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Abstract 23 

The ‘Gülzow’ (G) type cytoplasmic male sterility (CMS) system in hybrid rye (Secale cereale L.) 24 

breeding exhibits a strong and environmentally stable restoration of male fertility (Rf). While having 25 

received little scientific attention, three G-type Rf genes had been identified on 4RL (Rfg1) and two 26 

minor genes on 3R (Rfg2) and 6R (Rfg3) chromosome. Here, we report a comprehensive investigation 27 

of the genetics underlying restoration of male fertility in a large G-type CMS breeding system using 28 

a palette of complementing forward and reverse genetic analysis. This includes (i) genome wide 29 

association studies (GWAS) on a G-type germplasm, (ii) GWAS on a biparental mapping population, 30 

(iii) in silico identification of Rf-like pentatricopeptide repeat (RFL-PPR) genes and their expressed 31 

in G-type rye hybrids, and (iv) mining patterns in linkage disequilibrium. Our findings provide 32 

compelling evidence of a novel major G-type non-PPR Rf gene on the 3RL chromosome. In the in 33 

silico analysis, we identified 22 RFL-PPR of which 15 were expressed in the transcriptome of G-type 34 

hybrids. Our findings provides a novel insight into the underlying genetics of male fertility restoration 35 

in a G-type CMS system in rye. The discovery made in this study is distinct to known P- and C-type 36 

systems in rye in addition to known CMS systems in barley and wheat. This study constitutes a 37 

steppingstone towards understanding the restoration of male fertility in G-type CMS system and a 38 

potential resources for addressing the inherent issues of the P-type system.  39 

 40 

Keywords: Gülzow gene pool, restoration of male fertility (Rf), cytoplasmic male sterility (CMS), Pentotricopeptide 41 
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Introduction 50 

In recent years, hybrids have become the predominant class of cultivated winter rye (Secale cereale 51 

L.) in Northern Europe 1. Outperforming population-based cultivars, hybrids in rye demonstrate 52 

strong heterotic effects on all developmental and yield characteristics 2,3. Breeding of hybrids rely on 53 

the existence of cytoplasmic male-sterility (CMS) and restoration of male-fertility (Rf) genes that 54 

resides in genetically distinct parental populations 3,4. This system efficiently enables control of the 55 

parental crossing in the field as a prerequisite for large scale hybrid seed production 5.  56 

In hybrid rye numerous CMS systems exists of which the most predominant is the Pampa (P) type 6. 57 

In this system five major P-type Rf genes have been identified on 1RS, 4RL (Rfp1, Rfp2, Rfp3) and 58 

6R (dominant modifier) chromosome, and three minor genes on 3RL, 4RL and 5R chromosome in 59 

‘Pampa’ (P) type cytoplasm 7-10. Less prevalent CMS systems include ‘Gülzow’ (G) type originating 60 

from the Austrian population of rye variety ‘Schlägler alt’ 11,  R-type  originating from a Russian 61 

population, 12, C- 13 and S- 14 type originating from an old Polish cultivar ‘Smolickie’. In the G-type 62 

CMS system one major gene have been identified on 4RL (Rfg1) and two minor on 3R (Rfg2) and 63 

6R (Rfg3) chromosome 15. In the C-type CMS system two major Rf genes have been identified on 64 

4RL (Rfc1) and 6RS (Rfc2) 16,17. Intriguingly, Stojalowski, et al. 18 observed a linkage between major 65 

Rf genes on 4RL for all three CMS systems, C-type (Rfc1), G-type (Rfg1), and P-type (Rfp1, Rfp2, 66 

Rfp3) to the same marker loci. This finding accentuates the pivotal importance of 4RL across CMS 67 

systems in hybrid rye breeding.   68 

Restoration of male-fertility in hybrids derived from the predominant P-type cytoplasm is frequently 69 

partial and highly environmental unstable 9,19-21. In addition to a potential loss in grain yield, impartial 70 

pollination renders the cultivar susceptible to fungal infection of ergot (Claviceps purpurea (Fr.) Tul.) 71 

which can contaminate the rye grains with toxic sclerotia 22-24. The P-type system is inherently shaped 72 

by the low frequency of restorer gametes in European populations of which the predominance exhibits 73 



   

 

   

 

unsatisfactory restoration 19,20. In 1991, several non-adapted Argentinian and Iranian rye populations 74 

with high frequency of restorer gametes were identified 25. Crossing of an elite maternal line with one 75 

of these non-adapted exotics led to observations of significantly higher restoration levels and 76 

environmental stability 26,27. In order to steer the introgression of novel superior exotic Rf genes 77 

through marker assisted selection, molecular markers were developed for Rfp1, Rfp2, Rfp3 8,9. 78 

Hybrids carrying an exotic Rf gene were, however, found to exhibit a significant reduction in grain 79 

yield by 4.4% to 9.4% caused by linkage drag effects or epistatic interactions associated with the 80 

exotic Rf gene 28. Despite these deleterious effects, hybrid cultivars carrying the exotic Rfp1 have 81 

been introduced to the North European market by a patented brand PollenPlus® 29. In contrary, 82 

hybrids derived from the less prevalent G-type cytoplasm is characterized by a complete and 83 

environmental stable restoration of male fertility 30. Having received little scientific attention the 84 

underlying genetics of the G-type CMS system, however, remains largely unexplored 15.  85 

The male sterility factors in CMS lines are encoded by mitochondrial genes that cause a defect in the 86 

production of viable pollen 31. Male fertility can be restored by nuclear Rf genes encoding proteins 87 

that bind specifically to the CMS conferring transcript, preventing the expression of the mitochondrial 88 

factor 32,33. Majority of the proteins encoded by known Rf genes belong to the pentatricopeptide repeat 89 

(PPR) superfamily known to house more than 450 members in most plant species 34,35. PPR proteins 90 

target the mitochondrial or chloroplast mRNA, participating in a range of post transcriptional 91 

processes (RNA editing, splicing, cleavage and translation) with profound effects on organelle 92 

biogenesis and function 36-38. Proteins of the PPR superfamily are characterized by up to 30x tandem 93 

repeats of a canonical 35-amino-acid motif, forming an α-solenoid structure 39. Based on the 94 

organization of their motifs, PPR proteins can be divided in two subclasses, i) PLS class containing 95 

characteristic triplets of P, L (‘long’, ≈ 36 amino acids) and S (‘short’, ≈ 31 amino acids) motifs, and 96 

ii) P class solely containing the canonical motif  36,40. The Rf-like (RFL) genes predominantly belong 97 



