activation  state48. Last, in the C-terminus, a leucin-rich repeat (LRR) 
domain is involved in effector  recognition49. In rye, 770 canonical NLR genes have been identified in the ‘Lo7’ 
reference  genome50.

Rye has been an important source for the improvement of PM resistance in wheat (Triticum aestivum L.) 
by chromosomal translocation of segments housing R  genes3,25,42. While PM is effectively controlled by host 
genetic resistance in cereals, it has historically been rapidly overcome by virulent races of Bg51,52. Currently, 
several of the top-yielding hybrid rye cultivars examined in official Danish trials are susceptible to PM disease 
(Supplementary Table S1)53.

Genomic-based breeding techniques have, however, dramatically accelerated the introgression and pyramid-
ing of several R genes for enhanced resistance  durability54–56. Recent advances in genomic resources available 
in rye, including the 600 K SNP array and chromosomal-scale reference genome of the German inbred winter 
rye line ‘Lo7’ and Chinese population rye variety ‘Weining’, constitute significant milestones in rye genomic 
 breeding50,57,58. Continuous mining for the discovery of novel genetic variability in rye R genes is essential to 
expand the ‘toolset’ available for resistance breeding. The importance of genetic studies in rye is further supported 
by the possibility of introgressing novel R genes into the staple cereal wheat by chromosomal translocation  lines3.

In this paper, we investigate PM resistance in a less-prevalent elite Gülzow-type hybrid rye breeding germ-
plasm. Our objective was to I) characterize PM resistance in the assayed germplasm, II) identify PM resistance-
associated SNP markers to be implemented by marker-assisted selection for breeding novel resistant hybrid 
rye cultivars, III) investigate whether NLR genes residing in PM resistance-associated blocks on the ‘Lo7’ and 
‘Weining’ reference genomes resemble known Pm genes, and IV) develop a marker map for the 600 K high-
density SNP array and validate its performance in the assayed germplasm.

Results
600 K SNP genotyping of panel. To investigate the genetics underlying powdery mildew (PM) resist-
ance, the assayed hybrid rye breeding germplasm was genotyped on the rye 600 K SNP array. With only scaffold 
positional data available for the array, SNP marker sequences were anchored to the recent ‘Lo7’ rye reference 
genome and stringently filtered to ensure its accuracy. In total, 591,196 markers were successfully mapped to 
the reference genome, and the developed marker map was made available at https:// doi. org/ 10. 5281/ ZENODO. 
50862 35. Quality filtration of markers for low minor allele frequency, missing markers, and missing individual 
scores across the panel led to the identification of 261,406 informative markers (Supplementary material 1). 
Characterization of fundamental performance-related metrics revealed a homogeneous inter- and intrachro-
mosomal distribution of markers (Table 2). On average, each chromosome housed 32,676 markers with a mean 

Table 1.  Location and origin of powdery mildew resistance genes in rye (Secale cereale L.) and wheat- 
(Triticum aestivum L.) rye translocation lines with rye being the donor parent.  After1–3.. ND: Interchromosomal 
position not determined.

Chromosome Arm

Gene name

ReferencesRye Wheat

1R

Short

Pm1 Pm8 22

Pm1 Pm17 23

Pm1 PmCn17 24

Pm 2

Pm 25

Long PmSESY 26

ND Pm7 – 27

2R

Long

Pm2 – 28

– PmJZHM2RL 29

Pm – 30,31

ND

– Pm7 32

Pm8 Pm3 31

Pm 33

3R Short Pm3 – 34

4R

Long Pm – 35,36

ND
Pm – 37

Pm6 – 34

5R Long Pm4 – 38

6R

Short – Pm56 39

Long

– Pm20 40

Pm5 – 41

Pm – 31,36

7R Long Pm – 42

https://doi.org/10.5281/ZENODO.5086235
https://doi.org/10.5281/ZENODO.5086235
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marker-to-marker distance of 25.54 kb. The largest marker-to-marker distance was 9.95 Mbp on chromosome 
2R, with a mean of 4.05 Mbp across the chromosomes. As a quality parameter, the polymorphism information 
content (PIC) was calculated to estimate the ability of markers to detect polymorphisms within the assayed 
germplasm (Supplementary Table S2). Across the informative marker panel, a mean PIC of 0.234 was identi-
fied, with a mean interchromosomal PIC ranging from 0.204 to 0.249 (Table 2). Visualization of these array 
performance metrics along the rye genome using Circos revealed a drop in marker density and PIC across the 
pericentromeric region on all chromosomes (Fig. 1).

Phenotyping of hybrid rye breeding germplasm. To provide a comprehensive phenotypic dataset of 
PM resistance in the assayed Gülzow-type hybrid rye breeding germplasm, the lines were scored for their infec-
tion type (IT) against three distinct Blumeria graminis f. sp. secalis (Bgs) populations (Table 3, Supplementary 
Table S3). The lines scoring an IT below 1 were considered ‘resistant’ (Supplementary Fig. S1). Across the assayed 
germplasm, the N13 (Nienstädt, 2013) Bgs population yielded a mean IT of 2.40 ± 1.28 standard deviations (SD), 
with 47 resistant lines out of which 3 were restorers. The N18 (Nienstädt, 2018) Bgs population yielded a mean 
IT of 2.71 ± 1.11 SD with 29 resistant lines, out of which 1 was a restorer. D20 (Dyngby, 2020) Bgs population 
yielded a mean IT of 2.74 ± 1.10 SD with 20 resistant lines out of which 1 was a restorer. Across the assayed 
germplasms, 20 out of 88 non-restorer germplasm and 1 out of 92 restorer lines were consistently resistant to 
all three Bgs populations. Both controls, hybrid cv. KWS Binntto (‘susceptible’) and KWS Serafino (‘resistant’) 
were susceptible to all three Bgs populations. KWS Binntto had a mean IT of 3.56 ± 0.54 SD and KWS Serafino 
3.01 ± 1.01 SD across Bgs populations.

To visualize the resistance spectrum of breeding lines, a circular neighbor-joining dendrogram was con-
structed, and concentric circles were added to integrate the scored IT (Fig. 2).

Statistical analysis of the line infection-type distribution across Bgs population by ANOVA showed that the 
N13 Bgs population differed significantly from the N18 and D20 Bgs populations (pval < 0.00016) (Fig. 3). Nine 
non-restorer germplasm lines were found to exhibit a differential resistance response to the N13 Bgs population. 
These lines were categorized as ‘partially resistant’, with a mean infection type of 1.52 ± 0.58 SD; they exhibited a 
mean infection type of 2.74 ± 0.70 and 2.80 ± 0.77 against the N18 and D20 populations, respectively.

Genome-wide association study. For the identification of SNP markers associated with PM resistance, 
GWAS using MLM and the BLINK method was used for each of the three Bgs population trials and across trials 
for the entire germplasm and individual parental populations (Supplementary Figs. S2, S3). Isolated single SNPs 
in GWAS-MLM results were removed from the analysis even if they were significantly associated, as these were 
interpreted as having spurious associations or incorrect mapping positions. Instead, dense peaks comprising 
a large number of significant associated markers within a confined region in GWAS-MLM were selected for 
further analysis. GWAS-MLM on the entire panel led to the identification of a haplotype block on chromosome 
arm 7RL that was significantly associated (−  log10 = 14.6) with powdery mildew resistance spanning from 882 to 
898 Mbp (Fig. 4B, C). The haplotype block harbored 244 markers exhibiting an association above the Bonfer-
roni adjusted significance threshold (−  log10 ≥ 6.7) (Supplementary Table S4. Successive GWAS-BLINK led to 
the identification of the top-most resistance-associated (−  log10 = 37.9) marker within the haplotype block on 
chromosome arm 7RL at 892.09 Mbp, which explained 16.8% of the phenotypic variance (Fig. 4A).

In the non-restorer germplasm population, lines were found to carry a highly conserved haplotype across the 
significantly associated markers on chromosome arm 7RL (Supplementary Table S6). A resistant haplotype was 
conserved in 42 out of 48 resistant lines and a susceptible haplotype was found in 28 out of 31 susceptible lines, 
and the remaining 9 lines showed a differential resistance response (Supplementary material S3).

GWAS using BLINK led to the disappearance of the marker position on the ‘Unmapped’ chromosome that 
was in linkage disequilibrium with the genomic region on chromosome arm 7RL (Fig. 4A, B). In the non-restorer 
germplasm, an additional nonsignificant (−  log10 = 3.62) peak was identified in GWAS-MLM spanning from 

Table 2.  Characteristics of informative 600 K SNP array on the Nordic Seed hybrid rye (Secale cereale L.) 
elite breeding germplasm (n = 180). Markers were positioned on the ‘Lo7’ reference genome. SD: Standard 
deviation, PIC: Polymorphism information content.

Chromosome
Chromosome length 
(Mbp) Markers

Informative SNP markers

Markers
Mean inter- marker 
distance ± SD (kb)

Largest inter- marker 
distance (Mbp) PIC ± SD

1R 727.33 72,089 33,854 21.47 ± 54.7 2.43 0.204 ± 0.134

2R 945.85 77,774 33,698 28.07 ± 96.5 9.95 0.240 ± 0.120

3R 965.54 69,428 31,493 30.65 ± 75.4 3.60 0.238 ± 0.111

4R 906.54 81,652 32,555 27.84 ± 75.5 2.98 0.230 ± 0.125

5R 876.06 81,842 37,073 23.63 ± 66.9 3.78 0.238 ± 0.123

6R 885.15 84,283 36,872 24.00 ± 62.2 3.31 0.249 ± 0.105

7R 889.76 86,994 38,918 23.12 ± 56.6 2.31 0.231 ± 0.120

Unmapped – 35,245 16,943 – – 0.239 ± 0.123

Mean 886.59 74,869 32,676 25,54 ± 69.7 4.05 0.234 ± 0.121
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743.9 to 754.4 Mbp on chromosome arm 5RL (Supplementary Fig. S2, Supplementary Table S4). Gene mining 
by GWAS in the restorer population alone was not performed due to the low number of resistant lines (n = 5).

Nucleotide-binding leucine-rich repeat proteins in powdery mildew resistance-associated 
blocks on chromosome arm 7RL. Annotation of NLR genes in the reference genomes ‘Lo7’ and ‘Wein-
ing’ led to the identification of 770 and 1027 full-length (‘complete’) NLR genes, respectively. Positional informa-
tion, annotation, and NB-ARC and NLR sequences of all ‘complete’ and ‘partial’ NLR genes for both reference 
genomes have been made available at https:// doi. org/ 10. 5281/ zenodo. 50858 54. The PM resistance-associated 

Figure 1.  Distribution of 244,463 informative 600 K SNP array markers in 180 Nordic Seed hybrid rye (Secale 
cereale L.) breeding lines along the ‘Lo7’ reference genome in 10 mb bins. The outer track depicts the marker 
density per bin. The inner track depicts the polymorphism-information content (PIC) per bin.

Table 3.  Nine-step 0–4 scale for scoring infection types in cereal powdery mildew, after Torp et al.88.

