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 28 

Abstract  29 

Background:  30 

During domestication and subsequent improvement plants were subjected to intensive positive 31 

selection for desirable traits. Identification of selection targets is important with respect to the future 32 

targeted broadening of diversity in breeding programmes. Rye (Secale cereale L.) is a cereal that is 33 

closely related to wheat, and it is an important crop in Central, Eastern and Northern Europe. The 34 

aim of the study was (i) to identify diverse groups of rye accessions based on high-density, genome-35 

wide analysis of genetic diversity within a set of 478 rye accessions, covering a full spectrum of 36 

diversity within the genus, from wild accession to inbred lines used in hybrid breeding, and (ii) to 37 

identify selective sweeps in the established groups of cultivated rye germplasm and putative 38 

candidate genes targeted by selection. 39 

Results: 40 

Population structure and genetic diversity analyses based on high-quality SNP (DArTseq) markers 41 

revealed the presence of three complexes in the Secale genus: S. sylvestre, S. strictum and S. 42 

cereale/vavilovii, a relatively narrow diversity of S. sylvestre, very high diversity of S. strictum, and 43 

signatures of strong positive selection in S. vavilovii. Within cultivated ryes we detected the presence 44 

of genetic clusters and the influence of improvement status on the clustering. Rye landraces 45 

represent a reservoir of variation for breeding, and especially a distinct group of landraces from 46 

Turkey should be of special interest as a source of untapped variation. Selective sweep detection in 47 

cultivated accessions identified 133 outlier positions within 13 sweep regions and 170 putative 48 

candidate genes related, among others, to response to various environmental stimuli (such as 49 

pathogens, drought, cold), plant fertility and reproduction (pollen sperm cell differentiation, pollen 50 

maturation, pollen tube growth),and plant growth and biomass production. 51 
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Conclusions:  52 

Our study provides valuable information for efficient management of rye germplasm collections, 53 

which can help to ensure proper safeguarding of their genetic potential and provides numerous 54 

novel candidate genes targeted by selection in cultivated rye for further functional characterisation 55 

and allelic diversity studies. 56 

Keywords: rye, Secale cereale L, selective sweeps, genetic diversity, population structure, GBS, 57 

DArTseq, 58 

BACKGROUND 59 

During domestication and subsequent diversification and improvement plants were 60 

subjected to intensive positive selection. Consequently, several key traits differentiate crop plant 61 

from their wild progenitors. In the case of cereal crops, these traits include: larger grain size, loss of 62 

natural seed dispersal mechanisms (causing seed retention until harvest), changes in THE plant’s 63 

architecture (apical dominance), and in plant physiology (changes related to seed dormancy, 64 

photoperiodic sensitivity, vernalization requirements) [1, 2]. A number of genes responsible for 65 

domestication traits had been already identified and characterized in major crops, such as maize, rice 66 

or wheat, for example Q (controlling inflorescence structure in wheat), teosinte branched1 (tb1, 67 

controlling shoot architecture in maize), Shattering1 (Sh1, causing the loss of seed shattering), Btr1 68 

and Btr2 (required for the disarticulation of rachis)[1, 3, 4]. Diversification genes, targeted by 69 

selection after domestication, are responsible for intervarietal differences and are typically related to 70 

yield, biotic and abiotic stress resistance, grain quality and adaptation [2]. Well know examples of 71 

such genes are: maize Y1 gene, related to high carotenoids levels and yellow kernels [5], wheat Rht 72 

gene, controlling reduced height, and rice Hd1, controlling flowering time [5–7]. 73 

At first, the QTL approach was predominately used to identify domestication/improvement 74 

loci. More recently, various population genetic approaches were developed to detect selective 75 
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sweeps based on genome-wide scans, including population differentiation and environmental 76 

association methods [7–11].  77 

In contrast to early studies, suggesting that several, large effect loci underlie the phenotypic 78 

switch from a wild progenitor to a domesticate, genome-wide studies revealed hundreds of loci 79 

showing signatures of selection [8, 12, 13], providing a new insight into the influence of 80 

domestication and breeding on the genome and numerous potential candidate genes for crop 81 

improvement programs. Nevertheless, despite extensive research on the subject, the knowledge of 82 

the influence of domestication and improvement on the genome is still very incomplete in many 83 

crops. 84 

Rye (Secale cereale L.) is a cereal closely related to wheat, and an important crop in Central, 85 

Eastern and Northern Europe. It is mainly used for the production of flour for bread making, as 86 

animal feed, and in distilleries to produce whiskey and vodka. Rye has the highest tolerance of 87 

abiotic and biotic stresses (including cold temperature, low soil fertility, and high soil acidity) among 88 

the small grain temperate cereals and is a widely used source of genetic variation for wheat 89 

improvement [14, 15]. Contrary to its closest crop relatives wheat and barley, cultivated rye is 90 

outcrossing. Recently genome sequences of two rye accessions were published [16, 17]. Rye genome 91 

size ranges from 7.68 to 8.03 Gbp, and the repetitive elements account for 85%-90% of the 92 

assemblies. 93 

 94 

According to Germplasm Resource Information Network (GRIN) there are four species 95 

recognized in the Secale genus: S cereale, S strictum, S vavilovii, S sylvestre. Many molecular studies 96 

indicate, however, that S. vavilovii is a part of S cereale complex, and postulate a revision of Secale 97 

classification [18–21]. A possible explanation for the discrepancies regarding classification of S. 98 

vavilovii was provided by Zohary et al. [22], who proposed that the four complexes within Secale are 99 

cereale, strictum, iranicum, and sylvestre. “True” S. vavilovii forms belong to S. cereale complex, 100 
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which is supported be extensive molecular data mentioned above. S. iranicum (Kolbylansky) is poorly 101 

know, and was at a point of time erroneously described as vavilovii and sent to several germplasm 102 

collection under this description causing confusion, with some researches working on the ‘true’ 103 

vavilovii, and others on iranicum, only mistakenly described as vavilovii. Thus, the matter of Secale 104 

classification is not fully resolved yet. 105 

 106 

Rye domestication happened approximately four thousand years ago [22, 23], much later 107 

than the domestication of wheat or barley (ca. 10 thousand years ago [24]. Prior to that, rye occurred 108 

as a weed in wheat and barley cultures [25]. For these reasons, rye is referred to as a secondary 109 

domesticate [23]. There is no consensus regarding the immediate wild progenitor of cultivated rye (S. 110 

cereale subsp. cereale), with S. vavilovii and S. strictum, among others, being suggested as likely 111 

candidates [23, 26]. Central and Eastern Turkey and adjacent regions are reported to be the main 112 

centre of diversity of rye wild species [25]. Recent genetic diversity scans indicate, that there is 113 

considerable diversity within rye genetic resources and that the current breeding pool is genetically 114 

relatively narrow and distant from accessions representing genebank collections. Additionally, no 115 

clear correspondence of genetic diversity patterns with geographic origins was observed [18, 27–30].  116 