   

 

   

 

to the P-class subfamily of PPR proteins 41,42.  In Poaceae species, Rf-like (RFL) PPR genes have 98 

been reported to comprise ≈ 10 % of the PPR gene compliment with 26 genes identified in barley 99 

(Hordeum vulgare L.) and 25 in perennial ryegrass (Lolium perenne L.)43,44. While Rf genes have 100 

been characterized as RFL-PPR in both barley (Hordeum vulgare L.) Rfm1; 45, sorghum (Sorghum 101 

bicolore L.) Rf1; 46, maize (Zea mays L.) Rf5; 47, and rice (Oryza sativa L.) Rf4; 48,Rf5; 49,Rf6; 50 102 

there is little available information on RFL-PPRs in rye.  103 

In this paper we report a comprehensive study of the genetics underlying male-fertility restoration in  104 

G-type CMS based hybrid rye breeding system. The objective of this study was to identify major and 105 

minor G-type Rf genes. This was approached through (i) Genome wide association studies (GWAS) 106 

on a G-type CMS hybrid rye breeding germplasm, (ii) GWAS on a biparental mapping population 107 

for studying the inheritance of male-fertility restoration, (iii) in silico identification of RFL-PPR 108 

genes expressed in rye hybrids, (iv) Studying patterns of linkage disequilibrium on Rf-annotated 109 

single-nucleotide polymorphism (SNP) markers in the breeding and the mapping population. This 110 

knowledge will serve as a steppingstone towards developing novel hybrid cultivars exhibiting 111 

superior and environmentally stable restoration of male-fertility to maximize grain yield and enhance 112 

ergot resistance.  113 

Materials & Methods  114 

Plant material   115 

In total 365 Nordic Seed Germany GmbH inbred hybrid rye (Secale cereale L.) elite breeding 116 

component lines were selected for this study, comprising 242 restorer, 116 non-restorer germplasm 117 

(NRG) and 7 cytoplasmic male-sterile (CMS) lines. The CMS male sterility is based on the ‘Gülzow’ 118 

(G) type cytoplasm originating from the Austrian population of rye variety ‘Schlägler alt’ 11,15. 119 

Genetic structure of the germplasm has been thoroughly characterized in a recent study by Vendelbo, 120 



   

 

   

 

et al. 51. A biparental mapping population was developed from a hybrid rye cv. Stannos, deriving 121 

from the cross of a cytoplasmic male-sterile (CMS) line msG214135 and a restorer line R3966. 122 

Biparental mapping population 123 

To investigate the inheritance of male-fertility restoration in the G-type CMS based Nordic Seed 124 

breeding system, a biparental mapping population was developed. The population was phenotyped 125 

for restoration of male fertility and associated traits to restoration. Seeds of the hybrid cv. Stannos 126 

(F1) were sown in pots containing a course-grain sphagnum substrate at Nordic Seed Germany GmbH 127 

greenhouse facilities. The seedlings were cultivated under a 16 hour light regime with night 128 

temperatures of 14-16°C and day temperatures of 18-24°C. Seven days after sowing, at the 2-leaf 129 

stage, seedlings were set to vernalize in a climate chamber under 16 hours of light at 8°C for a week 130 

and hereafter 3°C for the following seven weeks. After vernalization, the pots were transferred to the 131 

greenhouse. Prior to anther-protrusion, cellophane bags were put on the spikes to prevent cross-132 

fertilization. At maturity, seeds of a single F1 plant were harvested and the procedure repeated to 133 

generate a F2 biparental mapping population. To quantify the degree of male-fertility restoration in 134 

the F2 population, in total 181 F2 plants were rigorously phenotyped for pollen production using a 135 

customized visual 1-9 scale (1: no pollen, 9: large quantity of pollen) at four timepoints. At harvest, 136 

the plants were, furthermore, scored for number of spikes per plant, total seed number, seeds per spike, 137 

total grain weight and thousand kernel weight in order to get a comprehensive phenotypic dataset on 138 

the inheritance of male-fertility restoration in the population. Segregation ratio of infertile and fertile 139 

F2 plants was tested for goodness of fit to the expected Mendelian ratio at the scenario of one, two, 140 

and three major restoration of male-fertility (Rf) genes using a χ² test 52. An F2 plant was considered 141 

‘sterile’, if it either yielded less than 20 seeds or scored ≤ 2 in pollen production.  142 

 143 

 144 



   

 

   

 

Molecular markers  145 

All rye lines included in this investigation  were genotyped using a custom Illumina Infinium 15Kwheat 146 

53 and 5KRye 
54,55 single nucleotide polymorphism (SNP) array, denoted 20K, as described by 147 

Vendelbo et al. (2020). In addition, 180 lines comprising 88 NRG and 92 restorer lines were also 148 

genotyped using the state-of-the-art 600K high-density rye array by Bauer, et al. 55. The F2 biparental 149 

mapping population was genotyped on a custom Illumina Infinium 25Kwheat and 5KRye SNP array, 150 

denoted 30K, enriched with additional 10K wheat markers deriving from the 90K wheat SNP array 151 

by Wang, et al. 53 compared to the 20K array. Mapping position of SNP markers derived from the 152 

90K wheat were identified by blasting the marker sequences to the rye reference genome at a 153 

significance threshold of the e-value at 10-5, selecting the physical position of the top hit 56,57.  154 

Data analysis 155 

Genetic analysis of SNP marker data was done in R studio (v. 1.1.463) interface in R statistical 156 

software (v. 3.6.3) by application of various predesigned packages 58,59.  157 

Genome wide association study 158 

Discovery of Rf associated SNP markers was done by genome-wide association study (GWAS) using 159 

genomic association and prediction integration tool (GAPIT) (v.3) package in R 60. Phenotypic input 160 

for GWAS included all recordings of the biparental F2 population, and a binary case-control for the 161 

entire population relative to their population origin using the 20K SNP array and 600K high-density 162 

SNP array, respectively. 163 

Identification of pentatricopeptide repeats (PPR) and restoration fertility-like PPR  genes in 164 

rye 165 

For identification of members of the PPR protein family in the draft genome assembly of rye (Secale 166 

cereale L.) by Bauer, et al. 55, all known PPR domain sequences in plants were obtained from the 167 

Pfam database 61. These PPR domains were then blasted against protein sequences of the rye genome 168 



   

 

   