Phenotype Infection-type Mycelium growth Sporulation Development of chlorosis/necrosis

Resistant

0 None None No

0–1 None None Yes

1 Weak None Yes

Partially resistant
1–2 Weak Weak Yes

2 Moderate Weak Yes

Partially susceptible
2–3 Moderate Moderate Yes

3 Strong Moderate Yes

Susceptible
3–4 Strong Strong Yes

4 Strong Strong No

https://doi.org/10.5281/zenodo.5085854


5

Vol.:(0123456789)

Scientific Reports |        (2021) 11:23057  | https://doi.org/10.1038/s41598-021-02488-5

www.nature.com/scientificreports/

block residing in the subtelomeric region of chromosome arm 7RL spanned 17 Mbp on the ‘Lo7’ reference 
genome and harbored 25 NLR genes (Fig. 4C, Supplementary Table S8). Out of the 244 markers residing in 
the block significantly associated (−  log10(p) > 6.72) with PM resistance, 155 were accurately positioned on the 
‘Weining’ reference genome (Supplementary Table S7). The markers mapped to a site spanning 14 Mbp from 
994.6 to 1,008.4 Mbp on chromosome arm 7RL and housed 16 NLR genes (Supplementary Table S8). A search in 
the protein database using the NCBI Blastx function showed that the majority of NLRs shared similarities with 
resistance gene analogs (RGAs) and Pik-2-like and Pik6-NP-like disease resistance proteins in the diploid paren-
tal species of wheat. In both reference genomes, two NLRs shared similarities with Rpp13-like disease resistance 
proteins in Triticum urartu and barley.

Figure 2.  Circular neighbor-joining dendrogram of 180 hybrid rye (Secale cereale L.) breeding lines. Infection 
type (0–4) reaction against three powdery mildew populations displayed by concentric circles around the 
dendrogram.

Figure 3.  Density plot of the infection type distribution across 180 Nordic Seed hybrid rye (Secale cereale L.) 
breeding lines against three powdery mildew populations.
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Phylogenetic analysis using the NB-ARC domain of NLRs residing in the PM resistance-associated haplotype 
block on chromosome arm 7RL led to the finding that the majority of the NLRs were represented in both refer-
ence genomes (Fig. 5). The ‘Weining’ reference genome exhibited one unique NLR not present in ‘Lo7’, while 
the latter exhibited eight unique NLRs, of which five formed a distinct clade. Eight homogeneously represented 
NLRs from each reference genome clustered in a large clade (‘clade 1’).

An additional phylogenetic analysis was performed using the entire reference genome NLR repertoire includ-
ing NLR genes of characterized R genes as references (Fig. 6, Supplementary Fig. S4). The NLR genes residing 
within the haplotype block were found to span much of the reference NLR repertoire diversity. Clade 1 remained 
intact in both reference genome NLR repertoire trees positioned in a section harboring four out of five refer-
ence Pm genes included, with the closest being Pm60. In both reference genome NLR repertoire trees, a single 

Figure 4.  Manhattan plot for the genome-wide association study (GWAS) of powdery mildew disease 
resistance in Nordic Seed hybrid rye (Secale cereale L.) elite breeding germplasm (n = 180) using 261,406 
informative SNP markers. (A) GWAS using BLINK including a Q–Q plot. (B) GWAS using the MLM 
method including a Q–Q plot. (C) GWAS using the MLM method for the PM resistance-associated region on 
chromosome arm 7RL. Asterisks denote the position of the top-associated SNP marker identified in BLINK 
GWAS. NLR genes on the ‘Lo7’ reference genome are represented by green bars. The purple line represents the 
Bonferroni adjusted significance threshold based on informative markers.
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NLR (Lo7_chr7R_nlr_94, Wei_chr7R_nlr_139) showed an evolutionary relationship with an Rpp13-like disease 
resistance gene and four Mla alleles.

Characterization of an Rpp13-like NLR gene residing in the resistance-associated block on 
chromosome arm 7RL. While several of the NLR genes residing within the PM resistance-associated 
haplotype block on chromosome arm 7RL chromosome showed evidence of an evolutionary relationship with 
known Pm genes, we selected the Rpp13-like NLR gene for further investigation on the basis of its close prox-
imity. The Rpp13-like NLR gene (Lo7_chr7R_nlr_94, Wei_chr7R_nlr_139) was the closest NLR gene, residing 
approximately 2 Mbp from the top-most PM resistance-associated marker identified by BLINK (Fig. 4C, Sup-
plementary Table S8).

The homologous Rpp13-like NLR genes in the ‘Lo7’ and ‘Weining’ reference genomes encoded canonical NLR 
proteins of 922 to 947 aa, showing 97% sequence similarity, with sequences differing by three single amino acid 
variants and an indel of 25 aa in the NB-ARC domain (Supplementary material 2). Protein BLAST of the NLR 
gene led to 88% sequence similarity with disease resistance Rpp13-like protein 4 in T. urartu, which encodes a 
924 aa NLR protein sequence.

Discussion
In Denmark, the top-yielding hybrid rye cultivars and population varieties were evaluated in Danish official 
trials as an advisory service for  farmers53. In the last decade, a high level of powdery mildew infection in rye 
was recorded only once in the trials in 2017 at a site in southern Denmark (Supplementary Fig. S1). At the trial 
site, several hybrid rye cultivars displayed up to 18% leaf area covered by PM. While no recent studies have 
investigated the effect of powdery mildew in top-yielding hybrid rye cultivars, Matzen et al. (2019) reported a 
16% yield reduction in triticale at a disease severity of ≤ 10% leaf area covered by powdery mildew under field 
conditions in 2017. It is, therefore, reasonable to presume that under certain conducive conditions, PM is capable 

Figure 5.  Phylogenetic tree of nucleotide-binding leucine-rich repeat (NLR) protein NB-ARC domains in 
the ‘Weining’ and ‘Lo7’ rye (Secale cereale L.) reference genomes. NLR genes are located at a powdery mildew 
resistance-associated site in the subtelomeric region of chromosome arm 7RL.
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of causing substantial grain yield and quality losses in rye. Furthermore, on the basis of the trial records, we 
selected a hybrid cv. KWS Serafino as a resistant control in our study, as it showed less than 1% leaf area covered 
by PM at the site in 2017. However, under a high disease pressure, cv. KWS Serafino was found to be susceptible 
in the current study, suggesting a potential lower level of resistance against PM in the evaluated top-yielding 
hybrid cultivars than evident from the official trials.

In this study, we investigated PM resistance in the less-prevalent Gülzow-type elite hybrid rye breeding 
germplasm against three distinct Blumeria graminis f. sp. secalis (Bgs) populations from Denmark and Northern 
Germany. We observed a moderate level of powdery mildew resistance in the non-restorer germplasm popula-
tion, and by performing a genome-wide association study (GWAS) using 261,406 informative SNP markers, we 
identified a strong PM resistance-associated site on the distal region of chromosome arm 7RL.

Hybrid rye breeding germplasms are highly secluded with little exchange of material. The existing exchange is 
subsequently influenced by the deployed fertility control system, which determines the compatibility of foreign 
material for introgression into heterotic parental  populations59. Additionally, the 600 K SNP array was developed 
using lines from a German hybrid rye breeding germplasm deploying the predominant Pampa-type cytoplasmic 
male sterility system (CMS)57. In contrast, the germplasm assayed in this study deploys the less-prevalent Gülzow-
type CMS  system60. Due to the distinct nature of the different hybrid rye breeding germplasms, we investigated 
the performance of the 600 K SNP array on the Gülzow-type germplasm. With no physical position data avail-
able for the 600 K SNP markers, we developed a marker map by anchoring the marker sequences to the ‘Lo7’ 
reference genome. In brief, we found that the 600 K SNP array yielded a dense panel of informative SNP mark-
ers in the Gülzow-type germplasm with markers homogeneously distributed across the rye genome. The level 
of marker informativeness measured by the polymorphism information content (PIC) was largely comparable 
with observations made in maize (Zea mays L.). Here, high-density SNP genotyping of 544 diverse CIMMYT 

Figure 6.  Phylogenetic tree of 770 nucleotide-binding leucine-rich repeat (NLR) protein NB-ARC domains 
in the ‘Lo7’ rye (Secale cereale L.) reference genome. The NB-ARC domains of known NLR genes have been 
included as references. NLR genes residing in a powdery mildew resistance block in the subtelomeric region of 
chromosome arm 7RL (Lo7–7RL PM) are colored teal.
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inbred lines yielded 362 K informative SNP markers with a mean PIC of 0.2561. In this study, however, we did 
observe a drop in marker informativeness and density across the pericentromeric region. Similar observations 
were made in the study by Rabanus-Wallace, et al.50, who reported a considerable reduction in both genetic 
diversity and gene density within the pericentromeric region of the inbred rye line ‘Lo7’. In barley, this region has 
furthermore been observed to display a 20-fold lower recombination  rate62. Thus, we concluded that the 600 K 
SNP array performed satisfactorily on the Gülzow-type germplasm in relation to the fundamental characteristics 
investigated. The high-density array constitutes a milestone in rye genomic resources transitioning SNP-based 
genomic studies and replaces the previous rye 5 K SNP array by Haseneyer, et al.57,63.

GWAS on SNP genotype data has become an effective tool in genome-based plant breeding for the study of 
oligogenic traits often governed by a few genes with large effects, such as the major monogenic inherited resist-
ance (R)  genes63. The use of high-density SNP typing has allowed whole-genome scans for the identification of 
often small haplotype blocks significantly associated with  resistance64. The creation of the 600 K SNP array and 
the chromosomal-scale reference genomes ‘Lo7’ and ‘Weining’ in rye has significantly changed the genomic 
toolbox available for mining novel resistance  genes50,57. Using these recent advances in rye genomic resources, 
we successfully managed to identify a site on chromosome arm 7RL that was significantly associated with PM 
resistance. The high level of resolution provided by the dense marker panel revealed that the PM resistance-
associated haplotype block spanned 17 Mbp on the distal tip of the chromosome arm 7RL subtelomeric region.

Until recently, no PM resistance gene had been identified on the rye 7R chromosome. However, during the 
development of translocation lines for wheat improvement using a local Chinese variety of rye ‘Baili’, Ren et al.42 
discovered a PM-resistant 7BS:7RL translocation line. With the recipient wheat parent being susceptible, the PM 
resistance gene traced back to the rye donor chromosome arm 7RL. Resistance phenotyping of the transloca-
tion line demonstrated that it displayed a high level of PM resistance against prevalent Bg. tritici pathotypes in 
China, making it very promising for the development of novel PM-resistant wheat cultivars. Although a novel 
finding in rye, several PM resistance genes have been identified in wheat chromosomal segments syntenic to 
rye chromosome arm 7RL. During Triticeae speciation, a series of recurrent translocation events gave rise to 
major patterns of chromosomal  rearrangements65. In rye, the distal region of chromosome arm 7RL, therefore, 
shows high homology with the wheat 2A/B/D  chromosomes58,66. Currently, more than five Pm genes have been 
identified in wheat on the 2A/B/D  chromosomes67,68.

With the Pm gene discovered by Ren, et al.42 originating from a forage-type population of rye in a gene pool 
distinct from the germplasm investigated in this study, it is reasonable to presume that the two Pm genes could 
be either distinct or  allelic69. We provisionally denote the novel Pm locus residing in the subtelomeric region of 
chromosome arm 7RL as PmNOS1.