 117 

The aim of this study was to: i) assess the genetic diversity structure in a diverse collection of 118 

478 rye accessions representing different geographic origins and improvement status based on 119 

genome-wide, high-quality GBS markers, ii) identify selective sweeps in established germplasm 120 

clusters and iii) indicate potential candidate genes targeted by selection in rye. 121 

 122 

RESULTS 123 

 124 

GBS (DArTseq) genotyping 125 
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In total 79 877 SNP markers (Dataset-1) differentiating 478 rye accessions (Table S1) were 126 

identified and 49 977 (62.65%) of them could be aligned to the Lo7 rye reference genome sequence 127 

[16], with the markers fairly evenly distributed among chromosomes - the percentage of SNPs 128 

mapped to individual chromosomes ranged from 11.3 for 1R to 15.6 for 2R. After quality filtering, 12 129 

846 high quality (HQ) SNP markers (Dataset-2) were identified and used for population structure and 130 

phylogenetic analyses (Table S2). Of those, 10 607 (82.6%) aligned to the Lo7 genome sequence and 131 

spanned 99.7 % of the assembly (6.72 Gb). Percentage of HQ SNP markers mapped to individual 132 

chromosomes varied between 11.6 for 1R to 17.4 for 2R (Table S3). The average MAF and PIC values 133 

for both all 12 846 HQ SNPs and 10607 HQ SNPs mapped to genome sequence were 0.15 and 0.17, 134 

respectively. Distribution of MAF and PIC values of 12846 HQ SNPs is shown in Figure S1.  135 

 136 

Population structure  137 

Assignment tests  138 

K=2 was found to explain best the population structure (Figure S2). Using the cut-off value of 139 

Q ≥ 70 %, 430 and 34 accessions were assigned to populations 1 and 2, respectively, while 13 140 

accessions were classified as admixtures (Figure S3, Table S1). Population 1 comprised all accessions 141 

representing S. vavilovii and Secale cereale ssp. included in the study (only one S. c. subsp. 142 

dighoricum accession was assigned to population 2), and 14 accessions described as unknown in 143 

genebank records. Five S. s. subsp. strictum and three S. s. subsp. anatolicum accessions were also 144 

assigned to population 1 - ca. 24% and 38% of accessions representing these taxa included in the 145 

study, respectively. Population 2 included all ten S. sylvestre accessions and accessions representing 146 

S. strictum subspecies: most of S. s. ssp. kuprijanovii accessions (11 accessions, 79 %) and also 147 

accessions of S. s. ssp. strictum (nine accessions, 43% ) and S. s. ssp. anatolicum (three accessions, 148 

38%). The remaining three S. s. ssp. kuprijanovii accessions were classified as admixtures, together 149 

with seven S. s. ssp. strictum, two S. s. subsp. anatolicum, and two S. s. subsp. africanum accessions.  150 
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Principal Coordinates Analysis 151 

PCoA and STRUCTURE results were in a very good agreement, however, PCoA revealed a 152 

more complex structure in the germplasm set by clustering the accessions into three groups (Figure 153 

1). Accessions assigned to population 2 by STRUCTURE were divided into two groups in the PCoA plot 154 

– a group containing S. sylvestre accessions and a group containing S. strictum accessions. The third 155 

group indicated by PCoA, occupying a relatively small area of diversity space, corresponded to 156 

population 1 indicated by STRUCTURE. As expected, landraces were dispersed across a larger plot 157 

area than modern and historical cultivars, and thus turned out to be more diverse.  158 

NJ clustering 159 

Three major clusters could be distinguished in the NJ tree showing phylogenetic relationships 160 

between accessions: A1, A2, and A3 (Figure 2, Table S1). Cluster A3 could be further subdivided into 161 

four subclusters: A3.1- A3.4. The clustering was in very good agreement with the STRUCTURE and 162 

PCoA results. Accessions from population 2 were grouped in clusters A1 and A2 in the NJ tree, 163 

corresponding to two smaller groups of accessions visible in the PCoA plot (Figure S4). Accessions 164 

assigned to population 1 formed cluster A3. Admixtures were placed in the outer region of cluster 165 

A2, adjacent to cluster A3.1 (Figure 2A). 166 

Clustering corresponded largely with the taxonomy, too (Figure 2B). The most divergent 167 

cluster (A1) was composed of S. sylvestre accessions, and cluster A2 contained predominantly S. 168 

strictum accessions, specifically all S. strictum subsp. kuprijanovii analysed. Cluster A3 contained all 169 

cultivated rye S. cereale subsp. cereale and S. vavilovii accessions and almost all wild/weedy S. 170 

cereale accessions. Wild/weedy S. cereale accessions and S. vavilovii accessions were dispersed in all 171 

A3 subclusters, with exception of subcluster A3.4.  172 

Improvement status of S. cereale subsp. cereale influenced the clustering (Figure 2C). Inbred 173 

lines from a hybrid breeding program formed a separate group (subcluster A3.4), which was divided 174 

into two parts corresponding to heterotic pools Carsten and Petkus (A3.4a and A3.4b, respectively). 175 
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All modern varieties and almost all historical varieties (63 varieties, 87.5 %) were located in cluster 176 

A3.2. Historical varieties found in other clusters (A3.1 and A3.3) originated mostly from North 177 

America. Apart from varieties, cluster A3.2 contained also 92 landraces (58.2 % of landraces analysed 178 

in this study). Landraces occurred also in clusters A3.1 and A.3. (25,3 and 16.5 % of landraces 179 

analysed, respectively). The clustering of landraces did not correspond strongly with geographic 180 

origin. Cluster A3.2 contained the majority of European (including all landraces from the Balkan 181 

region and Southern Europe) and Asian landraces analysed and 31 % of landraces from the Middle 182 

East. Landraces from the Middle East were the largest regional germplasm set included in the study 183 

(55 accessions from Turkey and Iran, obtained predominantly from the NSGC genebank (36 184 

accessions), but also from PGRC, PAS BG and IPK – 9, 6, and 4 accessions, respectively). A subset of 185 

these landraces (ca. 62 % of landraces from the Middle East, mostly Turkish, representing all four 186 

genebanks mentioned above) was clearly divergent from the rest and constituted the majority of 187 

cluster A3.1. Cluster A3.3 included landraces of various geographic origins: Northern Europe (Finnish 188 

and Norwegian), Eastern Europe (Russian), Asia (Afganistan), Western Europe (Germany, Austria and 189 

Switzerland) and the Middle East. These landraces originated almost exclusively from IPK and 190 

NordGen genebanks. 191 

The highest numbers of accessions for this study were obtained from the following four 192 

genebanks: IPK (113), NSGC (97), NordGen (56), and PAS BG (52). Accessions obtained from the IPK 193 

genebank covered a broad spectrum of diversity within S. cereale/S. vavilovii group (Cluster A3) and 194 

were dispersed in subclusters A3.1, A3.2 and A3.3, similarly to the accessions from NSGC (Figure S5, 195 