 

using NCBI BLASTP tool 56. The PPR domains were furthermore used to develop a PPR profile 169 

matrix using the ‘hhmbuild’ program in the HMMER package 62. This matrix was then utilized to 170 

identify PPR genes amongst the 27784 coding sequences reported in the rye draft genome. Identified 171 

PPR genes were, hereafter, studied and predictive information on protein functions and conserved 172 

sequence elements obtained through a customized InterProScan (v. 5) pipeline by scanning on the 173 

PANTHER, PROSITE, Pfam, and SUPERFAMILY databases 63. The InterProScan was implemented 174 

in OmicsBox (v. 1.2.4) 64. PPR gene sequences were then aligned, using the NCBI BLAST platform 175 

to known Rf-genes from barley (Hordeum vulgare L.), rice (Oryza sativa L.), maize (Zea mays L.), 176 

and stiff brome (Brachypodium distachyon L.) 43,44,56. Hits with a minimum 50% identity and 50% 177 

query coverage were collected, and PPR genes present in at least three of the species were considered 178 

a candidate restorer of fertility like (RFL) PPR gene. Coding- and protein sequences of all above 179 

mentioned species were downloaded from the Ensemble Plants database 65. Physical location of the 180 

RFL PPR genes was identified by mapping to the recently published reference genome by Rabanus-181 

Wallace, et al. 57. Mapping was conducted using the NCBI BLASTN tool at a significance threshold 182 

of the expected value (e-value) at 10-5 selecting the position of the top hit 56. 183 

RNA-seq data analysis of RFL-PPRs in G-type hybrids of rye  184 

Nordic Seed hybrid rye cv. Helltop and cv. Stannos  belong to G-type hybrid breeding system of rye. 185 

For the identification of causative Rf genes in the G-type breeding system, expression of the candidate 186 

RFL-PPR genes were investigated in de novo transcriptome assemblies of these two hybrids. The 187 

transcript data obtained from the spikes of G-type hybrids at the time of flowering. The raw reads 188 

from this library has been deposited in sequence read archive (SRA) with submission 189 

ID “PRJNA612415 and can be accessed here 190 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA612415). We investigated the RFL-PPR transcripts 191 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA612415


   

 

   

 

in the individual plants of these two G-type hybrids. High quality de novo transcriptome assembly of 192 

these two hybrids has recently been published by Mahmood et al., (2020).  193 

In order to identify RFL-PPR genes expressed in G-type hybrids, the assembled transcripts were 194 

translated to coding protein sequences and  blasted against the protein sequences of the RFL-PPR 195 

genes using the NCBI BLASTP tool at a significance threshold of the e-value at 10-5 56. With no 196 

available gene annotation for the rye draft genome, annotation was conducted through assigning the 197 

Gene Ontology terms using OmicsBox program (v. 1.2.4) 64.  Functions of sequences were predicted 198 

at a significance threshold of the e-value at 10-3, annotation cutoff of 55 and evidence code set to 0.8 199 

for the different categories as implemented in OmicsBox. The annotation of expressed transcripts was 200 

provided only when they shared similarities with known RFL-PPRs at a significance threshold of the 201 

e-value at 10-10.  202 

Linkage disequilibrium 203 

Analysis of linkage disequilibrium was conducted to investigate whether the populations portrayed 204 

evidence of conservation in regions harboring annotated restorer of male fertility markers. 205 

Comparative analysis of pairwise linkage disequilibrium (LD) between parental populations was  206 

done using SnpStats (v. 1.36.0) R package with depth set to 10 and LD estimated as the coefficient 207 

of determination (r2) 66. Heatmap of the pairwise LD was constructed using LDheatmap (v. 0.99-7) 208 

R package 67. The analysis was conducted on the entire germplasm using the 20K genotype data and 209 

a subset population using the 600K gene data. Analysis of pairwise LD was, furthermore, also utilized 210 

to determine the position of a subset of highly Rf associated wheat derived SNP markers that could 211 

not be mapped to the rye reference genome. The analysis was conducted by calculating the pairwise 212 

LD amongst the individual wheat markers and the entire entity of mapped informative markers.  213 

 214 

 215 



   

 

   

 

Results 216 

Analysis of genotyping data 217 

Prior to bioinformatic analysis using the single nucleotide polymorphism (SNP) array genotype data, 218 

a quality filtration was conducted to remove monomorphic, non-informative markers. Polymorphism 219 

information content (PIC) was calculated as a measure of the identified markers informativeness, 220 

with a mean PIC of 0.26 for the 20K platform (n = 365), 0.34 for the 30K platform (n = 181), and 221 

0.23 for the 600K platform (n = 180) (Table 1). All SNP arrays portrayed a uniform distribution of 222 

markers across the rye genome (Table 1). In total, 4419 informative markers were identified in the 223 

20K array on the entire germplasm as thoroughly characterized in a recent study by Vendelbo, et al. 224 

(2020). A subset of this germplasm was genotyped on the recent rye 600K array, yielding 261406 225 

informative markers. In the F2 mapping population (n = 181), 3493 informative markers were 226 

identified out of which 1088 derived from the 5K rye array, 808 from the 600K rye array and 1597 227 

from the 90K wheat array.  228 

Table 1.  Chromosomal distribution and polymorphism information content (PIC) of quality filtered single nucleotide 229 

polymorphism (SNP) markers deriving from three genotyping platforms on Nordic Seed hybrid rye (Secale cereale L.) 230 

elite breeding lines (20K, 600K) and F2 biparental mapping population (30K).  231 

Genotyping platform 20K 30K 600K 

lines 365 181 180 

Chromosome Markers Markers Markers 

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 

Genome wide association study – Case control 232 

Genome wide association study (GWAS) was conducted using population origin as phenotypic input 233 

in a case control analysis for an initial, ‘crude’ identification of potential restoration of male-fertility 234 



   

 

   

 

(Rf) genes in the germplasm. The 20K GWAS analysis produced a distinct peak in the Manhattan 235 

plot at 724 to 745 Mbp on 3RL, with the highest associated marker (-log10(p) = 19.1) located at 745 236 

Mbp (Fig. 1A, Supplementary material 1). In the successive 600K GWAS analysis, a similar peak 237 

was identified at 710-747 Mbp with the highest associated markers (-log10(p) = 27.07) located 238 

between 729-730 Mbp (Fig. 1B, D, Supplementary material 2). In addition, a unique peak portraying 239 

a similarly strong association was found on 1RS at 49.3-58.5 Mbp in the 600K GWAS analysis (Fig. 240 