Comparative analysis of the three Bgs populations used in the study revealed that the N13 population sig-
nificantly differed from the two more recent populations, showing a less virulent composition of pathotypes. In 
addition, nine non-restorer germplasm breeding lines displaying a differential resistance profile were identified, 
showing ‘partial resistance’ only to the N13 population. With none of these lines carrying the resistance haplotype 
associated with the resistance locus on chromosome arm 7RL, our findings suggest that these do not carry the 
PmNOS1 locus. While this observation can be explained by the occurrence of recombination events between 
the PM resistance-associated marker and the causative gene, this result seems less likely due to the consistent 
divergence in the  haplotype70. Instead, it seems more likely that the differentially resistant non-restorer germ-
plasm lines carry a distinct Pm gene that lost its effect during the period 2013–2018 in northern Germany. As 
a result of host genetic uniformity and the high evolutionary capacity of Bg to acquire virulence and migrate 
rapidly over long distances, the effectiveness of Pm genes is often rapidly lost. An example of this is the Mla13 
Pm gene introduced in a former Czechoslovakian barley cultivar, ‘Koral’, in  198017. After years of providing 
effective resistance against PM disease, virulence was observed in England in 1988 in a pathotype believed to 
originate from Czechoslovakia, having migrated by wind across the European continent and North  Sea71. Ongo-
ing monitoring of the virulence structure of Bg was conducted to survey the effectiveness of deployed Pm genes 
in elite  cultivars72,73. While the Pm gene present in the differentially resistant non-restorer germplasm lines has 
seemingly been overcome, our findings suggest that PmNOS1 remains effective.

Enabled by recent advances in rye genomic resources, we investigated whether any of the NLR genes resid-
ing in the region harboring the PmNOS1 locus resembled known Pm genes. In several crop species, including 
rye, NLR genes have been observed to accumulate at recombination hotspots in subtelomeric chromosomal 
 regions50,74,75. Additionally, we identified several large clusters of NLR genes residing in the PM resistance-
associated block harboring PmNOS1 in both of the reference genomes. In addition to the PM resistance gene 
identified in our study, Fusarium head blight and leaf rust resistance genes have been mapped to the subtelomeric 
region of chromosome arm  7RL76,77. Stem and stripe rust resistance genes reported in the 7BS:7RL translocation 
line developed by Ren et al.42 are furthermore likely to reside in the subtelomeric region. To investigate the likely 
diversity of R genes residing in the PM resistance-associated block, we conducted a phylogenetic analysis using 
the NB-ARC domain sequence of NLR genes residing in the  block78,79. In contrast to the rapidly evolving LRR 
domain often exhibiting intraspecific polymorphism, the NB-ARC domain is largely conserved and suited for 
the study of evolutionary relationships among NLR  genes80,81. As expected, the NLR genes residing in the block 
represented a large proportion of the NLR repertoire diversity in rye, accentuating the evolutionary plasticity 
of the NLRs residing in the subtelomeric  region75. Intriguingly, guided by a panel of isolated NLR genes as a 
reference, we observed a predisposition of NLRs within the block to be in close proximity to known Pm genes 
in wheat and barley. This evolutionary relationship could hint at a common attribute among the  NLRs79.

Phylogenetic analysis led to the identification of an NLR gene with an evolutionary relationship and protein 
sequence similarity to Rpp13-like protein 4 in T. urartu. Based on its close proximity to the marker displaying the 
strongest association with the PmNOS1 locus, the Rpp13-like NLR gene was selected for further characterization. 
In A. thaliana, Rpp13 confers resistance against Peronospora parasitica, the causative agent of downy mildew 
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 disease82. Recent studies have, however, identified Rpp13-like NLR genes associated with powdery mildew resist-
ance in cereals. In wheat, Liu et al.83 showed that silencing of the Rpp13 homologous gene TaRPP13-3 in resistant 
wheat cv. ‘Brock’ induced susceptibility to powdery mildew. In barley, Cheng et al.84 found that the expression 
of an Rpp13-like NLR gene was highly upregulated after inoculation with powdery mildew.

In rye, while the rate of decay has only been determined in a few genes related to frost response, which 
showed a rapid linkage  decay85, these genes have been demonstrated to decay after 3.76 kb, on average, across the 
genome in a similar hybrid breeding germplasm in  maize61. Due to the heterogenic nature of outcrossing species, 
their rate of decay is often  rapid86. However, in a recent population study on assayed germplasm, non-restorer 
germplasm was found to exhibit relatively low genetic diversity, low effective population size and high linkage 
 disequilibrium59. Consistent with their observations, we found a large conserved haplotype on chromosome 
arm 7RL harboring the PmNOS1  locus59. The linkage decay in the non-restorer germplasm is likely considerably 
reduced by the low genetic diversity and effective population size, resulting in a similarly low frequency of effec-
tive recombination events. The large amount of linkage, while beneficial for trait discovery in GWAS at lower 
marker density, impedes the identification of a narrow and precise genomic region that may harbor the gene of 
interest, even at high marker resolution. In the case of the PmNOS1 locus, the haplotype block on chromosome 
arm 7RL was found to span 17 Mbp, harboring between 17 and 25 potential candidate NLR genes in the ‘Lo7’ and 
‘Weining’ reference genomes. For more accurate mapping of the PmNOS1 locus, the development of multipar-
ent mapping populations could be conducted, allowing several generations of potential effective recombination 
events in the  region87,88. Identification of the causative gene could be performed by resistance gene enrichment 
sequencing (RenSeq) analysis followed by transformation of a susceptible non-restorer germplasm line to validate 
the  gene89. This would in turn equally show whether the gene is present in the reference genomes and whether 
PmNOS1 encodes an Rpp13-like NLR protein.

In conclusion, our study demonstrates the immediate value of recent advances in rye genomic resources for 
the mining of novel resistance genes. These resources now permit accurate identification of delimited resistance-
associated haplotype blocks and scanning for trait-associated genes residing within. With pathogens such as Bg 
displaying a large evolutionary plasticity, shortening the process from identification of resistance-associated 
sites to isolation of the underlying R gene is important for the development of novel resistant cultivars. The 
relevance of studies in rye is accentuated by the possibility of introgressing novel R genes into the staple cereal 
wheat by chromosomal translocation lines. To aid further studies in the field, we have provided both a rye600K 
SNP array marker map anchored using the ‘Lo7’ reference genome and NLR repertoire information of the ‘Lo7’ 
and ‘Weining’ reference genomes in open-access data repositories.

Materials and methods
Plant material and DNA extraction. A panel of 180 inbred rye (Secale cereale L.) lines, 92 restorer and 
88 non-restorer germplasm, belonging to the elite Gülzow-type hybrid rye breeding germplasm at Nordic Seed 
A/S (Dyngby, Denmark) were investigated. Population structure and information on the genetic characteristics 
of the germplasm were presented in a recent study by Vendelbo et  al.59. The parental populations represent 
genetically secluded gene pools with restorer (paternal) lines carrying a dominant allele for the restoration of 
male fertility and non-restorer germplasm lines carrying a recessive allele and fertile cytoplasm, which is used 
to maintain cytoplasmic male sterile (maternal) lines. DNA extraction was performed using an adapted SDS-
based method according to the  USDA90 after Pallotta et al.91 on an equivalent of 75 mg of plant material collected 
from the coleoptiles and primary leaves of two seven-day-old seedlings per line. The DNA concentration and 
260/280 nm ratio of the samples were measured using an Epoch™ microplate spectrophotometer (Biotek®), and 
evidence of fragmentation was obtained by size visualization on a 1.2% agarose gel.

Molecular marker resource and SNP genotyping. Samples of each line containing 200  ng of high 
molecular weight gDNA with a ≥ 1.8 260/280 nm ratio were sent for single nucleotide polymorphism (SNP) 
genotyping at Eurofins Genomics Europe Genotyping (Aarhus, Denmark). Genotyping was performed using a 
600 K SNP array with 600,843 SNP markers on an Affymetrix GeneTitan™ Scanner  platform57.

Collection and multiplication of Blumeria graminis f. sp. secalis populations. As there was no 
unified information on germplasm resistance to powdery mildew, three field populations of Bgs were sampled 
in Northern Germany and Denmark in the period from 2013 to 2020 to screen the lines against a broad range 
of Bgs pathotypes prevalent in Northern Europe. Two Bgs populations were collected at the Nordic Seed rye 
multiplication site in Germany in 2013 (N13) and 2018 (N18) (52.29254°N, E9.14896°E). Ten leaves exhibiting 
PM disease were carefully collected and rinsed in 0.5 L of water to release Bgs spores. Six pots containing 15–20 
susceptible 12-day-old seedlings of the restorer line R277 were then inoculated by spraying a fine mist of the 
spore solution using an atomizer bottle. Pots were transferred to a separate climate chamber for each population 
and incubated at 18 °C with 12 h of light using 400 W high-pressure Phillips SON-T Agro lamps. Populations 
were continuously multiplied in an overlapping two-week cycle. Each week, the tray of 2-week-old seedlings 
was substituted with a tray of fresh 12-day-old seedlings. Inoculation was achieved by passive dissemination of 
spores from the ‘older’ tray to the tray with new plants through a steel-grid shelf.

An additional Bgs population was collected in autumn 2020 (D20) at Nordic Seed (Dyngby, Denmark) 
(55.94944°N, E10.25414°E) using a mixture of hybrid cvs. KWS Binntto, KWS Bono and KWS Florano. Pots with 
15 to 20 seedlings of the susceptible mixture were placed outdoors 12 days after sowing (DAS) in August-October 
2020. Plants were controlled regularly, and all leaves showing PM disease within the period were collected. Prior 
to inoculation, leaves were placed in Petri dishes with moist filter paper and set to sporulate at room temperature 
in light for four to eight hours. Then, a pot containing 15–20 seedlings of the susceptible mixture was inoculated 
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at 12 DAS by horizontally stroking the collected leaves across the seedlings. Inoculated pots were sprayed with 
a fine mist of water, placed in a container with transparent lids to ensure 100% RH and incubated in the dark at 
10–15 °C for 24 h. After incubation in the dark, the pots were transferred to an isolated greenhouse cabin and 
incubated under 16 h of daylight at 18–24 °C and 8 h of dark at 14–16 °C.

Multiplication of trial inoculum for the three Bgs populations was performed using the same procedure as 
described above. For each population, two trays containing 35 pots of the susceptible mixture were inoculated 
by brushing 3–4 highly infected pots inoculated 20 days earlier across the tray.

Infection and scoring. All lines were phenotyped for the infection-type response to the Bgs populations. 
In each greenhouse trial, eight seeds per line were sown in a 28-hole tray using a completely randomized design 
with two repetitions for each of the two trial replicates. For each tray, a positive (‘susceptible’) control consisting 
of hybrid cv. KWS Binntto and negative (‘resistant’) control cv. KWS Serafino was included. At 14 DAS, trays 
were inoculated as described above by brushing 3–4 highly infected pots inoculated 20 days earlier across the 
tray. After 14 days of incubation, the lines were phenotyped by scoring the infection response on the first and 
second leaves for each of the eight seedlings per repetition in accordance with a 9-step 0–4 scale by Torp et al.88 
(Table 3).

Data analysis. Bioinformatic analysis of SNP marker data was performed with the R studio (v. 1.3.959) 
interface in R statistical software (v. 4.0.1) by applying various predesigned  packages92,93.

Mapping of 600 K SNP array markers to the ‘Lo7’ reference genome. Positional data of the 600 K 
SNP markers were obtained by mapping each of the 600,843 SNP marker sequences to the rye reference genome 
‘Lo7’ using the NCBI blastn (v. 2.9.0 +)  function50,94. The mapping positions of SNPs were hereafter stringently 
filtered for I) complete SNP sequence alignment and II) a maximum of 1 mismatch to ensure accurate position-
ing.