Table S1). Accessions from PAS BG were not represented in cluster A3.3 (with exception of a single S. 196 

c. subsp. ancestrale accession), while accessions from NordGen were absent from cluster A3.1. Taken 197 

together the accessions obtained for the study provided a good representation of diversity within the 198 

Secale genus.  199 

AMOVA 200 
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A very high degree of differentiation was found between the two subpopulations indicated 201 

by STRUCTURE (FST = 0.468, 53% percent of total molecular variance attributed to variation within 202 

populations, P < 0.001). A very high degree of differentiation was also found for the three accessions 203 

groups indicated by PCoA and NJ clustering (corresponding to the A1, A2, and A3 clusters in the NJ 204 

tree), with the proportion of molecular variance explained by the differences among populations 205 

equal 55% and pairwise population FST values ranging from 0.428 between accessions groups A2 and 206 

A3 to 0.734 between accession groups A1 and A3 (P < 0.001). AMOVA analysis of the six germplasm 207 

groups defined based on NJ clustering: A1, A2, A3.1, A3.2, A3.3, and A3.4 attributed 31 % of the total 208 

molecular variance to the differences among populations and 69 % to the differences within 209 

populations. There was a very high degree of differentiation between groups A1 and A2 and the 210 

remaining germplasm groups, with pairwise FST values ranging from 0.785 to 0.603 and 0.603 to 211 

0.318, respectively. In the remaining germplasm group pairs the degree of differentiation was 212 

moderate - pairwise FST values ranged from 0.054 (between groups A3.1 and A3.2) to 0.205 (between 213 

groups A3.2 and A3.4), with the exception of population pair A3.1 and A3.3, where the 214 

differentiation was low - pairwise FST=0.035 (P < 0.001, Table S4). There was a moderate degree of 215 

differentiation FST=0.092, P < 0.001) between the two groups of lines from hybrid breeding program 216 

(A3.4a and A3.4b).  217 

Diversity indices 218 

Rye accessions were assigned to groups based on improvement status, taxonomy, results of 219 

population structure and phylogenetics analyses. Summary of SNP marker numbers, He (expected 220 

heterozygosity and Ho (observed heterozygosity) values, and physical map length by germplasm 221 

group is given in Table 1, while the information on accessions’ membership in the defined groups is 222 

given in Table S1. The numbers of mapped HQ SNPs differentiating the defined groups varied from 10 223 

364 (97.7 % of the HQ, mapped SNPs polymorphic in the whole set) in the S. strictum group to only 224 

803 markers (7.6%) in the S. sylvestre group. A similar pattern of the chromosomal distribution of 225 
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SNPs could be observed in most germplasm groups, with the highest proportion of SNPs on 226 

chromosomes 2R and 5R and the lowest on chromosomes 1R, 4R and 6R (Figure S6). When 227 

accessions were grouped according to taxonomy, a deviation from this pattern was noticeable in the 228 

S. sylvestre group, where a relatively low proportion of SNPs originated from 5R. In S. sylvestre and 229 

also in S. strictum group a relatively high proportion of SNPs was mapped on 6R. When accession 230 

were grouped according to improvement status, a relatively low percentage of SNPs was observed 231 

on 5R and relatively high – on 6R in the wild/weedy group. 232 

He and Ho values were 0.211 and 0.228 for the whole set. Within established germplasm 233 

groups He ranged from 0.196 for the A1 group established based on NJ clustering to 0.333 for the 234 

taxonomic group S. vavilovii (Table 1). Values of He above 0.3 were also obtained for the group A2 235 

(0.308) and in the sweep detection set g2. The highest Ho values occurred in groups of historic 236 

cultivars (0.466) and S. vavilovii (0.463). The lowest Ho values, in the range 0.145-0.033, occurred in 237 

the germplasm groups containing inbred lines from hybrid breeding program. A low Ho value of 238 

0.183 was also obtained also for the group of S. sylvestre, which is a self-pollinating species.  239 

Values of the diversity indices PS (proportion of polymorphic sites), O (theta), π (nucleotide 240 

diversity), and Tajima D’s values computed for the whole set of 478 accessions and for the 241 

established germplasm groups are given in Table S5. When the accession were grouped according to 242 

improvement status, the values of diversity indices were the highest in the wild/weedy group, and 243 

the lowest in modern cultivars. In taxonomical groups the highest values of diversity indices were 244 

observed in S. strictum and the lowest in S. sylvestre. Average Tajima’s D values were negative in 245 

each germplasm group indicating the occurrence of positive selection. The weakest negative Tajima’s 246 

D values were recorded in breeding lines. In the cultivated germplasm the strongest negative 247 

Tajima’s D value was obtained for modern cultivars, followed by historic cultivars, implying a strong 248 

selection in this groups. Among taxonomic groups, the strongest negative Tajima’s D value was noted 249 

for S. vavilovii.  250 
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Selective sweeps in established groups of cultivated germplasm  251 

Selective sweep detection was performed in groups of cultivated accessions established 252 

based on the outcome of NJ clustering (Figure S7, Table S1): g1 (historical and modern cultivars and 253 

related landraces from NJ cluster A3.2), g2 (divergent Turkish landraces from cluster A3.1), g3 254 

(diverse landraces from cluster A3.3), and g4 (inbred lines from hybrid breeding program from cluster 255 

A3.4), and also, separately g4a (inbred lines from Carsten heterotic pool) and g4b (inbred lines from 256 

Petkus heterotic pool). At the adopted settings the algorithms used (SweeD, OmegaPlus, and RAiSD) 257 

identified 133 outlier positions in the rye genome in common (Table 2, Table S6). The outliers were 258 

located within 13 sweep regions ranging in size from 0.84 Mb to 11.76 Mb (Table S6). The number of 259 

sweeps per germplasm group ranged from one (in groups g4a and g4b) to four in group g3. The 260 

largest number of outliers (55) was identified in group g4. The putative selective sweeps were 261 

dispersed across the rye genome, with the largest number of sweeps (four) detected in chromosome 262 

7R. No sweeps were detected in chromosome 4R (Table 2). 263 

Candidate genes in the putative selective sweep regions  264 

In total, 170 putative candidate genes were found in the Lo7 genome in the vicinity of the 265 

outlier positions within the identified sweeps (Table S7). The number of candidate genes per 266 

chromosome ranged from 63 on chromosome 7R to nine on chromosome R2. Within germplasm 267 

groups the highest number of candidate genes was identified in g4 (inbred lines from hybrid breeding 268 

program) – 51 genes, followed by g3 (divergent Turkish landraces) – 45 genes. Within the candidate 269 

genes, we identified the ones located in the vicinity of the outlier/s with the highest values of the 270 

statistics computed by the sweep detection algorithms. These candidate genes are listed in Table 3.  271 