1C).  On 4RL, a less significantly associated marker (-log10(p) = 5.4) was identified at 885 Mbp by 241 

the 20K GWAS. Solitary markers in the 600K GWAS analysis were disregarded from further 242 

investigation.  243 

Fig. 1  Manhattan plot for genome wide association study (GWAS) on population origin (case controle) on 244 

Nordic Seed elite hybrid rye breeding germplasm. A) Genome-wise manhattan plot of 20K SNP array GWAS (n=365), 245 

B) Genome-wise manhattan plot of 600K SNP array GWAS (n=180), C) Manhattan plot of  the 600K SNP array 1RS 246 

region including position of identified restoration of male-fertility (Rf) like pentatricopeptide repeat (RFL-PPR) genes of 247 

which RFL-PPRs expressed in G-type hybrids are marked with an asterix, D) Manhattan plot of  the 600K SNP array 248 

3RL region.  249 

 250 

Biparental population 251 

A biparental F2 population consisting of 181 individuals was developed from the hybrid cv. Stannos. 252 

The population was phenotyped for six restoration of male fertility as well as related traits to 253 



   

 

   

 

restoration in order to get a comprehensive dataset on the inheritance of ‘Gülzow’ (G) type Rf genes. 254 

Seed number and pollen production were found, on basis of our observations, to be the most 255 

representative Rf associated traits (Fig. 2A-B).  256 

 257 

The observed segregation ratio of sterile and fertile F2 plants was tested for goodness of fit to the 258 

expected Mendelian ratio at the scenario of one, two, and three major Rf genes using a χ² test. 259 

Intriguingly, the observed segregation ratios were in accordance with a monogenic dominant 260 

inheritance of male fertility restoration with χ2 (1, n,infertile = 38, n,fertile = 143) = 2.26, p = .13 for seed 261 

number and χ2 (1, ninfertile = 43, nfertile = 138) = 1.11, p = .29 for pollen production (Supplementary 262 

material 3). GWAS led to the identification of 16 Rf associated SNP markers of which, 5 markers 263 

showed a significant association with -log10(p) > 5.2 (Fig. 3, Supplementary material 3). 264 

  265 

Fig. 3 Manhattan plot for genome wide 

association study (GWAS) on two restoration of male 

fertility related phenotypic scores, A) Seed Number and 

B) Pollen Production (1-9) in a F2 biparental population 

(n = 181) derived from the hybrid rye cv. Stannos. 

Significant association  was  identified   using  criterion  

of  -log10(p) > 5.2 depicted as a red line.  

 

Fig. 2     Phenotypic distribution of 

restoration of male fertility related 

traits, A) Seed number, and B) 

Pollen Production in 181 F2 plants 

derived from a hybrid rye cv. 

Stannos 



   

 

   

 

On 3RL, a twin-peak was identified spanning from 627 to 809 Mbp with its highest associated marker 266 

(-log10(p) = 6.66) localized at 627 Mbp. The remaining four significantly associated SNP markers 267 

derived from the 90K wheat SNP array. None of the four markers could successfully be mapped to 268 

the rye reference genome. Two of these markers mapped to the short arm of the wheat 3B 269 

chromosome including the highest Rf associated (-log10(p) = 9.12) wheat marker AX_158558079. 270 

One of the remaining moderately Rf associated markers mapped to the short arm of the wheat 1A 271 

chromosome, while the last had no available mapping position in wheat. With no mapping position, 272 

genome-wide pairwise linkage disequilibrium was calculated for each of the four highly Rf associated 273 

wheat derived SNP markers to determine their position (Supplementary material 4). All four wheat 274 

markers exhibited a singular peak on 3RL with a top LD ranging from 0.43 to 0.97 in the region 275 

spanning 701 to 747 Mbp (Supplementary Fig. 2). The top Rf associated wheat marker 276 

AX_158558079 exhibited a max LD of 0.85 at 747 Mbp (Fig. 4A-B). 277 

Fig. 4 Genome wide pairwise linkage disequilibrium (LD) between a highly Rf associated wheat derived SNP 278 

marker, AX_158558079 and 3493 informative SNP markers in 181 rye (Secale cereale L.) F2 plants. A) Chromosome-279 

wise distribution of LD, B) LD distribution on 3R chromosome. 280 

 281 

Identification of restoration of fertility-like pentatricopeptide repeat (RFL-PPR) genes in rye  282 

For identification of PPR genes within the 27784 coding sequences of the draft rye refence genome, 283 

a PPR gene profile matrix was developed using available sequence information. Scanning of the 284 



   

 

   

 

reference genome led to the identification of 232 PPR genes (Supplementary material 5).  Out of 285 

these, 22 RFL-PPR genes were identified on basis on homology to known Rf genes in grass species 286 

(Supplementary material 6). Genomic location of these in the rye reference genome can be seen in 287 

Fig. 5. On average, the RFL-PPR genes portrayed 14 PPR domains and had an average sequence 288 

length of 3355 bp.  289 

Expression of RFL-PPRs in the spikes of G-type hybrids at the time of flowering  290 

To investigate, whether the 22 identified rye RFL-PPR genes were expressed in ‘G’ type based 291 

breeding germplasm, the transcriptome data from two hybrids cv. Helltop and cv. Stannos were 292 

analyzed. As the RNA-seq data was obtained from spikes at flowering, it should be expected that Rf 293 

genes are actively expressed in fertile hybrids. In the cv. Helltop transcriptome assembly, 18 RFL 294 

PPR genes were identified, whereas in the cv. Stannos assembly, 16 were  expressed at the time of 295 

flowering. Among the expressed RFL-PPR, 15 were shared in both hybrids. The RFL-PPR exclusive 296 

to either hybrid might involve in hybrid specific function, but not the restoration function as both 297 

hybrids belong to same G-type breeding system. Hence, we focused on the RFL-PPR common in 298 

both hybrids. Among these RFL-PPR, five were located on 1R, four on 4R, two on 2R, one on 3R 299 

and one on 7R chromosome (Fig 5). One expressed RFL-PPR  mapped to the sequences that are not 300 

placed to any chromosome in reference genome. The exact location of expressed as well as non-301 

expressed RFL-PPR on respective chromosome were depicted in graphics (Fig. 5).  302 

 303 

 304 

 305 

 306 



   

 

   

 