Molecular markers and characterization of 600 K SNP array performance. Prior to analysis, 
markers were filtered for a marker allele frequency ≥ 0.005, missing individual score ≤ 0.2 and missing marker 
score ≤ 0.1. Fundamental characteristics of SNP marker informativeness, including polymorphism information 
content (PIC), were calculated using the SnpReady (v. 0.9.6) R  package95. The interchromosomal distribution 
of the informative marker PIC, marker-to-marker distance and marker density in 10 mb bins on the ‘Lo7’ rye 
genome were visualized using Circos (v. 0.69.8) in the Galaxy online  interface96,97. A Circos plot was constructed 
using the pipeline developed by Hiltemann, et al.98.

Analysis of phenotypic data. The distribution of infection types against the three respective PM popula-
tions was visualized by density plots using ggplot2 (v. 3.3.3) R  package99. To determine whether the population 
infection-type distribution differed significantly, ANOVA was conducted using R.

To correct the resistance phenotype for the effects of replication and population, we fitted the data to a linear 
mixed model using the lme4 (v. 1.1.26) package in R:

where µ is the general mean, P is the population, R represents the replications, l is the line id, and ɛ is the residu-
als. P and R were set as fixed effects, and l was set as a random effect. The random effect and residuals were 
assumed to be independent normally distributed variables described as follows: l ~ N (0, I ơ2

l), and ɛ ~ N (0, I 
ơ2ɛ). The BLUP solutions for the line effect were used in GWAS. Data were also fitted to a linear mixed model 
for each of the populations to correct for the effect of replication. In this model ‘P’ was removed.

Genome-wide association study. Discovery of PM resistance-associated SNP markers was performed 
by a genome-wide association study (GWAS) using the genomic association and prediction integration tool 
(GAPIT) (v.3) package in  R100. The Manhattan plot was colorized using the RColorBrewer (v.1.1–2) R package 
color  palette99. GWAS using a mixed linear model (MLM) was performed to identify discrete haplotype blocks 
associated with powdery mildew resistance. Additionally, the Bayesian-information and linkage-disequilibrium 
iteratively nested keyway (BLINK) method was performed to identify the top-most powdery mildew resistance-
associated marker within each haplotype  block101. BLINK uses a multiple loci test for MLM by combining a fixed 
effects model, Bayesian information content and linkage disequilibrium information to collectively improve the 
statistical power while simultaneously reducing the computational run time. Markers that are in linkage disequi-
librium with the top-most significant marker at a site are excluded in BLINK. A standard Bonferroni-corrected 
threshold of α = 0.05 was used as the significance threshold.

Annotation of nucleotide-binding leucine-rich repeat proteins in the reference genome. To investigate whether 
PM-associated sites in the ‘Lo7’ and ‘Weining’ reference genomes housed nucleotide-binding leucine-rich repeat 
(NLR) genes, annotation was performed using NLR-parser (v.3) and NLR-annotator (https:// github. com/ steue 
rnb/ NLR- Annot ator)79,102.

Characterization of nucleotide-binding leucine-rich repeat proteins. The gene structure, coding sequence and 
NLR protein sequence of candidate genes were extracted from RNA-seq and de novo protein data provided 
in ‘Weining’ and ‘Lo7’ reference genome data  repositories50,58. To investigate whether NLR genes residing in 

y = µ+ P + R + l + ε

https://github.com/steuernb/NLR-Annotator
https://github.com/steuernb/NLR-Annotator
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PM resistance-associated sites resembled known genes, the NCBI blastx function was used for protein–protein 
searches in the online  database94. For functional analysis and the prediction of protein domains, InterPro Scan 
was  used103. Identification of sequence divergence between reference genome homologs was performed by mul-
tiple sequence alignment using the multiple sequence comparison by log-expectation (MUSCLE) method for 
coding sequences and the ‘Clustal Omega’ method for NLR protein sequences in Geneious Prime (v. 2020.2.3).

Phylogenetic analysis. Neighbor-joining clustering analysis of breeding lines was performed with Euclidean 
genetic distance measurement using the ape (v. 5.3) R  package104. The tree was constructed after 10,000 boot-
strapping iterations with weak nodes (≤ 80% recurrence) collapsed into multifurcations. A circular neighbor-
joining tree was generated using the iTOL (v. 5) online tool (http:// itol. embl. de/), enabling a colorful visualiza-
tion of each line infection type spectrum against the three Bgs  populations105.

To investigate the sequence similarity between nucleotide-binding leucine-rich repeat (NLR) genes at PM 
resistance-associated sites in the ‘Lo7’ and ‘Weining’ reference genomes, neighbor-joining clustering analysis 
using NB-ARC (nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4) domain sequences 
was performed. Identification of PM resistance-associated sites on ‘Weining’ was performed by mapping PM 
resistance-associated markers using the same procedure as described previously for ‘Lo7’. As references, NB-ARC 
domain sequences of available leaf rust (Lr1, Lr10, Lr21, Lr22a), stem rust (Sr13, Sr22), yellow rust (Yr5, Yr10, 
Yr28), powdery mildew (Pm2, Pm3, Pm8, Pm12, Pm17, Pm60, Mla1, Mla6, Mla7, Mla10, RPP13, RPP-like-T. 
urartu) and resistance gene analogs (RGA1, RGA2, RGA3, RGA4, RGA5) were included. NB-ARC sequences were 
obtained from the UniProt online  database106. Phylogenetic analysis was conducted using a pipeline developed 
by Toparslan, et al.107 in R. Multiple sequence alignment of NB-ARC domain sequences was performed via msa 
(v. 1.20.1) using the ‘Clustal Omeage’ method and pairwise genetic distance based on identity calculated with the 
seqinr (4.2–8) package in  R108,109. A tree was constructed for the ‘Lo7’ and ‘Weining’ NLR repertoires separately 
and visualized using ggtree (v. 2.2.4) R  package110.

Graphical editing. Graphs and figures were outputted from R in .svg format and manually curated using 
Inkscape (v. 1.1) (https:// inksc ape. org/).

Ethical statement. Experimental research and field studies on plants (either cultivated or wild), including 
the collection of plant material,complies with relevant institutional, national, and international guidelines and 
legislation.
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Supplementary Figure S2: Manhattan plots for discovery of powdery mildew resistance associated SNP markers 

by genome-wide association study (GWAS) MLM in 180 Nordic Seed hybrid rye (Secale cereale L.) breeding 

lines using 261,406 informative markers. Lines were phenotyped for resistance towards three distinct field 

populations from Northern Germany in 2013 (N13), 2018 (N18), and Denmark 2020 (D20) and a resistance value 

estimated using BLUP. The purple line represents the Bonferroni adjusted significance threshold based on 

informative markers. 

Supplementary Figure S3: Manhattan plots for discovery of powdery mildew resistance associated SNP markers 

by genome-wide association study (GWAS) BLINK in 180 Nordic Seed hybrid rye (Secale cereale L.) breeding 

lines using 261,406 informative markers. Lines were phenotyped for resistance towards three distinct field 

populations from Northern Germany in 2013 (N13), 2018 (N18), and Denmark 2020 (D20) and a resistance value 

estimated using BLUP. The purple line represents the Bonferroni adjusted significance threshold based on 

informative markers. 

Supplementary Figure S4: Phylogenetic tree of 1,027 nucleotide-binding leucine-rich repeat (NLR) proteins NB-

ARC domain in the ‘Weining’ rye (Secale cereale L.) reference genome. NB-ARC domains of known NLR-type 

R genes have been included as reference. NLR genes residing in a powdery mildew resistance associated block on 

chromosome arm 7RS subteleomeric region (7RL PM) have been colored in teal.  

Supplementary material S1: NB-ARC sequence of nucleotide-binding leucine-rich repeat (NLR) proteins in 

powdery mildew resistance associated region on chromosome arm 7RL in the rye reference genome ‘Lo7’ and 

‘Weining’. 
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Project overview 

Key findings 

In the pursuit to address the project objectives and answer to formulated hypothesis, the 

following key findings were made 

Manuscript I:    

❖ Parental populations in the Nordic Seed hybrid rye breeding germplasm display a large 

genetic seclusion with potential of attaining a high level of heterosis in hybrids.  

❖ The restorer population is characterized by a relative high level of genetic diversity, 

effective population size and a low linkage disequilibrium. 

❖ The NRG&CMS population is characterized by a relative low level of genetic diversity, 

effective population size and a high linkage disequilibrium.  

❖ The fertility control system constitutes a population determining parameter by 

influencing the rate of introducing novel genetic variation to the parental populations. 

❖ In order to expand the genetic reservoir within the non-restorer germplasm population, 

a broadening of the genetic base is recommended through guided introgression of novel 

material (population varieties, landraces, genetic resources). 

Manuscript II 

❖ A novel major G-type male-fertility restoration gene, provisionally denoted RfNOS1, 

was discovered on chromosome arm 3RL in the Nordic Seed hybrid rye breeding 

germplasm. 

❖ Absence of RFL-PPR genes on chromosome arm 3RL and the close proximity of 

RfNOS1 associated marker to a mTERF gene co-expressed in Nordic Seed hybrid cv. 

Stannos and cv. Helltop suggest that RfNOS1 might be a non-PPR Rf gene belonging to 

the mTERF gene family. 

❖ With no previous record of a major Rf gene in fertility control systems of rye on 

chromosome arm 3RL nor on syntenic regions in barley and wheat our finding constitute 

a novel discovery with potential value for implementation in other hybrid breeding 

systems in Triticeae.  

❖ We found evidence of a potential minor G-type Rf gene distal to RfNOS1 on 

chromosome arm 3RL. 
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Manuscript III 

❖ The assayed subset of Nordic Seed hybrid rye breeding germplasm was found to display 

a high level and diverse spectra of leaf rust resistance. 

❖ A novel leaf rust R gene, provisionally denoted PrNOS1, was discovered on 

chromosome arm 7RS. 

❖ The PrNOS1 gene resided in close proximity to a large cluster of Lr1 orthologous NLR 

genes. With wheat leaf rust R gene Lr1 situated on chromosome arm 5DL syntenic to 

rye 7RS our findings suggest that PrNOS1 might be a Lr1 ortholog in rye. 

❖ Gene mining by GWAS in the restorer population is strongly influenced by several 

population genetic characteristics identified in Manuscript I preventing R gene and QTL 

discovery at the assayed sample size.  

❖ Breeding lines displaying quantitative resistance were identified in both parental 

populations.  

Manuscript IV 

❖ Detailed protocol for recovery, multiplication, single pustule isolation, large scale 

inoculation, and infection typing was developed for leaf rust in rye and made publicly 

available on an open-access data repository 

❖ Five intermediate effect leaf rust resistance QTLs were identified on chromosome arms 

1RS, 1RL, 2RL, 5RL and 7RS in the restorer population using 600K GWAS. 

❖ In silico validation of the 60K Triticeae NLR bait library revealed a near-complete 

capture of the NLR repertoire in the ‘Lo7’ reference genome. 

❖ In vitro assessment of the 60K Triticeae NLR bait library performance in rye confirmed 

that a 80% sequence similarity is sufficient for bait target enrichment. 

❖ SMRT RenSeq led to an incomplete target capture of the NLR repertoire in some of the 

selected lines. 