Gene ontology (GO) enrichment analysis, performed on the identified putative candidate 272 

genes, revealed, that 34 GO terms were significantly overrepresented (Table S8), including 273 

glycerolipid biosynthetic process, diacylglycerol O-acyltransferase activity, phosphorelay signal 274 
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transduction system, polygalacturonase activity, embryo sac morphogenesis, and pollen sperm cell 275 

differentiation. 276 

Correspondence to previously identified domestication genes 277 

Based on the literature we compiled a list of several cereal domestication/improvement 278 

genes and using BLAST [31] determined the location of their putative homologues in the Lo7 genome 279 

(Table S9). We found that those genes were located outside of selective sweeps identified in this 280 

study. Previously, selective sweep detection was performed in rye based on the Weining genome 281 

sequence by [17]. We located in the genome sequence of Lo7 sequences homologous to putative 282 

candidate genes identified by Li et al. and found, that several of them were located in the vicinity 283 

(less than 5 Mb) of outliers indicated in this study. This coinciding location was found for the 284 

following five candidate genes identified by Li et al.: ScWN1R01G158700_LOC_Os01g08320 (auxin 285 

and brassinosteroid hormone responses and plant morphogenesis), 286 

ScWN2R01G091200_LOC_Os07g47670 (hypoxia signalling, Pi uptake and accumulation), 287 

ScWN2R01G169300_LOC_Os10g25130 (regulation of starch storage in endosperm, internode 288 

elongation, domestication traits), ScWN5R01G313900_LOC_Os08g41880 (phosphate deficiency 289 

adaptations), ScWN7R01G263700_LOC_Os08g44400 (disease resistance, stress response). On the 290 

other hands, while many of the putative candidate genes identified in this study represented the 291 

same gene families as the recently described putative candidate genes targeted by selection in rye 292 

[32] - for example lipase, gibberellin receptor GID1a, pentatricopeptide repeat-containing protein, 293 

leucine-rich repeat protein kinase family protein - their genomic locations did not overlap. 294 

DISCUSSION 295 

Genetic diversity within Secale genus and within cultivated ryes 296 

The first aim of this study was a detailed analysis of genetic diversity structure in a broad 297 

collection of diverse rye germplasm and the identification of germplasm groups suitable for detection 298 

of selective sweeps. Several studies on rye genetic diversity were carried out to date, using SSR, 299 
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array-based (DArT), GBS, and, recently, whole genome resequencing data [18, 19, 21, 28, 32, 33]. In 300 

the previous genome-wide studies deploying high-density genotyping to analyse rye genetic diversity 301 

[16, 19, 21, 32] up to 143 accessions were used. The present study involved the largest number of rye 302 

accessions to date (478) and possibly the most diverse, yet balanced germplasm set, ranging from 303 

wild species, random mating populations, and hybrids to inbred lines used in hybrid breeding, with 304 

wild accessions, landraces, and cultivars/breeding lines each representing ca. one third of the set. To 305 

ensure the best possible representation of genetic diversity the accessions were obtained from 306 

multiple genebanks and breeding companies and selected to cover a broad spectrum of geographic 307 

origins (Table S1). The accessions derived from genebanks IPK and NSGC turned out to largely overlap 308 

with respect to their diversity, while some areas of rye diversity space were not represented by 309 

accessions derived from PAS BG and NordGen. However, the number of accessions derived from 310 

these genebanks and sampled in this study is too small to justify a suggestion that there are gaps in 311 

their rye germplasm collections. 312 

For the detection of SNP variation, the DArTseq genotyping-by-sequencing method was used. 313 

This method was previously shown to efficiently target low copy regions of the very large - ca. 8 Gb 314 

[16], and highly repetitive (> 90 % [17]) rye genome [34]. Similarly, most of DArTseq were found to 315 

align to intragenic regions in wheat [35]. DArTseq genotyping proved to be a suitable tool for high-316 

density genome-wide genetic diversity studies and for the detection of selection signals [35–37].  317 

The HQ SNPs identified in this study for the analysis of genetic diversity and population 318 

structure provided good coverage of the rye genome, spanning ca. 99.7% of the reference genome 319 

assembly, with similar proportion of markers originating from individual chromosomes (between ca. 320 

11 and 17 %, Table S3). Similarly like in other cereal species, such us barley [38], and wheat [35], a 321 

larger proportion of HQ SNP markers segregated in the wild thn in cultivated rye (S. cereale subsp. 322 

cereale) accessions (over 99.9% vs. 75.7%, Table 1), in consistence with the assumption that 323 
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domestication and improvement resulted in a decrease in diversity, and that crop wild relatives are a 324 

treasure trove of untapped and potentially valuable variation for crop improvement [39, 40]. 325 

STRUCTURE analysis suggested the presence of two subpopulation in the analysed collection 326 

(K=2), dividing the set in to two groups - the first consisting of S. sylvestre and S. strictum accessions 327 

and the second containing S. vavilovii and S. cereale (both cultivated and weedy) accessions. 328 

However, the implementation of Delta K method to the identification of the number cluster explain 329 

best the structure within the analysed germplasm set often indicates K=2 as the highest level of 330 

hierarchical structure, even if the structure is more complex. Hence, the use of other methods in 331 

conjunction with Delta K is recommended [41–43]. Therefore, we further examined relationships 332 

between accessions using PCoA and NJ clustering. The results of both analyses were in very good 333 

agreement and indicated a more complex structure within Secale genus – three main complexes 334 

corresponding to the taxonomy: the most divergent S. sylvestre complex, the S. strictum complex, 335 

and the S. vavilovii/S. cereale complex. This outcome agrees with results of previous studies on rye 336 

genetic diversity [18, 19, 21], and is also well supported by the outcome of AMOVA analysis and 337 

pairwise FST values indicating a very high degree of differentiation between these three germplasm 338 

groups. 339 

A large number of S. strictum subsp. samples included in the study (45 accessions, which 340 

originated from different genebanks) allowed us to gather novel information concerning its genetic 341 

diversity. We revealed a considerable genetic diversity of this genus, as demonstrated by high values 342 

of genetic diversity indices and the results of STRUCTURE analysis, with its representatives present in 343 

both populations indicated and also classified as admixtures. NJ clustering indicated differences 344 

between S. strictum subspecies analysed. S. stricum subsp. kuprijanovii (14 accessions) turned out to 345 

be the most homogenous group, located exclusively in cluster A2, while accessions of S. strictum 346 

subsp. anatolicum and S. stricum subsp. strictum (eight and 21 accessions, respectively) occurred, 347 

besides cluster A2, also in clusters A3.1 and A3.2, intermixed with cultivated and weedy accessions of 348 
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Secale cereale. However, it cannot be excluded, that some of this S. strictum samples placed within S. 349 

cereale complex are only erroneously described as S. strictum, since a morphological description was 350 

not performed within this study. We find that evaluation of morphological characters would be 351 

advisable as a part of future molecular studies on rye taxonomy and phylogeny to exclude possible 352 

misclassification of some accessions. On the other hand, the diversity of ten S. sylvestre accessions 353 

analysed in this turned out to be very small, indicating a need for a follow-up, more detailed 354 

examination, to ensure proper safeguarding of the genetic potential of this wild relative of cultivated 355 

rye. In consistence with the earlier molecular reports examining taxonomic relationships within the 356 

genus Secale [18, 21, 32], all the 14 S. vavilovii accessions analysed were intermixed with the S. 357 

cereale accessions in clusters A3.1, A3.2 and A3.3 of the NJ tree. Referring to the explanation of 358 