Fig. 5 Genomic location of 22 in silico annotated restoration of male fertility-like (RFL) pentotricopeptide repeats (PPR) 307 

genes in the rye reference genome depicted in physical distance (Megabase pair, Mbp). RFL-PPRs identified in both spike 308 

transcriptome assemblies of two rye hybrids, cv. Stannos and cv. Helltop are marked with an asterix.  309 

 310 

Linkage disequilibrium and fixation indices at regions harboring restoration of male fertility 311 

annotated 600K SNP markers 312 

With restoration of male fertility presumed to constitute a population defining trait in the germplasm, 313 

one of the objectives of this study was to identify genetic fingerprints of conservation at 63 Rf 314 

annotated marker locations (Supplementary material 7). This was addressed by estimation of pairwise 315 

linkage disequilibrium (LD) and marker fixation indices (Fst) in the entire germplasm using both the 316 

20K and 600K SNP array genotype data (Table 2A-B, Supplementary material 8). The NRG&CMS 317 

population was found to exhibited a large proportion of monomorphic markers at the Rf annotated 318 

regions, 68.3% and 70.5% on the two sites at 3RL and 34.0% and 48.3% on the two sites at 4RL 319 

(Table 2). In contrast, the restorer population portrayed a level of monomorphism below 1% at all 320 

sites. Calculation of fixation indices led to the finding of a unique population-wise differentiation on 321 



   

 

   

 

3R, exhibiting a intrachromosomal Fst of 0.34 in comparative to the overall genomewise Fst of 0.23 322 

(Fig. 6). Fixation indices in the Rf annotated regions ranged from 0.29 to 0.37 for the two sites on 323 

3RL and 0.18 to 0.28 on the two sites on 4RL (Table 2A-B). LD was consistently higher for both 324 

populations on 3R with a mean LD of 0.65 for the NRG and 0.21 for the R population in comparison 325 

to 0.44 and 0.19 on 4RL respectively (Table 2A-B). Heatmaps of the pairwise LD were constructed 326 

for both populations using the 600K SNP array genotype data as a comparative tool to visualize the 327 

LD landscape at the Rf annotated regions (Fig. 7).  328 

Table 2.  Mean pairwise linkage disequilibrium (LD) and fixation indices (Fst) at restoration of male fertility (Rf) 329 

annotated regions on 3R and 4R chromosome in Nordic Seed hybrid rye elite breeding germplasm using A) 20K and B) 330 

600K SNP genotype data.  331 

A 

2
0
K

 

In
tr

a
 

C
h

ro
m

o
so

m
a

l Chromosome 3R 4R 

Markers 631 515 

Fst 0.30 0.21 

Intrachromosomal LD NRG&CMS (n = 123) 0.70 0.38 

Restorer (n = 242) 0.20 0.13 

R
eg

io
n

 

Region (Mbp) 800-810 865-875 570-600 805-900 

Markers 30 43 44 89 

Rf annotated markers 4 4 6 53 

Fst 0.29 0.37 0.18 0.28 

LD 
NRG&CMS (n = 123) 

0.80 0.39 0.30 0.53 

Monomorphic Markers 19 18 18 46 

LD 
Restorer (n = 242) 

0.14 0.12 0.14 0.08 

Monomorphic Markers 0 0 0 1 

B 

6
0

0
K

 

In
tr

a
 

C
h

ro
m

o
so

m
a

l Chromosome 3R 4R 

Markers 31493 32555 

Fst 0.34 0.20 

Intrachromosomal LD NRG&CMS (n = 88) 0.71 0.50 

Restorer (n = 92) 0.36 0.29 

R
eg

io
n

 

Region (Mbp) 800-810 865-875 570-600 805-910 

Markers 460 553 1428 5655 

Rf annotated markers 4 4 6 53 

Fst 0.37 0.32 0.20 0.23 

LD 
NRG&CMS (n = 88) 

0.71 0.68 0.42 0.51 

Monomorphic Markers 314 390 486 2732 

LD 
Restorer (n = 92) 

0.33 0.25 0.27 0.25 

Monomorphic Markers 0 1 11 10 
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 334 

Discussion 335 

While the less common ‘Gülzow’ (G) type based systems demonstrate superior restoration of male 336 

fertility, it has received little scientific attention in the past. This is the first study since Melz and 337 

Adolf 15 to investigate the genetics underlying male fertility restoration in G-type CMS hybrid rye 338 

breeding systems. Until now only three G-type restoration of male fertility (Rf) genes have been 339 

Fig. 6 Intrachromosomal 

fixation indices (Fst) of Nordic Seed 

hybrid rye elite breeding germplasm 

using 600K rye SNP array genotype 

data. Populations comprised of 92 

restorer and 88 non-restorer 

germplasm lines.  

Fig. 7  Comparative pairwise linkage 

disequilibrium (R2) of four regions 

on 3R (A,B) and 4R (C,D) harboring 

63 restoration of male fertility 

annotated SNP markers (black lines) 

in Nordic Seed hybrid rye elite 

breeding germplasm. 92 restorer (R) 

and 88 non-restorer germplasm 

(NRG) lines were genotyped 600K 

rye SNP array. 



   

 

   

 

reported, a major gene located on 4RL (Rfg1) and two modifying genes on 3R (Rfg2) and 6R (Rfg3) 340 

15,68. Recent years technological and scientific advances have progressively accelerated the genomic 341 

resources available in rye with the latest additions being the 600K high-density SNP array by Bauer, 342 

et al. 55 and chromosomal scale rye reference genome ‘Lo7’ by Rabanus-Wallace, et al. 57. Using a 343 

comprehensive palette of complementing forward- and reverse genetics approaches, we succeeded in 344 

identifying a novel major G-type Rf gene on 3RL in addition to further evidence of a major gene on 345 

1RS and modifying gene on 3RL chromosome.  346 

Indications of a major restoration of male-fertility like pentatricopeptide repeat (RFL-PPR)  347 

gene on 1RS 348 

While case control genome wide association study (GWAS) is a useful tool for providing an insight 349 

in the genetics differentiating of  the parental gene pools, it has several limitations. Utilizing 350 

population origin of lines as ‘phenotypic’ input, statistically associated markers in case control 351 

GWAS, can either be a population defining trait such as a Rf QTL, or a product of population structure.  352 