❖ Four candidate leaf rust R genes in rye were identified using SMRT AgRenSeq-GLM. 

❖ Most promising candidate leaf rust R gene physically co-localized with molecular 

markers delimiting Pr3 on chromosome arm 1RS and top-most resistance associated 

QTL in the panel. 

❖ The candidate leaf rust R gene on chromosome arm 1RS encoded a canonical NLR gene 

distinguished from the susceptible allele by a large deletion and C-terminal extension 

of the LRR domain. 
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Manuscript V 

❖ A marker-map was developed for the rye 600K high-density SNP array using the ‘Lo7’ 

reference genome and made publicly available on an open-access data repository 

❖ Assessment of the 600K high-density SNP arrays performance in the Nordic Seed 

hybrid rye breeding germplasm led to finding of a homogeneous marker distribution, 

moderate level of marker informativeness, and an average marker to marker distance of 

25.54 kb. 

❖ The assayed subset of Nordic Seed hybrid rye breeding germplasm diverged in 

resistance to powdery mildew with the NRG&CMS population characterized by a 

moderate level of resistance and the restorer population a low level 

❖ Using GWAS a powdery mildew R gene, provisionally denoted PmNOS1, was 

discovered on chromosome arm 7RL.  

 

 

 

 

Table 1  Physical position of major and minor quantitative trait loci associated with agronomic important traits in 

the Gülzow based hybrid rye (Secale cereale L.) elite breeding germplasm at Nordic Seed on the ‘Lo7’ reference 

genome. The traits, leaf rust resistance (Pr), powdery mildew resistance (Pm), and restoration of male fertility (Rf), 

were identified by genome wide association study using a 600K or 30K SNP array.  

Chromosome Arm 

Position 

(Mbp) Trait 

Phenotypic 

variance 

explained 

Population 

Marker 

SNP 

array Manuscript 

1R S 115.55 Pr 13.13% R AX-99251803 600K IV 

1R L 625.54 Pr 9.34% R AX-99805135 600K IV 

2R L 818.90 Pr 9.62% R AX-99478491 600K IV 

3R L 7471 Rf 20.24% F2 AX-158558079 30K II 

3R L 807.11 RfNOS1 7.45% F2 AX-99346444 30K II 

5R L 770.21 Pr 9.26% R AX-99776626 600K IV 

7R S 3.41 PrNOS1 21.06% NRG&CMS AX-99555960 600K III, IV 

7R S 26.93 Pr 12.12% R AX-99684185 600K IV 

7R L 892.01 PmNOS1 15.48% NRG&CMS AX-99886178 600K V 

1 Marker derived from the Wheat 90K SNP array with no mapping position on the ‘Lo7’ reference genome. Mapped using pairwise linkage disequilibrium analysis 

to markers with accurate mapping position on the ‘Lo7’ reference genome 
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Figure 6 Circular neighbor joining dendrogram of the Gülzow based hybrid rye (Secale cereale L.) elite breeding 

germplasm at Nordic Seed. Concentric tracks depict phenotypic scorings on leaf rust (Manuscript III, IV), and 

powdery mildew (V). Arrow indicates the organization of tracks, from inside to outside of the concentric circle. 
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General discussion 

Despite decades of declining rye acreage in Northern and Eastern Europe, rye cultivation seems 

to be stabilizing around 2000 hectares, remaining an important crop in the European agriculture 

(Figure 1.4, FAO, 2021). In Germany and Denmark the prevalence of hybrids derived from the 

Carsten and Petkus gene pool has had a notable effect on rye breeding and cultivation. Since 

the expansion of rye hybrids during the 1990s the primary emphasis in resistance breeding has 

been to address the inherent issue of ergot susceptibility related to the impartial male-fertility 

restoration in the P-type CMS used in these systems (Mielke, 1993; Mirdita et al., 2008; Mirdita 

and Miedaner, 2009; Miedaner et al., 2010; Miedaner et al., 2021). Meanwhile the foliar 

diseases leaf rust and powdery mildew were given a lower priority (Miedaner et al., 2002). 

Accentuated by the prevalence of susceptibility towards particularly leaf rust in released hybrid 

rye cultivars we set out to investigate the genetics underlying resistance towards the two foliar 

diseases in a Gülzow hybrid rye breeding germplasm distinct from the Petkus and Carsten gene 

pools (Figure 4.2, Figure 4.3, Sortsinfo, 2021). In brief summary we identified a high level of 

leaf rust resistance and moderate level of powdery mildew resistance in the germplasm, 

constituting a promising genetic resource for development of resistant hybrid rye cultivars 

(Table 1, Figure 6). Here we discuss the implications of our findings and observations in the 

context of state-of-the-art literature within the field.  

Powdery mildew in rye, a bygone threat or latent menace? 

While the powdery mildew pathogen in rye, Blumeria graminis f. sp. secalis, is prolific across 

rye growing regions in Northern Europe, for which reason or reasons does it not constitute a 

more important biotic stress factor in rye production? (Figure 4.3A, Sortsinfo, 2021). To 

address this question each component of the disease triangle underlying powdery mildew 

disease in rye will be discussed.  

In the global populations of powdery mildew on barley and wheat, high levels of virulence 

complexity and pathotype diversity have been recurrently demonstrated (Cowger et al., 2018; 

Dreiseitl, 2018; Xue et al., 2021; Zhou et al., 2021). Assuming that the Bgs population in 

Northern Europe exhibit similar population characteristics, associated with a high evolutionary 

plasticity and adaptive capacity, a wide variety of virulent Bgs pathotypes exist in the 

environment. In accordance, we confirmed that the assayed hybrid rye breeding germplasm 

segregated for resistance towards powdery mildew, with a large subset of lines (particularly 
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restorer lines) highly susceptible towards the disease (Figure 6). The loss of resistance observed 

in nine NRG lines during the period 2013 to 2018 in Northern Germany, further support the 

presence and emergence of novel virulent Bgs pathotypes in the Northern European population 

(Manuscript V). 

The rare occurrence of severe powdery mildew outbreaks and low to intermediate levels of 

disease severity observed in the Danish official trials during the past 25 years could suggest a 

high level of inherent resistance in the top-yielding hybrid rye cultivars (Figure 4.3A, Sortsinfo, 

2021). On basis of these records we selected cv. KWS Serafino as ‘resistant’ control for the 

greenhouse trial in which the assayed hybrid rye breeding germplasm was phenotyped for 

resistance towards powdery mildew (Manuscript V). In contrast we found that cv. KWS 

Serafino was highly susceptible at the seedling stage towards all three powdery mildew 

populations tested. This observation could be explained by the presence of an adult plant 

resistance (APR) R gene or QTLs in cv. KWS Serafino, conferring a broad-spectrum resistance 

towards powdery mildew in the later plant stages (Li et al., 2014). However, while both major 

APR R genes and intermediate-effect QTLs have been identified in wheat, none of the Pm R 

genes identified in rye have been shown to confer an APR-type resistance (Li et al., 2014; 

Mohler and Stadlmeier, 2019). Intriguingly a collection of inbred rye lines at the University of 

Hohenheim belonging to the Petkus and Carsten gene pool was found to exhibit a broad 

spectrum of resistance towards powdery mildew with majority of lines displaying a quantitative 

type of resistance (Kast and Geiger, 1982; Miedaner et al., 1993). With majority of released 

hybrid rye cultivars derived from the Petkus and Carsten gene pool this might indicate an 

inherent level of quantitative resistance towards powdery mildew in these hybrids (Bolibok-

Bragoszewska et al., 2014; Targonska et al., 2016). Prevalence of quantitative resistance 

amongst release hybrids in Northern Europe could be an important factor modulating the 

importance of powdery mildew in rye (Figure 4.3A). Across the assayed hybrid rye breeding 

germplasm distinct from the Petkus and Carsten pools we also identified lines displaying a 

quantitative resistance response at seedling stage. As a consequence of a low level of natural 

powdery mildew infection in the field trials we could, however, not confirm whether any lines 

displayed a APR-type resistance.  

In terms of the environmental factor the powdery mildews on Triticeae, Blumeria graminis (Bg), 

are highly dependent on certain environmental conditions and cues during specific life stages, 

determining their ability to cause severe epidemics (Aust and Hoyningen-Huene, 1986). The 
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sporulation and germination of Bg spores is highly temperature sensitive with an optimum 

around 20 degrees at a high relative humidity, and ascospores dependent on a prolonged period 

of surface moisture to differentiate and release (Ward and Manners, 1974; Adams Jr et al., 1986; 

Jankovics et al., 2015). Growing predominantly extracellular as a conspicuous mycelial mat Bg 

is, furthermore, directly exposed to fluctuations in the environment. Overwintering as dormant 

mycelia on the aerial parts of volunteer- or newly established autumn sown crops, harsh winters 

with prolonged periods of bare-surface frost is likely to have a detrimental effect on the survival 

rate of Bg (Jorgensen, 1988). The importance of these environmental factors in powdery mildew 

epidemiology are emphasized in developed forecasting models incorporating precipitation, 

temperature, sun radiation and humidity to predict the spatiotemporal occurrence and scale of 

powdery mildew (Zhang et al., 2014; Zhao et al., 2018; Gu et al., 2020). During the past 25 

years in Denmark the only incidence of severe powdery mildew outbreak in rye in 2010 

coincided with the coldest year during the measured period, with an average surface 

temperature nearly 2⁰C below the yearly average measured during the period (Figure 4.3A, 

DMI, 2021; Sortsinfo, 2021). In Denmark the year 2010 was characterized by a warm spring 

followed by a colder May and June with frequent precipitation and moderate temperatures 

around or below 20⁰C (DMI, 2011). These observations could suggest that the rarity of 

prolonged periods with precipitation and moderate-to-low temperature co-occurring during 

spring and early summer in Denmark are important factors in modulating the importance of 

powdery mildew in rye.  

Accentuated by the reliance of Bgs on certain environmental conditions climate changes are 

likely to have a profound effect on powdery mildew in rye. Since the onset of the 20th century 

the global mean surface air temperature has increased by 0.74 ± 0.14⁰C and is predicted to 

increase by an additional 1.0 to 3.7⁰C by the end of the 21th century (Delworth and Knutson, 

2000; Anderson et al., 2016). Consensus amongst climate projections indicate an increase of 

extreme weather events, including heat waves, droughts and heavy precipitation (Rajczak and 

Schär, 2017; Spinoni et al., 2018). In Denmark the annual precipitation is predicted to increase 

by 15% during the 21th century in a seasonal pattern, with a decrease in precipitation and rain 

fall events during summer (Olesen, 2020). 

In 2019, Denmark experienced the fourth warmest year since the first national temperature 

recording in 1873 with a mean surface air temperature 0.7⁰C above average during the period 

1991 to 2020 (Rubek, 2019). Precipitation in 2019 followed the projected seasonal pattern with 
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a wet spring and autumn, and prolonged periods between rainfall events during the summer. In 

accordance to the climate projections the weather conditions observed in 2019 in Denmark are 

likely to constitute a near-future standard. The field trial site in 2019 near Odder (Gylling) in 

Central Jutland, therefore, provide a glimpse into the potential occurrence of powdery mildew 

in rye under these climatic conditions in Denmark. Across the hybrid rye breeding germplasm 

assayed at the site we observed a low level of natural powdery mildew infection. Powdery 

mildew was observed on 52 out of 190 lines with an 1% average leaf area covered by the disease. 