Zohary at al. [22] on the controversies regarding the taxonomic position of S. vavilovii, this result 359 

would suggest that the samples analysed in this study were “true” S. vavilovii forms. Surprisingly, we 360 

observed a strong negative Tajima’s D value in this germplasm group which could be a result of an 361 

unintentional selection during genebank conservation, for example caused by a low germination rate 362 

during regeneration. A coanalysis with S. vavilovii samples from a recent collection would be needed 363 

to verify this hypothesis. Based on the analysis of our large germplasm set, comprising 58 wild/weedy 364 

Secale cereale accessions (S. c. subsp. afghanicum, S. c. subsp. ancestrale, S. c. subsp. dighoricum, S. 365 

c. subsp. rigidum, and S. c. subsp. segetale) we were able to confirm the lack of separation between 366 

weedy and cultivated forms of Secale cereale, indicated by earlier studies [19, 21, 32] and suggesting 367 

a strong gene flow between these two groups. 368 

We detected the presence of genetic clusters within cultivated ryes and the influence of 369 

improvement status on the clustering. NJ clustering indicated a genetic distinctiveness of inbreds 370 

used in rye hybrid breeding from the remaining cultivated rye accessions, with the two heterotic 371 

pools forming separate clusters in the NJ tree. However, the degree of genetic differentiation 372 

between heterotic pools, measured by FST value was moderate. Further, the remaining cultivated 373 

accessions formed three major clusters, one containing the majority of cultivars and related 374 
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landraces, and two additional clusters comprising mostly rye landraces. Thus, the study confirmed 375 

the indication from earlier works [18, 27, 28], that a large portion of the genetic diversity of rye 376 

landraces is not represented in rye cultivars, especially in the modern ones. Similar patterns of 377 

genetic diversity distribution between landraces and cultivars, reflecting strong selection for several 378 

key traits, which occurs during breeding/and or initial, historic choices of germplasm for breeding 379 

programs, were reported also for other crops [35, 44]. In this study we identified a very distinct 380 

group of rye landraces (cluster A3.1) mostly from Turkey. This geographic region is important for rye 381 

evolution as the probable area of origin of cultivated rye and the main centre of diversity [22, 25]. 382 

Therefore, we postulate that this germplasm group should be of special interest in conservation 383 

efforts, and also future allele-mining projects aimed at identification of novel variation for rye 384 

improvement [27].  385 

Detection of genome regions targeted by selection 386 

Detection of selection targets was attempted in rye for the first time by Bauer at al. [45] who 387 

used the FST outlier approach and the XT
X statistic in pairwise comparisons between three germplasm 388 

groups: 38 and 46 inbred lines representing the seed and pollen parent pools used in rye hybrid 389 

breeding, respectively, and 46 individuals representing rye genetic resources. The analyses were 390 

done based on genotypic data obtained with the use of Rye600k array. In each comparison 391 

numerous outlier markers were identified, which clustered in a few distinct genome regions, and in 392 

total 27 putative selection targets – rye orthologes of cloned and functionally characterised rice 393 

genes – were found in these regions. Functions of these putative orthologues were related, among 394 

others, to plant height, grain size and number, pollen germination ability, other plant development 395 

and morphology functions, abiotic and biotic stress, and regulation of various physiological 396 

processes. Subsequently, Li et al. [17] identified loci potentially involved in the domestication of rye 397 

based on GBS data of 101 accessions reported by Schreiber et al. [19]. Specifically, SNPs 398 

differentiating 81 cultivated rye and five S. vavilovii accessions and three selective sweep detection 399 
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methods (reduction of diversity (ROD), genome-wide scan of fixation index (FST) and cross-population 400 

composite likelihood ratio (CP-CLR)) were used. As a result, 11 selective sweeps with the total of 401 

three candidate rye genes, related to brassinosteroid signalling, the transition from vegetative to 402 

floral development, and also to tillering and grain yield regulation, were detected in common by the 403 

three approaches. The number of candidate genes detected by at least one tool ranged from 10 to 404 

21. Recently, based on resequencing data, Sun et al. [32] performed identification of genes targeted 405 

by selection during domestication using FST, XP CLR and ROD approaches on cultivated and weedy 406 

ryes from a worldwide set of 116 accessions. As a result selective sweeps with 279 candidate genes 407 

were identified by at least two methods, among them, genes related to plant height, disease 408 

resistance, tiller number and grain yield, and also genes with shattering-related functions. 409 

In this study, we used a different approach to detect genome regions targeted by positive 410 

selection in rye. Each of the defined rye germplasm groups was analysed separately with three 411 

algorithms detecting various distinct signatures of selective pressure: SweeD [46], OmegaPlus [47], 412 

and RAiSD [48]. Previously, these algorithms were used successfully to identify selective sweeps 413 

signals in various plan germplasm sets, such as African rice, maize inbred lines adapted to African 414 

highlands, Canadian spring wheat cultivars, and wild strawberries [36, 41, 49, 50]. We performed 415 

sweep detection in cultivated accessions from each of the identified clusters within S. cereale 416 

complex. To reduce the length of the manuscript and to focus on the most probable selection 417 

targets, we reported only the sweeps that were identified in common by the three algorithms used 418 

and listed the potential candidate genes located in the vicinity of the detected outliers. 419 

Genome-wide studies on the influence of selection on the crop plant genome demonstrated 420 

that numerous loci, scattered across the genome, are targeted by selection pressure [8, 12]. In 421 

accordance with those findings, we detected a total of 133 outliers that were located in 13 putative 422 

sweeps, dispersed in the rye genome. The lengths of selective sweeps regions identified in this study 423 
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ranged from 0.84 to 11.76 Mb and were comparable to those reported in rye by [17] (2 – 37 Mb) and 424 

[32] (0.11-11 Mb). 425 

We were not able to find a clear correspondence between positions of outliers located in this 426 

study and the location of known cereal domestication genes orthologs in the rye genome. However, 427 

this result is not altogether surprising since the methods used in this study are dedicated to detection 428 

of recent and strong positive selection [9]. The overlap between candidate genes for selection 429 

reported previously in rye [17, 32] and those identified in this study was very small. Lack of 430 

consistency in the results of selective sweep detection studies is frequently encountered in literature 431 