In a recent population study by Vendelbo, et al. 51 on the entire G-type hybrid rye elite breeding 353 

germplasm, the maternal NRG&CMS population was found to exhibit considerable population 354 

structure and vast LD blocks. Unequal relatedness among individuals and population structure 355 

introduces a confounding effect that might cause spurious marker associations and introducing a risk 356 

of false positives 69,70. To moderate the effect of these confounding factors, Genomic Association and 357 

Prediction Integrated Tool (GAPIT) used to conduct the GWAS therefore utilizes a compressed 358 

mixed linear model 60,71. Large LD blocks on the other hand introduces an uncorrectable confounding 359 

factor. Long distance LD complicates the disentanglement of actual causal variants from linked 360 

neutral markers, which can in term lead to spurious associations 70.  361 

In the 600K case control GWAS, a unique strong peak was identified on 1RS (Fig. 1B, C). While the 362 

evidential significance of case control GWAS is insufficient to draw definitive conclusions, it 363 



   

 

   

 

provides an insight into pivotal genomic sites differentiating the parental populations. Intriguingly, 364 

in the genome scan 9 out of the 22 identified RFL-PPRs were found to reside in this region situated 365 

in two clusters at 46.3-47.1 Mbp and 61.5-62.0 Mbp on 1RS. In the RNA-seq data, five of these were 366 

found to be expressed at flowering stage in both G-type hybrids (Fig. 5). A similar hotspot for RFL-367 

PPRs was identified in the rye reference genome ‘Lo7’ on the proximal region of 1RS 57. In the barley 368 

reference genome ‘Morex’ Melonek, et al. 44 discovered a similar enrichment with 10 out of 26 RFL-369 

PPRs situated on 1HS, a region highly syntenic to rye 1RS 72. Functional annotation of the 10 RFL-370 

PPRs on 1RS led to the finding that six were annotated as ‘Rf1 mitochondrial like’ (Supplementary 371 

material 6). In rice, Rf1 has been found to restore fertility by cleavage of an atp6-oRf79 dicistronic 372 

gene, impeding the accumulation of the cytotoxic peptide ORF79 and hence leading to the recovery 373 

of pollen potency 73.   374 

Consistent with our findings, Miedaner, et al. 7 reported a major P-type Rf gene on 1RS in a German 375 

inbred rye line ‘L18’. In wheat, two major Rf genes have likewise been identified on 1AS (Rf1) and 376 

1BS (Rf3) chromosome, syntenic to rye 1RS 74-76. While these findings suggest that the germplasm 377 

houses an additional major G-type Rf gene on 1RS, we did not observe any Rf associated QTLs on 378 

1RS in the mapping population GWAS (Fig. 3, Fig. 4). This can either be due to the absence of the 379 

major Rf gene on 1RS in the pollen father of cv. Stannos, or that the region harbors a population 380 

defining trait other than a Rf gene. Being that the region coincides with a large cluster of RFL-PPRs, 381 

of which five are co-expressed in both assayed hybrid cultivars, supports the initial explanation of an 382 

additional major G-type RFL-PPR gene on 1 RS in the germplasm.  383 

Modifying G-type Rf genes 384 

In order to identify the complement of major and minor Rf genes in the G-type CMS system, GWAS 385 

was complemented with estimations of LD and Fst at sites reported to harbor P-type Rf genes. At 386 

present a single minor Rf gene have been identified on 3R in both G-type Rfg3; 15 and P-type 7 CMS 387 



   

 

   

 

systems. The modifying P-type Rf gene has been mapped to 3RL with subsequent association of eight 388 

600K SNP markers by Bauer, et al. 55 at 806.1 and 869.5 Mbp (Supplementary material 7). In the 389 

mapping population GWAS, five markers were found to be associated with a Rf QTL at 807.1 – 808.7 390 

Mbp with a mean LOD of 4.7 (Fig. 3, Supplementary material 3). This region was furthermore 391 

characterized by an enrichment in LD in both parental populations with the NRG&CMS population 392 

portraying a large proportion of monomorphic markers indicative of a strict conservation (Table 2, 393 

Fig. 7A). Similar to the region surrounding the site believed to harbor the major Rf gene on 3RL at ≈ 394 

747 Mbp, the region 800-820 Mbp exhibited a highly conserved haplotype for fertile and sterile F2 395 

plants with a χ2 test (1, n,infertile = 44, n,fertile = 134) = 0.01, p = .93. (Supplementary material 9). These 396 

findings in conjunction suggest the additional presence of a minor Rf gene on 3RL, which would 397 

further accentuate the unique role of 3RL in G-type CMS system. We can however not exclude the 398 

possible confounding effect of long distance LD creating a spurious association between the site at 399 

807 Mbp and the proximal major Rf gene. 400 

On 4RL, a marker was found to be associated to a population differentiating site in the 20K case 401 

control GWAS (Supplementary material 1). Intriguingly, the marker located at 885 Mbp was 402 

annotated as Rfp3-associated and furthermore co-localized with an RFL-PPR gene at 889 Mbp 403 

expressed in both of the assayed G-type hybrids (Fig. 5, Supplementary material 6) 8. Neither the 404 

600K case control nor mapping population GWAS portrayed any evidence of a Rf gene on 4RL (Fig. 405 

1, Fig. 3). Mining of patterns in LD at the region housing the Rf annotated markers likewise did not 406 

show any evidence of a Rf gene under selection in the germplasm (Fig. 7C,D). Contrary to the C- and 407 

P-type CMS systems, this suggests a negligible role of 4R in the G-type systems. Furthermore, in 408 

addition to a major Rf gene on 3RL exclusive to the G-type CMS system, our findings suggest the 409 

potential presence of an additional minor gene on the distal region of 3RL.  410 

 411 



   

 

   

 

Decisive role of 3R in the G-type CMS breeding system 412 

In our GWAS study, we found a strong coinciding peak on 3RL in both the 20K and 600K case 413 

control suggesting that 3R houses a population differentiating trait (Fig. 1A-B). This finding was 414 

consistent with the discovery of a distinctly higher interchromosomal fixation indices (Fst) on 3R (Fig. 415 

6). Furthermore, Vendelbo, et al. 51 reported a singular enrichment of interchromosomal LD for both 416 

parental populations on 3R. In conjunction, these findings accentuate the pivotal role of the 3R 417 

chromosome in the assayed G-type hybrid rye elite breeding germplasm.  418 

To investigate whether the population differentiating region on 3RL harbored a G-type Rf gene, a 419 

biparental mapping population was developed. In contrast to the case control GWAS, the biparental 420 

mapping population is not subject to confounding issues related to population structure 421 