Several environmental conditions were, however, conducive during the trial including an warm 

autumn in 2018 with windows of high humidity and precipitation allowing the establishment 

of powdery mildew in the autumn sown crop, a mild winter and short periods with moderate 

temperature, humidity and frequent rainfall during late April, mid-May and mid-June (Figure 

7).  

 

Figure 7 Highest daily temperature, precipitation and humidity measured at a Danish Meteorological Institute 

weather station near Odder in Central Jutland, Denmark, from September 2018 to August 2019 (DMI, 2021). 

The absence of co-occurring periods with moderate temperature around 20⁰C, frequent 

precipitation and high humidity during April to June are likely important factors underlying the 

low level of powdery mildew infection at the trial (Figure 7). While a momentary glimpse these 

observations could infer that powdery mildew in Northern Europe is becoming a less important 

biotic stress factor in hybrid rye as a result of climatic changes, predominantly due to warmer 

and dryer summers. However, moderate temperatures in autumn and mild winters favors an 

increased establishment and survival rate of Bgs. Years with high temperatures during spring 

co-occurring with the expected increase in precipitation during the period could, likewise give 

cause to severe epidemics early in the growing season. Furthermore, rye is predominantly 

grown on sandy soils in Denmark, and despite ryes inherent tolerance to drought conditions the 
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necessity of irrigation will likely increase. Irrigation of hybrid rye field crops might lead to high 

incidence in powdery mildew as observed for irrigated wheat crops in China (Tang et al., 2017).  

During the past 25 years in Denmark powdery mildew has constituted a less important biotic 

stress factor in rye despite our observations of a virulent Bgs population in Northern Europe 

with evidence of novel pathotypes emerging. A potential high level of inherent quantitative 

resistance and/or APR in released hybrid rye cultivars could explain the low level of powdery 

mildew disease severity observed in the Danish official trials. The recent climatic changes in 

Northern Europe is, furthermore, an important factor contributing to a recurrently unfavorable 

environment for the proliferation of powdery mildew during the early summer months. 

However, with increasing weather instability as a product of climate change, powdery mildew 

can still become an important biotic stress factor in certain years. Increase in irrigation practices 

can likewise lead to an increase in powdery mildew incidence. Conclusively, while powdery 

mildew is not a ‘bygone threat’ it is likely to become confined as an important biotic stress 

factor under certain uncommon climatic conditions and agricultural practices.  

Leaf rust in rye, a forgotten detriment 

Recordings of leaf rust in top-yielding hybrid rye cultivars and population varieties tested in 

Denmark during the past 25 years provide extensive documentation on the importance of leaf 

rust as an important biotic stress in rye (Figure 4.2A, Sortsinfo, 2021). During the period several 

outbreaks of leaf rust has occurred (2000, 2005, 2009, 2014), in addition to a high yearly mean 

disease severity across the evaluated panel as observed in 2019 (Figure 4.2A-B). The low level 

of inherent resistance in the predominant hybrid rye breeding gene pools Petkus and Carsten, 

and the low effectiveness of leaf rust R genes Pr3, Pr4, and Pr5 was reported already in early 

2000s (Miedaner et al., 2002; Roux et al., 2004). Despite inadequate documentation of leaf rusts 

impact on yielding components in modern released hybrid rye cultivars, it is reasonable to 

presume that leaf rust is causing considerable grain yield losses and quality reductions on a 

yearly basis in Denmark (Miedaner and Sperling, 1995; Morgounov et al., 2015). Nonetheless, 

the incentive of breeding for leaf rust resistance has until now been eclipsed by breeding for 

environmental stable and complete male-fertility restoration, ergot resistance, lodging 

resistance and yield (Falke et al., 2009; Miedaner et al., 2010; Bernal-Vasquez et al., 2017; 

Laidig et al., 2017; Miedaner et al., 2018). With recent years breeding effort having 

considerably improved male-fertility restoration and ergot susceptibility in released hybrid rye 
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cultivars, this may provide new opportunities to address the inherent susceptibility to leaf rust 

(Miedaner et al., 2017; Wilde et al., 2019; Miedaner et al., 2021). 

The emphasis for commercial breeding programs to prioritize the selection and improvement 

of leaf rust resistance is accentuated by several factors. Unlike powdery mildew, projected to 

display a fluctuating positive or negative regional pattern related the effect of climatic changes 

on disease incidence, all current projections concur that incidence, frequency and duration of 

leaf rust in cereals will likely increase in Northwestern and Eastern Europe as a result of climatic 

changes (Bregaglio et al., 2013; Racca et al., 2015; Junk et al., 2016; Caubel et al., 2017; 

Wójtowicz et al., 2017; Launay et al., 2020; Wójtowicz et al., 2020). The increase in average 

surface air temperature has been related to several stages in the disease cycle of cereal leaf rusts. 

In wheat and triticale the latency period, an important epidemiological parameter of leaf rust 

for prediction of epidemic progression, has been predicted to decrease in according to rising 

temperatures (de Vallavieille-Pope et al., 2000; Wójtowicz et al., 2017; Wójtowicz et al., 2020). 

As a result of a shorter latency period the cereal rusts will be capable of completing a larger 

number of clonal infection cycles during periods of conducive conditions, accelerating the 

disease progression in the field exponentially (Van den Berg et al., 2013; Suffert and Thompson, 

2018). The future climatic conditions during autumn and winter will likewise favor leaf rust 

infection of the autumn sown crop, facilitating an earlier establishment and survival of the leaf 

rust pathogen (Roelfs, 1989; Launay et al., 2020). However, projections also emphasize that a 

more frequent absence of precipitation in extended periods during spring and summer can 

likewise lead to a haltered progression of leaf rust (Launay et al., 2020). To envision the impact 

of leaf rust under standard near-future climatic conditions the trial site in 2019 near Odder 

(Gylling) in Central Jutland, as discussed previously for powdery mildew, constitute an ideal 

example (DMI, 2021). Despite a cold and dry April and early May in 2019, we observed a high 

disease pressure of leaf rust at the non-inoculated trial site with susceptible lines displaying 

between 10 to 50% leaf area covered by the disease (Figure 7). At the site the ‘resistant’ control, 

hybrid cv. KWS Serafino, was likewise found to displayed a moderate level of leaf rust severity 

with an average of 10% leaf area covered. The high temperatures and moderate level of 

humidity during the summer provided ideal conditions for extensive dew formation, facilitating 

the repetitive infections of leaf rust by clonal reproduction While fluctuation in the occurrence 

of leaf rust in rye is to be expected as a result of a more unstable future climate, the steady 

increase in surface air temperature has a general elevating effect on the disease (Roelfs, 1989). 
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During the last 25 years the average yearly disease severity of leaf rust across the evaluated 

panel in the Danish official trials has increased by 44% despite yearly fluctuations in climatic 

conditions (Figure 4.2A). While this increase is influenced by a multitude of factors, including 

loss of R gene effectiveness (Roux et al., 2004), the period was characterized by an increase of 

0.3⁰C in the average yearly surface temperature in Denmark (Rubek et al., 2020).  

Another factor emphasizing the importance of addressing leaf rust in rye are the inherent 

properties of the causative agent Puccinia recondita f. sp. secalis (Prs). Unlike the clonal 

reproducing leaf rust fungi on wheat (Kolmer et al., 2007; Goyeau et al., 2012), evidence 

suggest a mixed reproduction mode in the Prs population (Miedaner et al., 2011). The potential 

of frequent sexual reproduction, due to a widespread alternate host Anchusa arvensis L. in the 

Danish flora (Anikster et al., 1997; Frederiksen et al., 2012)., likely induce an evolutionary 

plasticity enabling the pathogen to adapt and overcome deployed host resistance and chemical 

control (Kema et al., 2018; Drenth et al., 2019; Pereira et al., 2020). Consistent with the 

observations made by Miedaner et al. (2011) in the German Prs population, we observed that 

five out of the six Danish Prs SPI tested across a subset of restorer breeding lines displayed a 

distinct virulence phenotype (Manuscript IV, Figure 4B). The combination of a high pathotype 

diversity, virulence complexity, potential frequent sexual recombination and capacity to 

disperse spores over long distances underlines the potential threat residing in the Northern 

European Prs population. This threat is likely further exacerbated in the context of near-future 

climate change (Launay et al., 2020; Wójtowicz et al., 2020).  

The control of leaf rust in rye predominantly depend on the application of chemical control 

agents in Denmark as a consequence of the low level of inherent resistance in released hybrid 

rye cultivars (Figure 4.2, Jørgensen et al., 2013; Sortsinfo, 2021). In the European Union (EU) 

a stringent system is imposed for authorizing and controlling the use of pesticides as a 

legislative basis for the safe and sustainable use of pesticides (EC, 2009). Political incentive in 

the EU is an accelerated transition of the European agriculture towards more sustainable 

practices including means to minimize the current dependency on pesticides. In the recently 

published EC Farm to Fork Strategy, part of the European Green Deal, a reduction target of 50% 

in overall use of pesticide in 2030 was presented (EC, 2020; Silva et al., 2021). In Denmark a 

further restrictive authorization scheme has been imposed on pesticides as a precautionary mean 

to minimize potential non-target effect on environment and human health (MVFM, 2017; 

Thorling et al., 2021). The prohibition of three broad-spectrum fungicides in 2021 due to their 
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content of epoxiconazole has further narrowed the list of authorized pesticides in Denmark for 

the control of fungal disease in cereals, including leaf rust in rye (Nielsen, 2021). The 

decreasing number of authorized pesticides in Denmark, rising environmental taxation and 

restriction on their use underline the necessity of improving the leaf rust resistance in released 

hybrid rye cultivars as a sustainable alternative to pesticides. This is further emphasized by the 

considerable organic production of rye in Denmark relying on host resistance for the control of 

leaf rust, a production system that is likely to expand in near-future (LBST, 2020b).  

The low level of resistance and increase in disease severity across released hybrid rye cultivars 

and population varieties towards leaf rust during the past 25 years in Denmark underlines the 

growing importance of the foliar disease as a biotic stress factor in rye. While the control of 

leaf rust currently depend on the application of pesticides the strict authorization process, 

increase in prohibitions, restrictive use, and 50% targeted reduction of pesticide use in the EU 

by 2030 emphasizes the need of alternative control methods. This need is further emphasized 

by (i) the projected increase in leaf rust incidence, frequency and duration under near-future 

climatic conditions in Northern and Eastern Europe, (ii) recent insight into the Prs population 

in Northern Europe indicating a highly diverse, virulent and adaptive pathogen, and (iii) a likely 

expansion of the rye area under organic farming. In order to sustain rye productivity under near-

future conditions resistance towards leaf rust should be prioritized in commercial breeding 

programs in order to improve the level of resistance in released hybrid cultivars as a sustainable 

alternative to pesticides.  

You got me, now what? Breeding of leaf rust resistant hybrids in rye 

While the future importance of powdery mildew disease in rye in Northern Europe is equivocal, 

current evidence presented above underlines the evident need for developing leaf rust resistant 

hybrid cultivars (Figure 4.2A, Figure 4.3A). In stark contrast to the low level of leaf rust 

resistance reported in the Petkus and Carsten gene pools (Miedaner and Sperling, 1995; 

Solodukhina, 2002), we observed a high level- and diverse spectra of resistance in the assayed 

Gülzow based germplasm. In both parental populations we identified breeding lines displaying 

qualitative and quantitative resistance towards leaf rust (Figure 6, Manuscript III Figure 1). 