[36, 50], and is associated with various factors, including differences in the type of molecular markers 432 

used, marker density and genome coverage, size and the diversity of the germplasm set analysed, 433 

and the sweep detection method applied [50, 51]. To circumvent some of these limitations and to 434 

improve the reliability of sweep detection, it has been suggested to use different sweep detection 435 

methods in parallel [52]. We followed this route and used three tools detecting different signatures 436 

od selective pressure and reported the overlap of the results from the three tools, providing 437 

numerous novel candidate genes targeted by selection in cultivated rye for further studies. 438 

Potential functions of identified candidate genes 439 

Candidate genes under selection identified so far in crop plants often represent functions 440 

related to response to environmental stimuli, such as biotic and abiotic stress resistance, plant 441 

architecture, seed size and composition [8, 17, 32, 49, 50]. Similarly, many of the putative candidate 442 

genes identified in this study are related to the aforementioned traits. 443 

To prioritise the candidates we used the values of the statistics computed by the algorithms 444 

SweeD, OmegaPlus and RAiSD, and we also performed GO term enrichment analysis. One of the 445 

significantly enriched GO terms was phosphorelay signal transduction system, which is involved in 446 

turning on and off cellular responses to environmental stimuli [53, 54], such as light, cold, or drought. 447 

GO enrichment analysis also indicated the GO terms glycerolipid biosynthetic process and 448 
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diacylglycerol O-acyltransferase activity. Among candidate genes, these two GO terms were 449 

represented by several O-acyltransferases WSD1. Three of them were located in the vicinity of an 450 

outlier with the highest statistic score, which was identified in group g4a (Carsten heterotic pool). O-451 

acyltransferases WSD1 are involved in cuticular wax biosynthesis, which acts in plants as a protective 452 

barrier against biotic and abiotic stresses, including drought [55–57]. Genes representing GO term 453 

polygalacturonase activity, were also found to be significantly enriched among putative candidates 454 

for selection. This group consisted of several pectin lyase-like genes. Multiple biological functions are 455 

being attributed to pectin lyases, such as roles as extracellular virulence agents and roles in plant 456 

growth and development, including pollen maturation and pollen tube growth [58]. We also 457 

observed significant enrichment of GO terms related to plant fertility and reproduction: embryo sac 458 

morphogenesis, and pollen sperm cell differentiation. The candidate genes located in the vicinity of 459 

most statistically significant outliers included further genes with obvious connections to traits 460 

relevant for plant breeding, such as, among others, genes encoding gibberellin-receptor GID1a, GDSL 461 

esterases/lipases, pentatricopeptide repeat-containing proteins, TIR-NBS-LRR class disease resistance 462 

protein. Gibberellin-receptors GID1 are key elements in gibberellin signal transduction in plants, and 463 

therefore play a role in the control of various aspects of plant growth and fertility, including seed 464 

germination and biomass production [59, 60]. GDSL esterases/lipases are active during seed 465 

germination and play important roles in plant metabolism, growth and development, including seed 466 

development. Pentatricopeptide repeat containing proteins are a large family of proteins regulating 467 

gene expression at the RNA level [61]. Most of the known Restorer of Fertility (Rf) genes are 468 

members of this family [62]. TIR-NBS-LRR genes constitute one of two groups of the nucleotide-469 

binding leucine-rich repeat (NB-LRR) family, comprising most of the plant pathogen resistance genes 470 

[63].  471 

Conclusions 472 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 22, 2023. ; https://doi.org/10.1101/2023.01.22.525081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.22.525081
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

Based on a genome-wide detailed analysis of genetic diversity structure in a broad collection 473 

of diverse rye germplasm, we identified three complexes within the Secale genus: S. sylvestre, S. 474 

strictum and S. cereale/vavilovii. We revealed a relatively narrow diversity of S. sylvestre, very high 475 

diversity of S. strictum, and signatures of strong positive selection in S. vavilovii. Within cultivated 476 

ryes we detected the presence of genetic clusters and the influence of improvement status on the 477 

clustering. Rye landraces represent a reservoir of variation for breeding, since a large portion of their 478 

diversity is not represented in rye cultivars, and especially a distinct group of landraces from Turkey 479 

should be of special interest as a source of untapped variation. Using three sweep detection 480 

algorithms we found that signatures of selection are dispersed in the rye genome and identified 170 481 

putative candidate genes targeted by selection in cultivated rye related, among others, to response 482 

to various environmental stimuli (such as pathogens, drought, cold), plant fertility and reproduction 483 

(pollen sperm cell differentiation, pollen maturation, pollen tube growth), plant growth and biomass 484 

production. Our study provides useful information for efficient management of rye germplasm 485 

collections, that can help to ensure proper safeguarding of their genetic potential and provides 486 

numerous novel candidate genes targeted by selection in cultivated rye for further functional 487 

characterisation and allelic diversity studies. 488 

METHODS  489 

Plant material  490 

In total of 478 rye (Secale sp.) accessions representing different geographic origins and 491 

improvement status belonging to 17 taxonomic units were analysed: 134 wild or weedy accessions, 492 

161 landraces, 75 historic cultivars, 36 modern cultivars, 58 breeding lines and 14 accessions of an 493 

unknown improvement status. The germplasm collection used was composed of three sets: (i) 494 

germplasm set 1 consisted of 340 accessions obtained as seed samples from several genebanks and 495 

breeding companies, (ii) germplasm set 2 consisted of 54 rye inbred lines representing heterotic 496 
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pools used in rye hybrid breeding at HYBRO Saatzucht [64], (iii) germplasm set 3 consisted of 84 497 

accessions described in [21]. Information on accessions used in the study is listed in Table S1.  498 

DNA isolation and genotyping 499 

For accessions from germplasm set 1 tissue was collected and DNA isolated as described in 500 

[27]. Information on DNA isolation for samples from germplasm sets 2 and 3 can be found, 501 

respectively, in [64] and [21]. GBS genotyping (DArTseq) was performed at Diversity Array 502 

Technology Pty Ltd., Bruce ACT, Australia (http://diversityarrays.com) as described in [65]. For 503 

selection of high quality (HQ) SNPs for population structure and genetic diversity analyses the 504 

following thresholds were adopted: reproducibility >95%, minor allele frequency (MAF) >0,01), and 505 

maximum missing data <10%. SNP filtering was done with R package dartR [66]. PIC values were 506 

calculated using the formula by [67].  507 

Population structure and genetic diversity analyses 508 

The number of clusters (K) capturing the major structure in data was identified with 509 

STRUCTURE 2.3.4 software [68] using the admixture model and correlated allele frequencies and the 510 

following settings: length of the burn-in period 100,000, number of MCMC replications after burn-in: 511 

10,000. For each number of K tested, ranging from 1 to 14, five independent iterations were 512 

performed. The Evanno method [43] implemented in the Structure Harvester [69] was used to 513 

identify the number of subpopulations (K) explaining best the population structure in the set. 514 