(Supplementary Fig. 1). Segregation ratio of Rf associated traits in the mapping population was found 422 

to be in accordance with a monogenic dominant inheritance of a Rf gene by χ2 test consistent with the 423 

singular peak identified in the case control GWAS (Fig. 1A-B). GWAS on the phenotypic dataset from 424 

the mapping population confirmed that the major Rf gene co-localized with the region identified in 425 

the case control GWAS on 3RL (Fig. 3A-B). The precise position of the causative Rf gene was, 426 

however, initially obscured by the finding that the four most associated SNP markers, deriving from 427 

the 90K Wheat (Triticum aestivum L.) array, could not be mapped to the rye reference genome ‘Lo7’ 428 

53,57. This was resolved by a chromosome-wise LD mapping of each of the wheat markers, with the 429 

highest associated marker mapping to 747 Mbp (Fig. 7, Supplementary Fig. 2).  430 

Novel major Rf gene unique to the G-type CMS breeding system 431 

While no major Rf gene on 3RL has to our knowledge been identified in neither the G-type or P-type 432 

CMS system in rye, Melz and Adolf 15 reported a minor G-type Rf gene on 3R (Rfg2) and Miedaner, 433 

et al. 7 a minor P-type on 3RL. In the case of Rfg2, inconclusive segregation ratios of primary 434 

trisomics of rye 3R led to the assumption that 3R likely housed a minor gene. While Melz and Adolf 435 



   

 

   

 

15 cautiously interpreted this anomaly as a product of a modifying gene their findings suggest that 436 

something of significance is occurring on 3R in the G-type CMS system. It therefore remains open 437 

whether the identified major G-type gene is Rfg2 previously misclassified as a minor gene, or an 438 

unreported Rf gene on 3RL. 439 

In P-type CMS systems, the primary site of interest in term of male fertility restoration is on 4RL 440 

housing three major Rf genes Rfp1, Rfp2, Rfp3 8,9,28. Identified by Miedaner, et al. 7 the minor P-type 441 

Rf gene on 3R has since received no scientific attention, suggesting that 3R constitutes a minor role 442 

in male fertility restoration in the P-type CMS system.  443 

To our knowledge no Rf gene have been reported on chromosome segments orthologous to rye 3RL 444 

in any of the domesticated species residing within the botanical tribe Triticeae. In wheat, major Rf 445 

genes have been identified on 1AS (Rf1), 1BS (Rf3), 6AS (Rf9), 6BS (Rf4, Rf6), 6D (Rf5) and 7D 446 

(Rf2) chromosome 74,75,77-80. In barley (Hordeum vulgare L.), two major Rf genes have been identified 447 

on 6HS (Rfm1, Rfm3) 81,82.  Intriguingly, Martis, et al. 72 discovered that the distal region of 3RL and 448 

4RL were conserved syntenic segments of an ancestral Triticea chromosome a6. In a comparative 449 

analysis, they found that the segment on 3RL portrayed distinctly less collinearity than all other 450 

syntenic segments suggesting a differential evolution of 3RL during rye speciation. In contrary, the 451 

syntenic segment on 4RL was found to be highly conserved in Brachypodium distachyon L., rice 452 

(Oryza sativa L.), sorghum (Sorghum bicolore L.) and barley. Rye 4RL, a region housing three major 453 

P-type Rf genes, was found to be syntenic to barley 6HS 72. These results are consistent with the 454 

findings of Hackauf, et al. 83, who reported that the segment housing Rfp1 on 4RL exhibits an ortholog 455 

on wheat 6DS and barley 6H. In a subsequent study, Hackauf, et al. 8 furthermore, proposed that Rfp3 456 

on 4RL likely maps to an orthologous segment housing Rf6 on wheat 6BS and Rfm1 on barley 6HS 457 

79. These findings provide further evidence of a conserved synteny between rye 4RL and wheat 6AS-458 

6BS-6DS, explained by the later divergence of these two species from an ancestral Triticeae 459 



   

 

   

 

progenitor than barley 84. Consistent with Börner, et al. 68, this suggests a likely conservation of genes 460 

controlling CMS restoration across Triticeae species. In these CMS systems, 4RL-6HS-6AS/BS/DS 461 

chromosomes house the predominance of identified major Rf genes 83. Furthermore, this accentuates 462 

the novelty of a major Rf gene on 3RL in the G-type CMS system, with no known Rf genes on ortholog 463 

chromosome segments in other Triticeae species.  464 

Non-Pentatricopeptide repeat Rf gene on 3RL 465 

In recent years, majority of characterized Rf genes have been assigned to the PPR superfamily, 466 

denoted as Rf-like PPR genes or RFL-PPRs. In domesticated Poaceae species, this includes i.a. barley 467 

Rfm1 45, sorghum Rf1 46, maize Rf5 47, and rice Rf4, Rf5, Rf6 48-50. The results of genome scan and 468 

RNA-seq data analysis for expression of RFL-PPR clearly point towards the existence of non-RFL-469 

PPR on 3R to cause restoration in G-type breeding system. In the in silico analysis, we successfully 470 

annotated 232 PPRs in the draft rye reference genome ‘Lo7’ out of which 22 were identified as RFL-471 

PPRs by stringent comparison to existing sequence information on characterized RFL-PPRs 472 

(Supplementary material 5, Supplementary material 6). Our findings are consistent with the 473 

observations made by Melonek, et al. 44, who identified 26 RFL-PPRs in barley, and Sykes, et al. 43 474 

who identified 25 in perennial ryegrass (Lolium perenne L.).  475 

None of the identified RFL-PPRs were however found to co-localize with the major Rf gene on 3RL 476 

(Fig. 5). There are several possible scenarios that might explain this observation. Firstly, the identified 477 

major Rf gene is unique, not resembling any of the presently characterized RFL-PPRs used to design 478 

the capture profile matrix. Secondly, the developed pipeline employed too stringent criteria for 479 

discrimination of RFL-PPRs. Thirdly, the major Rf gene on 3RL is indeed a non-PPR Rf gene. While 480 

it is not feasible to further address the first scenario at present, two PPRs were indeed found to co-481 

localized with the identified region on 3RL at 743.7 Mbp (ryePPR_3R_25) and 751.6 Mbp 482 

(ryePPR_3R_26) (Fig. 3, Fig. 4, Supplementary material 5). In silico annotation of these revealed 483 



   

 

   