Through GWAS we identified a novel R gene, provisionally denoted PrNOS1, on chromosome 

arm 7RS and five QTLs on chromosome arms 1RS, 1RL, 2RL, 5RL and 7RS (Table 1). These 

findings suggest a broad genetic base of leaf rust resistance in the Gülzow germplasm, 



| 184  

 

constituting a valuable genetic resource for addressing the evident need of resistant hybrid rye 

cultivars. 

In the ‘short term’ development of a leaf rust resistance hybrid rye cultivar could be initiated 

directly, involving four steps, (i) selection of multiple resistant lines in each parental pool 

guided by phenotypic data and/or markers to select parental lines with complimenting R genes, 

(ii) guided crossing of parental lines using genomic prediction models (Auinger et al., 2016), 

(iii) screening of three-way hybrids in field under high leaf rust disease pressure and in non-

treated trials to assess yielding characteristics and agronomic important traits, (iv) submission 

of selected hybrid for evaluation in the Danish national trials (Tystofte, 2021).  

The identified leaf rust resistance associated markers can be implemented for (i) marker assisted 

backcrossing (MABC) of single or multiple leaf rust R genes into parental lines of elite hybrid 

rye cultivars within each population to accelerate recurrent parent genome recovery (Yadav et 

al., 2015; Yang et al., 2019), (ii) MABC of R genes into the opposing parental population, and 

(iii) MAS in existing breeding programs for development of new resistant parental lines 

(Beukert et al., 2020). The success of implemented MAS or MABC strategies, however, depend 

on the quality of markers (Cobb et al., 2019). In our study several biological and statistical 

factors are expected to have influenced the quality of identified markers (Table 1, Platten et al., 

2019), of which the primary is likely the inherent genetic characteristics of the individual 

parental populations (Manuscript I). The large divergence in LD between parental populations 

is possibly diminishing the statistical power of GWAS to ascertain a marker-trait association in 

collective analysis of the germplasm (Manuscript III Figure 3, Sorkheh et al., 2008; Korte and 

Farlow, 2013). Furthermore, the divergence in LD is likewise impeding the application of 

markers identified in the high LD NRG&CMS population for MAS in the low LD restorer 

population due to decay of linkage between non-functional markers and the causative R gene 

or QTL. The combination of a potential broad genetic base of leaf rust resistance with the high 

genetic differentiation of parental populations could infer a distinctive genetic architecture 

underlying leaf rust resistance in each population characterized by multiple population specific 

R genes and QTLs. The collective analysis of the germplasm would, therefore, lead to a further 

decrease in frequency of the individual R genes and QTLs, reducing their effect and phenotypic 

variation explained needed for GWAS to establish a reliable marker-trait association (Platten 

et al., 2019).  
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In order to address these limitations and improve marker quality for successful MAS of 

identified leaf rust R genes and QTLs, we hypothesize that GWAS should be conducted on the 

individual parental populations instead with consideration of their genetic characteristics. In the 

NRG&CMS population GWAS could likely be done successfully on a low sample size of 100 

to 150 individuals genotyped on the low-density custom Illumina Infinium 30K SNP array due 

to the high LD and narrow genetic profile (Haseneyer et al., 2011; Wang et al., 2014). In the 

restorer population, GWAS for the identification of widespread R genes likely requires a larger 

sample size of more than 200 individuals genotyped on the high-density 600K SNP array (Bauer 

et al., 2017). For the identification of less prevalent, potentially valuable, R genes and 

intermediate effect QTLs in the restorer population, development of multi-parent populations 

(MPP) could be a suitable strategy (Scott et al., 2020). In MPPs, rare R genes and QTLs present 

in the founders are increased to an intermediate level improving the statistical power of GWAS 

to ascertain a marker-trait association (Septiani et al., 2019). Common MPP designs used in the 

similar hybrid breeding system of maize for the discovery of resistance QTLs include multi-

parent advanced generation inter-cross (MAGIC) (Butrón et al., 2019; Septiani et al., 2019) and 

nested association mapping (NAM) (Figure 8, Li et al., 2018). 

 

Figure 8 Multi-parent populations, A) nested association mapping (NAM) panel developed from series of 

biparental crosses against a common founder, and B) ‘funnel type’ multi-parent advances generation inter-cross 

(MAGIC) panel developed from equally balanced crosses of different founders. Dotted lines represents generations 

of selfing and single seed descent for generation of recombinant inbred lines (RILs). After (Scott et al., 2020). 

The MAGIC design distinguishes itself from NAM by several features including a higher 

haplotype diversity and increased recombination events due to several generations of 

intercrossing (Ladejobi et al., 2016; Scott et al., 2020). While the establishment of MAGIC 

population is time requiring, it may in addition to its inherent value for detection of R genes and 
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QTLs represent an elite material for improvement of the parental populations (Arrones et al., 

2020). Some of the developed recombination inbred lines (RILs) may, given a sufficient 

population size, exhibit a desirable combination of pyramided R genes and QTLs, hence saving 

the need for time consuming MAS or MABC (Huynh et al., 2018; Zaw et al., 2019). For the 

establishment of an restorer-based MAGIC population, selected founder lines, often 4, 8 or 16 

founders, should span the entire populations genetic and phenotypic diversity of the germplasm 

to optimize the statistical power of GWAS (Scott et al., 2020). In order to capture the diversity 

of leaf rust resistance spectra within the restorer population resistant founders should both 

comprise lines displaying a qualitative resistance, for detection of R genes, and quantitative 

resistance, for detection of slow rusting R genes and QTLs (Figure 6). For augmenting the 

breeding value of developed RILs, selected founder lines susceptible to leaf rust should instead 

exhibit other agronomic traits of interest, e.g., strong yielding characteristics, resistance to ergot 

or fusarium, straw strength, feeding value, etc. (Novakazi et al., 2020). After establishment of 

the MAGIC population the lines should be phenotyped for resistance towards leaf rust both at 

seedling stage for detection of R genes, and in field at later plant stages under high leaf rust 

disease pressure to identify slow rusting R genes and QTLs. While an expensive endeavor, the 

restorer MAGIC population should be genotyped using the 600K high-density SNP array to 

facilitate the detection of R genes and QTLs by GWAS and identification of high quality 

markers tightly linked to these (Cobb et al., 2019). Hereafter, prior to implementation of 

markers in MAS or MABC in the hybrid rye breeding program, markers should be validated on 

a distinct training set to ensure their reliability (Mourad et al., 2018). The validation process 

should conclude by calculation of the five core marker quality metrics defined by Platten et al. 

(2019). A similar approach could be conducted for the NRG&CMS population, however, it 

would require the establishment of two genetically distinct MAGIC populations since the 

hybrid breeding scheme of rye involves a double hybrid seed mother.  

The high level and diverse spectra of leaf rust resistance in the Gülzow germplasm provides a 

valuable genetic resource for the direct development of leaf rust resistant hybrid rye cultivars. 

Identification of high quality makers for MAS and MABC strategies is, however, compromised 

by the large LD divergence between parental populations, suggesting the need for separation of 

populations in future GWAS. For the discovery of less prevalent and potential valuable R genes 

and slow rusting resistance QTLs establishment of MAGIC populations could be a suitable 

strategy, likewise providing an elite material for germplasm improvement. In addition to the 



| 187  

 

high quality markers identified through this pursuit, potential developed RILs with pyramided 

R genes and slow rusting resistance QTLs could constitute a valuable genetic resource for 

enhancing the durability of leaf rust resistance in developed cultivars. 

Conclusion and perspectives 

The current evidence suggest that powdery mildew in Northern Europe might constitute a less 

important biotic stress factor in rye, likely to become confined to sporadic years with conducive 

conditions and certain agricultural practices under near-future climate conditions. In contrast, 

leaf rust is becoming a biotic stress factor of growing importance in rye with current projections 

concurring on an augmented effect of climatic changes on leaf rust in Northern and Eastern 

Europe. The current sustainable transition of agricultural practices in the EU emphasizes the 

need for breeding initiatives to address the low level of leaf rust resistance in released hybrid 

rye cultivars as a sustainable alternative to the current dependency on pesticides. In contrast to 

the predominant hybrid rye breeding gene pools Petkus and Carsten we identified a high level 

and diverse spectra of leaf rust resistance in the Gülzow germplasm, constituting a valuable 

genetic resource for the development of resistance hybrid cultivars. In order to improve the 

quality of identified molecular markers for MAS and MABC strategies implemented to improve 

leaf rust resistance in the hybrid rye breeding program we propose (i) separation of parental 

populations for GWAS due to considerable divergence in LD, (ii) increase in sample size of the 

restorer population due to a higher level of genetic diversity and low LD, and (iii) establishment 

of MPPs and/or MAGIC population(s). The MAGIC population(s) would serve multiple 

purposes, (i) detection of less prevalent R genes and QTLs, (ii) identification of tightly linked 

high quality markers, (iii) development of elite material for germplasm improvement, and (iv) 

potential development of RILs with pyramided R genes and QTLs. If resistance to leaf rust is 

prioritized, hybrid rye cultivars with a high level of leaf rust resistance can be developed from 

the Gülzow germplasm within few years using obtained phenotypic and molecular data.  

The genetic characteristics of the Prs population in Northern Europe indicates a high 

evolutionary capacity to overcome deployed resistance such as observed for the leaf rust R 

genes Pr1, Prs3, Prs4, and Prs5 (Roux et al., 2004; Roux and Wehling, 2010; Miedaner et al., 

2011). In order to enhance the durability of deployed R genes, the potential RILs developed in 

the established MAGIC population(s) displaying various combinations of pyramided R genes 

and QTLs could prove a convenient and valuable genetic resource (Pilet-Nayel et al., 2017). 
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Currently pyramiding strategies using MAS and MABC is attracting a lot of scientific attention 

for the improvement of disease resistance in crops and has been successfully deployed for stripe 

(Liu et al., 2020), stem (Zhang et al., 2019), and leaf rust (Sharma et al., 2021) resistance in 

wheat. Broadening the distribution of potential slow rusting resistance QTLs and R genes in the 

germplasm could likewise contribute to an inherent level of leaf rust resistance in parental lines 

and enhancement of resistance durability (Huerta-Espino et al., 2020). While quantitative 

resistant lines was observed in both parental populations, one restorer line R190 was found to 

display a stable and strong quantitative resistance at seedling stage and high level of resistance 

at adult stage in the 2019 and 2020 field trial (Figure 6, Figure 9). The restorer line R190 could 

provide a valuable genetic resource for improving the level of slow rusting resistance in the 

germplasm (Skowrońska et al., 2020). 

 

Figure 9 Quantitative resistance response of a inbred hybrid rye (Secale cereale L.) restorer breeding line R190 

at seedling stage under high leaf rust disease pressure. 