Computation of distance matrices was conducted using R packages adegenet [70, 71], stats and dartR 515 

[66]. MEGA11 software [72] was used to construct a Neighbor Joining dendrogram. Principal 516 

Coordinate Analysis was done using NTSYSpc 2.2 [73]. AMOVA was performed with GenAlEx 6.503 517 

[74, 75]. He and Ho values were calculated for defined germplasm groups using dartR. A variant call 518 

format (vcf) file with markers, which aligned to the reference genome and fulfilled the above 519 

specified quality criteria, and the corresponding marker scores was converted using TASSEL v5.2.86 520 

[76] to PHILIP interleaved format and used as input for MEGA11 [72] to calculate the number of 521 
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segregating sites (S), the proportion of polymorphic sites (Ps), Theta (θ), nucleotide diversity (π), and 522 

Tajima’s D [77] for each defined germplasm group. 523 

Selective sweep detection and GO term enrichment analysis 524 

Three algorithms: i) SweeD [46], ii) OmegaPlus [47], and iii) RAiSD [48] were used to detect 525 

selective sweeps in defined groups of cultivated rye germplasm. SweeD is based on the Site 526 

Frequency Spectrum (SFS), since an increase of high- and low-frequency derived variants is expected 527 

in the proximity of a beneficial mutation. OmegaPlus algorithm relies on Linkage Disequilibrium (LS) 528 

patterns, where it is assumed that the LD levels remain high at each side of the beneficial mutation, 529 

and drop dramatically for loci across the beneficial mutation. RAiSD detects selective sweeps using 530 

multiple signatures of selection: changes in the amount of genetic diversity, SFS, and LD, while 531 

relying on SNP vectors. The analyses were run as described earlier [36, 49, 78] on the vcf input file of 532 

Dataset-1. Only physically mapped SNPs located outside centromere regions were included in the 533 

analyses. The top 2% of the highest scores detected by all three algorithms were declared putative 534 

selective sweeps. Two or more adjacent, partially overlapping sweep regions were assumed to be 535 

one selective sweep. The identified outlier positions within each putative sweep (plus/ minus 500 kb) 536 

were used to search for candidate genes in the reference genome of the rye inbred line Lo7 and the 537 

accompanying annotation file [16]. To determine if any functional classes were over-represented 538 

among the candidate genes GO enrichment analysis was performed using FUNC-E 539 

h(ttps://github.com/SystemsGenetics/FUNC-E) with the P-value criterion of <0.01. 540 

Additional files 541 

Additional file 1: 542 

Figure S1. Summary of information on 12 846 HQ SNPs polymorphic in 478 diverse rye accessions. A. 543 

Histogram of polymorphic information content (PIC) values. B. Histogram of minor allele frequency 544 

(MAF) values.  545 
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Figure S2. Plot of Delta K values for number of assumed subpopulations (K) ranging from 2 to 14. 546 

Figure S3. Population structure of 478 rye accessions at K=2 based on 12 846 SNPs. Each accession is 547 

represented by a vertical stripe partitioned into coloured segments with lengths representing the 548 

membership fractions in the inferred clusters. The order of accessions in the plot is the same as in 549 

the Table S1. 550 

Figure S4. Principal Coordinates Analysis plot showing relationships between 478 rye accessions 551 

genotyped with 12846 SNPs with accessions labelled according to the outcome of NJ clustering. 552 

Figure S5. Neighbor-joining tree based on 12 846 SNP markers showing relationships between 478 553 

rye accessions with accession labelled according to source. 554 

Figure S6. Chromosomal distribution of polymorphic SNPs by germplasm group. A. Accessions 555 

grouped according to improvement status. B. Accessions grouped according to taxonomy. C. 556 

Accessions grouped according to the outcome of NJ clustering. D. Accessions grouped according to 557 

their membership in sweep detection sets. 558 

Figure S7. Neighbor-joining tree based on 12 846 SNP markers showing relationships between 478 559 

rye accessions with branch colour indicating cultivated rye accessions belonging to the respective 560 

sweep detection set. 561 

Additional file 2:  562 

Table S1. Information on rye accessions used in the study, including genebank accession number, 563 

name, source, taxon, improvement status, country of origin, geographic region, group memberships 564 

based on STRUCTURE analysis and NJ clustering, and sweep detection set membership. 565 

Table S2. List of 12486 HQ DArTseq markers used in this study, including their sequences and 566 

position in the Lo7 reference genome. 567 

Table S3. Chromosomal distribution of SNPs by germplasm group.  568 
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Table S4. Pairwise population FST values for accessions groups based on NJ clustering. 569 

Table S5. Values of genetic diversity indices for the collection of 478 rye accessions and each 570 

established germplasm group. 571 

Table S6 Information on common outliers and sweeps detected by all three methods (SweeD, 572 

OmegaPlus, and RAiSD) in groups of cultivated rye accessions.  573 

Table S7. List of putative candidate genes targeted by selection in cultivated rye 574 

Table S8. Enriched GO terms for putative candidate genes from the selective sweep regions. 575 

Table S9. Literature based list of known cereal domestication/improvement genes and locations of 576 

their putative homologues in the Lo7 genome. 577 
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 792 

Figure legends: 793 

Figure 1. Principal Coordinates Analysis plot showing relationships between 478 rye accessions 794 

genotyped with 12 846 SNPs. A Accessions labelled according to STRUCTURE-based population 795 

assignments. B accessions labelled according to taxonomy. 796 

Figure 2. Neighbor-joining tree based on 12 846 SNP markers showing relationships between 478 rye 797 

accessions. A Accessions labelled according to STRUCTURE-based population assignments NJ trees. B 798 

accessions labelled according to taxonomy. C Accessions labelled according to improvement status. 799 

800 
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Tables: 801 

Table 1. Summary of SNP marker numbers, He and Ho values, and physical map length by 802 

germplasm group. 803 

Germplasm group N No. of 

HQ SNPs 
No. of 

mapped  

HQ SNPs 

Proportion  

of mapped 

HQ SNPs (%) 

mean 

He 
mean 

Ho 
Map 

length  

(Mbp) 
        
All 478 12846 10607 100 0.211 0.228 6723.25 
        
Improvement status        
wild_weedy 132 12837 10599 99.9 0.282 0.225 6723.25 
landrace 158 9181 7544 71.1 0.255 0.366 6719.24 
historic_cultivar 75 7645 6194 58.4 0.279 0.466 6719.05 
modern_cultivar 36 6006 4832 45.6 0.298 0.431 6713.26 
breeding 53 6794 5515 52.0 0.210 0.086 6716.18 
Petkus_pool 26 4280 3420 32.2 0.266 0.036 6703.50 
Carsten_pool 27 4638 3698 34.9 0.269 0.127 6711.25 
        