 

that the former encodes a P-class PPR gene composed of 7 motifs furthermore containing motifs 484 

belonging to the acetamidase-formamidase family, while the latter a PLS-class PPR gene composed 485 

of only 5 motifs. While both P- and PLS-class PPR genes have been characterized as Rf-like we 486 

concluded that these PPRs were correctly annotated as non Rf-like on basis of both motif number and 487 

complementary functions not known to be related to Rf 45-47. Furthermore,  in the RNA-seq data 488 

analysis, neither of the PPRs were found to be expressed in either of the rye hybrid cv. Stannos and 489 

cv. Helltop at flowering. In conjunction, this suggest that these PPRs are not functional Rf genes in 490 

our material supporting the notion about the presence of a non-PPR Rf gene on 3RL.  491 

Intriguingly, a growing body of Rf genes are now being characterized as non-PPR Rf genes, adding 492 

to the complexity of male fertility restoration. Until now this includes glycine-rich proteins Rf2, in 493 

rice; 85, acyl-carrier protein synthase Rf17, in rice; 86, aldehyde dehydrogenase Rf2, in maize; 87, 494 

bHLH transcription factor Rf4, in maize; 88, and Rf1, a peptidase, in Sugar beet (Beta vulgaris L.) 89. 495 

In rye, Hackauf, et al. 8 furthermore, reported a close linkage between Rfp1 and Rfp3 on 4RL to 496 

mitochondrial transcription termination factors (mTERF) genes. In the recent rye reference genome 497 

‘Lo7’, 131 mTERF genes were identified of which four were closely situated around the Rfp1 57,90. A 498 

similar observation was made by Bernhard, et al. 82 who identified two mTERF genes closely linked 499 

to Rfm3 on barley 6HS, syntenic to rye 4RL. Pan, et al. 91 successively observed a role of mTERF 500 

genes in kernel development in maize connecting the gene family to the reproductive system of plants.  501 

These recent additions caused Kubo, et al. 92 to propose a revision of the existing PPR and non-PPR 502 

classification of Rf genes into three groups on basis of characteristic features. These are, I) association 503 

with a post-transcriptional mechanism for regulating mitochondrial gene expression, II) R gene-like 504 

copy number variant at the locus, III) lack of a direct link with a mitochondrial ORF associated with 505 

CMS. With no RFL-PPRs on 3RL it is reasonable to presume that the causative Rf gene belongs to 506 

this expanding non-PPR class.  507 



   

 

   

 

CMS Systems in Hybrid Rye Breeding 508 

On basis of male fertility restoration requirements and genetic similarity of sterilizing cytoplasms G, 509 

C, and R-type CMS systems have been proposed to belong to the larger Vavilovii (V) type 6,93,94. In 510 

a comprehensive study by Lapinski and Stojalowski 6 on 50 rye populations from 23 countries, the 511 

vast majority of male sterility sources were found to belong to the V-type. Populations with European 512 

descend were predominantly found to carry the V-type sterility inducing cytoplasm, while the P-type 513 

was exclusively observed in lines descending from South America. Nonetheless, with no previous 514 

report of a major Rf gene on 3RL in neither R, S or C-type CMS system such a unilateral grouping as 515 

V-type seems premature. From our observations the G-type CMS system distinguishes itself from the 516 

other CMS systems by a less pivotal role of Rf genes on 4RL.  517 

Conclusion 518 

In this study, we demonstrated the strength of complimenting forward and reverse genetics 519 

approaches providing a comprehensive tool set for dissecting the genetics underlying restoration of 520 

male fertility in a G-type CMS system. Our findings provide compelling evidence of a novel major 521 

G-type Rf gene on 3RL with no known ortholog in neither barley nor wheat. With no co-localizing 522 

RFL-PPRs on 3RL, this suggests that the Rf gene belongs to the expanding non-PPR class. 523 

Conclusively, our investigation provides a novel insight into the genetics of male fertility restoration 524 

in a G-type CMS system and its differentiation to rye P- and C-types in addition to known CMS 525 

systems in barley and wheat.  526 
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Figures

Figure 1

Manhattan plot for genome wide association study (GWAS) on population origin (case controle) on
Nordic Seed elite hybrid rye breeding germplasm. A) Genome-wise manhattan plot of 20K SNP array
GWAS (n=365), B)Genome-wise manhattan plot of 600K SNP array GWAS (n=180), C) Manhattan plot of
the 600K SNP array 1RSregion including position of identi�ed restoration of male-fertility (Rf) like
pentatricopeptide repeat (RFL-PPR) genes of which RFL-PPRs expressed in G-type hybrids are marked
with an asterix, D) Manhattan plot of the 600K SNP array 3RL region.



Figure 2

Phenotypic distribution of restoration of male fertility related traits, A) Seed number, and B) Pollen
Production in 181 F2 plants derived from a hybrid rye cv. Stannos



Figure 3

Manhattan plot for genome wide association study (GWAS) on two restoration of male fertility related
phenotypic scores, A) Seed Number and B) Pollen Production (1-9) in a F2 biparental population (n = 181)
derived from the hybrid rye cv. Stannos. Signi�cant association was identi�ed using criterion of -log10(p)
> 5.2 depicted as a red line.



Figure 4

Genome wide pairwise linkage disequilibrium (LD) between a highly Rf associated wheat derived SNP
marker, AX_158558079 and 3493 informative SNP markers in 181 rye (Secale cereale L.) F2 plants. A)
Chromosome-wise distribution of LD, B) LD distribution on 3R chromosome.

Figure 5

Genomic location of 22 in silico annotated restoration of male fertility-like (RFL) pentotricopeptide
repeats (PPR) genes in the rye reference genome depicted in physical distance (Megabase pair, Mbp).
RFL-PPRs identi�ed in both spike transcriptome assemblies of two rye hybrids, cv. Stannos and cv.
Helltop are marked with an asterix.



Figure 6

Intrachromosomal �xation indices (Fst) of Nordic Seed hybrid rye elite breeding germplasm using 600K
rye SNP array genotype data. Populations comprised of 92 restorer and 88 non-restorer germplasm lines.



Figure 7

Comparative pairwise linkage disequilibrium (R2) of four regions on 3R (A,B) and 4R (C,D) harboring 63
restoration of male fertility annotated SNP markers (black lines) in Nordic Seed hybrid rye elite breeding
germplasm. 92 restorer (R) and 88 non-restorer germplasm (NRG) lines were genotyped 600K rye SNP
array.
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