Genetic engineering of crops constitute a promising technique for the global agricultural 

production to meet the unprecedented challenges; exponential population growth, detrimental 

climate changes, sustainable agricultural transition, etc., in the 21st century (Mackelprang and 

Lemaux, 2020). The clustered regularly interspaced short palindromic repeats (CRISPR) - 

CRISPR-associated protein (Cas) system constitutes a high-potential gene editing technology, 

allowing a precise genetic manipulation (e.g., insertion or deactivation of gene) for 

improvement of disease resistance in crop (Schenke and Cai, 2020; Zhu et al., 2020). This 

would allow the transformation of multiple R genes and QTLs without the need for exhaustive 

MABC to a recurrent elite parent with zero linkage drag (Tripathi et al., 2020). While the 

CRISPR-Cas technology is currently subject to the same stringent regulation that is imposed 

on conventual genetically modified organisms (GMO) in the EU (EC, 2019), recent EC report 
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infer the need for modernizing the GM term and a differentiated legislation for cisgenic and 

transgenic gene editing (EC, 2021b). If sanctioned the sequence data of candidate leaf rust R 

genes identified using SMRT AgRenSeq constitutes a valuable genetic resource for engineering 

of leaf rust resistant hybrids in rye using CRISPR-Cas technology. For the initial ‘crude’ 

validation of identified candidate R genes, KASP markers should be designed using resistance 

specific SNV and tested in available biparental mapping populations already phenotyped for 

leaf rust resistance (Słomińska-Durdasiak et al., 2020). This would allow the potential 

development of high quality functional markers for practical breeding purposes. For state-of-

the-art validation a transformation of candidate R genes into a leaf rust susceptible line would 

be required followed by extensive infection typing using distinct Prs SPI to evaluate the NLR 

genes resistance specificity (Arora et al., 2019; Wang et al., 2019b). 
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Appendices 

 

Protocol 

Recovery, multiplication and infection typing of Puccinia recondita f. sp. secalis, causing 

leaf rust in rye (Secale cereale L.) 

Nikolaj M. Vendelbo, Industrial PhD, Nordic Seed (Dyngby, Denmark) and Institute of Agroecology, Aarhus 

University (Slagelse, Denmark). E-mail: nive@nordicseed.com 

Jihad Orabi, Head of Molecular Breeding, Nordic Seed (Dyngby, Denmark) 

Ellen Jørgensen, Laboratory technician, Global Rust Reference Center, Department of Agroecology, Aarhus 

University (Slagelse, Denmark) 

Mogens Hovmøller, Professor, Plant Pathology, Global Rust Reference Center, Department of Agroecology, 

Aarhus University (Slagelse, Denmark) 

 
 

Abbreviations:   

 DAI  Days after inoculation  Prs  Puccinia recondita f. sp. secalis 

 SPI   Single pustule isolate  RH  Relative humidity 

 IT    Infection type 

Overview 

1. Collection of rust samples from field crops 

2. Recovery and, multiplication of samples from field crops 

3. Recovery and, multiplication of stock isolates from -80⁰C frozen liquid N2 

4. Procedure for isolation and multiplication of single pustule isolates (SPI) 

5. Large-scale inoculation using air brush spray system 

6. Large-scale multiplication 

7. Leaf rust phenotyping at seedling stage 
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1. Collection of rust samples from field crops 

Step 1: Identify a green leaf with vigorous uredinia pustules and no other foliar diseases 

Step 2: Detach leaf at basis using a scissor  

Step 3:  Tape the stretched leaf onto a clean piece of paper and fold to create a closed envelope 

Step 4: Repeat above depending on number of samples required 

Step 5: Dry the leaf segments (on paper) in a desiccator at least 24h and place weight on top to 

prevent leaf curling 

2. Recovery and, multiplication of samples from field crops 

Modified after Thach., et al (2015) 

11 Days before inoculation:  

Step 1:  Sow 12-14 seeds of a susceptible cultivar or cultivar mixture at 1 cm depth in pots 

(7x7x8 cm) of Pindstrup Substrate peat mix containing slow-release plant nutrients 

(Pindstrup Mosebrug A/S, Ryomgaard, Denmark) 

Note: Rye may be prone to establish poorly in heavy (‘fine’) soil types and if sown too 

deep (> 3-4 cm) 

Step 2:  Water the pot from above and place in a tray with sufficient water from below to cover 

1/3 of the pot 

 Step 3:  Place a lid on the tray to ensure 100% RH  

Step 4: Cultivate under 16 hours of light at 18⁰C using a cultivation lamp (high-pressure sodium 

or LED) and 8 hours of dark at 12⁰C 

7-8 Days before inoculation: Remove the lid at emergence of coleoptiles (2-3 cm plant height) 

5 Days before inoculation: Add 3.5 mL 4.8x10-3 M Antergon MH180 per pot, a growth 

regulator enhancing plant susceptibility to Puccinia spp. and increasing spore productivity  

Day of inoculation: At half-emergence of 2nd leaf of seedlings 

Step 1:  Revitalize dried/fresh samples of infected rye, by placing leaf sections on a moist filter 

paper in a Petri dish, leave for 3-8 hours (dried samples) / up to 24h for fresh samples, 

at 100% RH until new urediniospores emerges 

 Note: If leaf segments are curled, place a clean object glass on top  

 Step 2: Carefully swipe seedling leaves in vertical direction for 10 seconds using presterilized 

  gloves to ‘break’ the cuticula wax layer 

Step 3: Inoculate the seedlings by repeatedly rubbing a revitalized leaf segment across the 

leaves in a horizontical direction to transfer the uredinio spores 

Step 4: Carefully swipe the seedlings in a vertical direction to spread the spores uniformly 

Step 5: Spray a fine mist of water across the seedlings from all angles 
 

Step 6: Place the pot in a closed container with surface water to ensure 100% RH, and incubate 

  at ≈ 12.5⁰C in dark for 24 hours 
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1 DAI: Transfer the multiplication pot to the greenhouse 
 

Note: High humidity (>70% RH) during the latent period positively enhances the 

infection success 

 

7 DAI: At first emergence of chlorotic spots on inoculated plants, cover each pot with a cellophane bag   

to prevent cross contamination by spores from neighboring pots (Figure 1A-B) 

Note:  Cellophane bags may delay/reduce rust spore production on rye. In case large amount 

of spores are required, it is recommend to multiply spores without cellophane bags, in 

single isolation cabins per isolate to avoid cross contamination. (See ‘Large-scale 

multiplication’) 

Figure 1: Multiplication of rye (Secale cereale L.) leaf rust, A) Emergence of chlorotic spots 7 days 

after inoculation, B) Pots placed in cellophane isolation bags to prevent cross-contamination.  

 

11-14 DAI: 1st spore harvest 

Step 1: Lift the multiplication pot slowly using the left hand, while putting a careful pressure 

to the seedling stalks, making a bent V shape so that loosened spores will collect in the 

cellophane bag (Figure 2A) 

 Note: The V-bent is to prevent soil from contaminating the spores when tapping the 

leaves 

Step 2: Pot is laid down horizontally and transported to a flow cabinet 

Step 3: Place a piece of weighing paper on the table, pre folded on the end to create a ‘bottle 

neck’  

Step 4: Cut the corner of the bag where spores are accumulated, and pour the spores onto the 

weighing paper by tapping the cellophane bag (Figure 2B) 

Step 5: Remove the cut off cellophane bag corner using a pincer  

A                            B 
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Step 6: Transfer the spores to a pre-labeled tube 

Step 7: Place the tube in a desiccator and loosen the lid, let dry for 3 days at 18-20⁰C 

 Note: Temperatures ( ≥ 25⁰C) may dramatically reduce spore vitality 

Step 8: Place the tube in a -80⁰C freezer for mid-long term storage 

 Note: Freezing of spores at -80⁰C (or -20⁰C) may dramatically reduce spore vitality, in 

cases of, insufficient drying 

Step 9: Repeat spore harvest 2-3 times until plant and rust vigor decreases 

Figure 2: Multiplication of leaf rust spores on rye (Secale cereale L.), A) Harvest of spores 14 days 

after inoculation by tapping leaves, releasing spores to collect in the bottom corners, B) Spores poured 

onto weighing paper before transfer into tubes for mid-long term storage. 

 

  

3. Recovery and, multiplication of stock isolates from -80⁰C frozen or liquid N2 

Modifications to above described protocol ‘Multiplication of field samples’  

Day 0: At half-emergence of 2nd leaf of seedlings 

Step 1: Revitalize spores kept at -80⁰C by heat shock at 42⁰C for 2 minutes 

 Note: Spores are stable at this stage for several days when kept at 5⁰C under dry 

conditions 

Step 3.1: Pour the spores onto a piece of weighing paper 

Step 3.2: Using presterilized gloves fixate the spores onto the index finger 

Step 3.3: Inoculate the seedlings by stroking the leaves in a vertical direction for 30 seconds to  

transfer the uredinia spores and spread it uniformly 

A                                 B 
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4. Procedure for isolation and multiplication of single pustule isolates 

As above with the following modifications: Single pustule isolates can either be isolated from field 

samples at low disease incidence or alternatively by low-density inoculation of seedlings in pots as 

described above.  

 

Figure 3: Revitalization of rye (Secale cereale L.) leaf segment with leaf rust uredinia pustules. In this 

case, the fungus has expanded by fungal growth from the initial infection site on a seedling leaf, forming 

a circular ring of new pustules 

 

5. Large scale inoculation using air brush spray system 

Modified after Thach., et al (2015) 

 

At time of inoculation (half-emergence of 2nd leaf of seedlings) 

 Step 1.1: Pour spores into an air brush glass container 

Note: If using spores from a frozen stock, revitalize as previously described 

Step 1.2: Solubilize spores in 2 mL 3MTM NovecTM 7100 engineering fluid 

Step 3: Inoculate the seedlings by spraying at 30-40 cm distance 
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Large-scale multiplication can be done using the two following procedures 

1. Place support grinds around the pots at 2 days after inoculation by gently ‘forcing’ the leaves 

through the upper (‘second’) grid window to get leaves hanging in a 45⁰ angle 

 

2. Place aluminum foil trays between each row in the tray 2 days after spray inoculation using air 

brush. At harvest, filter the spores through a sieve.  
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6. Leaf rust phenotyping at seedling stage 

Seedlings are inoculated at the 2nd leaf stage allowing a scoring of infection types (IT) on both 1 and 2. 

Methodology for scoring of Prs SPI IT was adapted from Hovmøller., et al. (2017) about race typing of 

yellow rust in wheat. High-quality resolution picture of the ten IT in rye presented in (Figure 4), is 

available at https://zenodo.org/record/5478060. 

Figure 4: Infection type response (0-9) for leaf rust in rye (Secale cereale L.) caused by the fungal 

pathogen Puccinia recondita f. sp. secalis after Hovmøller., et al. (2017) and McNeal., et al. (1971). IT 

0-2 are considered to represent ‘Resistant’, IT 3-4 ‘Partial resistant’, IT 5-6 ‘Partial susceptible’, and IT 

7-9 ‘Susceptible’ host plants. In terms of virulence/avirulence, IT 0-6 are considered ‘avirulent’ and 7-

9 ‘virulent’.  

 

References: 

Hovmøller., M. S., Rodriguez-Algaba, J., Thach, T., & Sørensen, C. K. (2017). Race typing of Puccinia 

 striiformis on wheat. In Wheat rust diseases (pp. 29-40). Humana Press, New York, NY. 

McNeal, F. H., Konzak, C. F., Smith, E. P., Tate, W. S., & Russell, T. S. (1971). A uniform system for 

 recording and processing cereal research data (No. REP-10904. CIMMYT.). 

Thach, T., Ali, S., Justesen, A. F., Rodriguez‐Algaba, J., & Hovmøller, M. S. (2015). Recovery and 

 virulence phenotyping of the historic ‘Stubbs collection’ of the yellow rust fungus 

 Puccinia striiformis from wheat. Annals of Applied Biology, 167(3), 314-326. 
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