Taxonomy        
S. cereale 403 10450 8642 81.5 0.209 0.270 6719.24 
S. c. subsp. cereale 344 9755 8031 75.7 0.220 0.287 6719.24 
S. c. subsp. "noncereale" 59 9446 7820 73.7 0.251 0.318 6719.05 
S. strictum 45 12562 10364 97.7 0.272 0.237 6723.25 
S. sylvestre 10 1045 803 7.6 0.234 0.183 6622.07 
S. vavilovii 14 6829 5536 52.2 0.333 0.463 6713.68 
        
NJ clusters        
A1 11 1602 1243 11.7 0.196 0.158 6645.31 
A2 37 10181 7498 70.7 0.308 0.318 6718.51 
A3 430 10482 8675 81.8 0.209 0.271 6719.70 
A3.1 59 9067 7443 70.2 0.285 0.402 6719.24 
A3.2 264 9884 8160 76.9 0.223 0.328 6719.05 
A3.3 53 8088 6611 62.3 0.238 0.271 6719.51 
A3.4 54 5466 4390 41.4 0.244 0.070 6715.01 
A3.4a 24 4425 3537 33.3 0.272 0.145 6710.18 
A3.4b 30 4603 3682 34.7 0.263 0.033 6704.52 
        
Sweep detection sets        
g1 198 8952 7345 69.2 0.241 0.360 6719.05 
g2 46 8594 7031 66.3 0.305 0.452 6719.24 
g3 37 7640 6212 58.6 0.249 0.280 6719.51 
g4 53 5447 4373 41.2 0.252 0.070 6715.01 
g4a 25 4524 3615 34.1 0.270 0.139 6710.18 
g4b 28 4511 3606 34.0 0.266 0.033 6704.52 
 804 
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 806 

Table 2. Chromosomal location of putative sweep regions and numbers of outliers and candidate 807 

genes identified in groups of cultivated rye accessions. 808 

Germplasm group/parameter Chromosome Total 
 1R 2R 3R 4R 5R 6R 7R Un 

g1 no. of sweeps     1  2  3 
no. of outliers     1  2 (1+1)a  3 
no. of candidate genes     4  21 (10+11)a  25 

g2 no. of sweeps 1      1  2 
no. of outliers 8      1  9 
no. of candidate genes 6      14  20 

g3 no. of sweeps  1 1  1   1 4 
no. of outliers  1 8  2   1 12 
no. of candidate genes  9 10  26   0 45 

g4 no. of sweeps      1 1  2 
no. of outliers      23 29  52 
no. of candidate genes      23 28  51 

g4a no. of sweeps     1    1 
no. of outliers     13    13 
no. of candidate genes     15    15 

g4b no. of sweeps 1        1 
no. of outliers 44        44 
no. of candidate genes 14        14 

Total no. of sweeps 2 1 1 0 3 1 4 1 13 
no. of outliers 52 1 8 0 16 23 32 1 133 
no. of candidate genes 20 9 10 0 45 23 63 0 170 

 809 

a numbers in brackets indicate the number of outliers/candidate genes in each of the respective 810 

sweeps. 811 

812 
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 813 

Table 3.  Candidate genes located in the vicinity of the outliers with the highest values of the 814 
statistics computed by the sweep detection algorithms. 815 

Group Candidate gene Description 

g1 SECCE5Rv1G0337150  midasin-like protein 
 SECCE5Rv1G0337160  BED zinc finger, hAT family dimerization domain 
 SECCE5Rv1G0337170  disease resistance protein TIR-NBS-LRR class) family 
 SECCE5Rv1G0337180  pfkB-like carbohydrate kinase family protein).  
g2 SECCE1Rv1G0017740  calcium-transporting ATPase  
 SECCE1Rv1G0017710  auxin-responsive protein  
 SECCE1Rv1G0017720  proteasome subunit beta type  
 SECCE1Rv1G0017730  spliceosome RNA helicase DDX39B  
 SECCE1Rv1G0017750  transcription elongation factor Spt5  
 SECCE1Rv1G0017760  phosphotransferase 
 SECCE7Rv1G0505440  mitochondrial carrier protein, putative  
g3  SECCE2Rv1G0084650  ATP binding cassette subfamily B4  
 SECCE2Rv1G0084600  gag polyprotein  
 SECCE2Rv1G0084610  tRNA guanosine-2'-O-methyltransferase  
 SECCE2Rv1G0084630  RNA-binding RRM/RBD/RNP motifs) family protein 
 SECCE2Rv1G0084640  photosystem II D2 protein  
 SECCE2Rv1G0084660  basic blue copper family protein  
 SECCE2Rv1G0084670  receptor kinase 
 SECCE2Rv1G0084680  saccharopine dehydrogenase 
g4 SECCE6Rv1G0388940  kinase family protein  
 SECCE6Rv1G0388910  RING/U-box superfamily protein  
 SECCE6Rv1G0388920  pyrimidine-specific ribonucleoside hydrolase RihB  
 SECCE6Rv1G0388930  branched-chain-amino-acid aminotransferase-like protein  
 SECCE6Rv1G0388950  double-stranded RNA-binding protein 3 
 SECCE6Rv1G0388960  branched-chain amino acid aminotransferase 
 SECCE6Rv1G0388970  GDSL esterase/lipase 
 SECCE6Rv1G0388980  GDSL esterase/lipase 
 SECCE7Rv1G0505180  pectin lyase-like superfamily protein  
 SECCE7Rv1G0505170  two-component response regulator 
 SECCE7Rv1G0505220  pentatricopeptide repeat-containing protein 
g4a  SECCE5Rv1G0341870  O-acyltransferase WSD1 
 SECCE5Rv1G0341890   O-acyltransferase WSD1 
 SECCE5Rv1G0341900  O-acyltransferase WSD1 
 SECCE5Rv1G0341840  protein kinase  
 SECCE5Rv1G0341850  Lon protease homolog  
 SECCE5Rv1G0341860  NAM-like protein  
 SECCE5Rv1G0341880  Replicase polyprotein 1a 
 g4b SECCE1Rv1G0037030  leucine-rich repeat receptor-like kinase  
 SECCE1Rv1G0037040  transducin/WD-like repeat-protein  
 SECCE1Rv1G0037050  zinc finger MYM-type-like protein  
 SECCE1Rv1G0037060  ubiquinone/menaquinone biosynthesis C-methyltransferase UbiE 
 SECCE1Rv1G0037070  gibberellin receptor GID1a  
 SECCE1Rv1G0037080  pentatricopeptide repeat-containing protein  
 SECCE1Rv1G0037090  squamosa promoter-binding-like protein  
 SECCE1Rv1G0037100  lipase  
 SECCE1Rv1G0037110  RING/U-box superfamily protein  
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 SECCE1Rv1G0037120  GMP synthase [glutamine-hydrolysing] 
 816 

Figure 1 817 

 818 

819 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 22, 2023. ; https://doi.org/10.1101/2023.01.22.525081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.22.525081
http://creativecommons.org/licenses/by-nc-nd/4.0/


39 
 

 820 

Figure 2 821 

 822 
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