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ABSTRACT

In human genetics, several studies have shown that phenotypic variation is more likely1

to be caused by structural variants (SV) than by single nucleotide variants (SNV).2

However, accurate while cost-e�cient discovery of SV in complex genomes remains3

challenging. The objectives of our study were to (i) facilitate SV discovery studies4

by benchmarking SV callers and their combinations with respect to their sensitivity5

and precision to detect SV in the barley genome, (ii) characterize the occurrence6

and distribution of SV clusters in the genomes of 23 barley inbreds that are the7

parents of a unique resource for mapping quantitative traits, the double round robin8

population, (iii) quantify the association of SV clusters with transcript abundance,9

and (iv) evaluate the use of SV clusters for the prediction of phenotypic traits. In10

our computer simulations based on a sequencing coverage of 25x, a sensitivity >70%11

and precision >95% was observed for all combinations of SV types and SV length12

categories if the best combination of SV callers was used. We observed a signi�cant13

(P < 0.05) association of gene-associated SV clusters with global gene-speci�c gene14

expression. Furthermore, about 9% of all SV clusters that were within 5kb of a gene15

were signi�cantly (P < 0.05) associated with the gene expression of the corresponding16

gene. The prediction ability of SV clusters was higher compared to that of single17

nucleotide polymorphisms from an array across the seven studied phenotypic traits.18

These �ndings suggest the usefulness of exploiting SV information when �ne mapping19

and cloning the causal genes underlying quantitative traits as well as the high potential20

of using SV clusters for the prediction of phenotypes in diverse germplasm sets.21
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INTRODUCTION

Researchers began to study genomic rearrangements and structural variants (SV)22

about 60 years ago. These studies investigated somatic chromosomes, biopsies, and23

cell cultures from lymphomas to understand the role of abnormal chromosome num-24

bers as well as SV for the development of cancer (Jacobs and Strong, 1959; Nowell and25

Hungerford, 1960; Manolov and Manolov, 1972; Craig-Holmes et al., 1973; Mitelman26

et al., 1979).27

The development of sequencing by synthesis pioneered by Frederick Sanger (Sanger28

et al., 1977) enabled in the following years the �rst sequenced genomes of prokaryotes29

(e.g. Escherichia coli) and eukaryotes (e.g. yeast) (Go�eau et al., 1996; Blattner30

et al., 1997). Next milestones of sequencing by synthesis were the sequenced genomes31

of Arabidopsis thaliana as �rst plant species (The Arabidopsis Genome Initiative,32

2000) and of human (Craig Venter et al., 2001). Due to the development of next-33

generation sequencing (NGS) platforms such as 454 and Illumina, studies aiming for34

genome-wide variant detection in 100s or 1000s of samples as in the 1000 genome35

project (Altshuler et al., 2012) became possible.36

Three di�erent approaches have been proposed to detect SV based on NGS data:37

assembling, long-read sequencing, and short-read sequencing (Mahmoud et al., 2019).38

For crop and especially for cereal species, the assembly approach is a tough challenge39

because of the large genome size and the high proportion of repetitive elements in40

the genomes (Neale et al., 2014; Mascher et al., 2017). Long-read mapping requires41

Paci�c Biosciences or Nanopore sequencing data which results in high costs if many42

accessions should be sequenced and, thus, is not a�ordable for many research groups.43
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In contrast, short-read sequencing is well-established for SV detection in the human44

genome (Chaisson et al., 2019; Ebert et al., 2021). Various software tools have been45

developed to detect SV from short-read sequencing data and were benchmarked based46

on human genomes (Cameron et al., 2019; Kosugi et al., 2019).47

More recently there is also an increased interest in using such approaches for SV de-48

tection in plant genomes (Fuentes et al., 2019; Zhou et al., 2019; Guan et al., 2021).49

Fuentes et al. (2019) evaluated several SV callers to detect SV in the rice genome.50

However, no study evaluated the performance of SV callers for transposon-rich com-51

plex cereal genomes.52

Several studies have examined the distribution and frequency of SV in the genomes53

of rice and maize (Wang et al., 2018; Yang et al., 2019; Kou et al., 2020). Despite the54

importance of cereals for human nutrition, only Jayakodi et al. (2020) performed a55

genome-wide study on SV in barley, with a focus on large SV in 20 barley accessions.56

In humans, SV have been described to have an up to ∼50fold stronger in�uence on57

gene expression than single nucleotide variants (SNV) (Chiang et al., 2017). SV also58

have been associated with changes in transcript abundance in plants such as in cu-59

cumber (Zhang et al., 2015), maize (Yang et al., 2019), tomato (Alonge et al., 2020),60

and soybean (Liu et al., 2020a). However, the role and frequency of SV in gene reg-61

ulatory mechanisms in small grain cereals is widely unexplored.62

In humans, several studies have shown that phenotypic variation is more likely to be63

caused by SV than by SNV (Alkan et al., 2011; Baker, 2012; Sudmant et al., 2015;64

Schüle et al., 2017; McColgan and Tabrizi, 2018). In plants, individual SV have been65

associated with traits such as Aluminium tolerance in maize (Maron et al., 2013), dis-66

ease resistance and domestication in rice (Xu et al., 2012), or plant height (Li et al.,67

2012) and heading date (Nishida et al., 2013) in wheat. In barley, individual SV have68
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been associated with traits such as Boron toxicity tolerance (Sutton et al., 2007) and69

disease resistance (Muñoz-Amatriaín et al., 2013). In grapevine and rice, it has been70

shown that SV have a low variant frequency due to purifying selection (Zhou et al.,71

2019; Kou et al., 2020). However, few studies have examined the ability to predict72

quantitatively inherited phenotypic traits using SV in comparison to SNV.73

The objectives of our study were to (i) facilitate SV discovery studies by benchmark-74

ing SV callers and their combinations with respect to their sensitivity and precision75

to detect SV in the barley genome, (ii) characterize the occurrence and distribution76

of SV clusters in the genomes of 23 barley inbreds that are the parents of a unique77

resource for mapping quantitative traits, the double round robin population (Casale78

et al., 2021), (iii) quantify the association of SV clusters with transcript abundance,79

and (iv) evaluate the use of SV clusters for the prediction of phenotypic traits.80
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RESULTS

Precision and sensitivity of SV callers81

Six tools (Table 1) which call SV based on short-read sequencing data were evalu-82

ated with respect to their precision and sensitivity to detect �ve di�erent SV types83

(deletions, insertions, duplications, inversions, and translocations) in �ve SV length84

categories (A: 50 - 300bp; B: 0.3 - 5kb; C: 5 - 50kb; D: 50 - 250kb; E: 0.25 - 1Mb)85

using computer simulations. The precision of Delly, Manta, GRIDSS, and Pindel to86

detect deletions of all �ve SV length categories based on 25x sequencing coverage87

ranged from 97.8 - 100.0%, whereas the precision of Lumpy and NGSEP was lower88

with values between 75.0 and 89.8% (Supplementary Table 2). The sensitivity of89

NGSEP was with 78.6 - 87.5% the highest but that of Manta was with 79.7 - 81.1%90

only slightly lower. We evaluated various combinations of SV callers and observed91

for the combination of Manta | GRIDSS | Pindel | Delly | (Lumpy & NGSEP) an92

increase of the sensitivity to detect deletions compared to the single SV callers up to93

a �nal of 89.0% without decreasing the precision considerably (99.1%).94

Manta was the only SV caller which allowed the detection of insertions of all SV95

length categories with precision values as high as 99.8 to 100.0%. The combination96

of Manta | GRIDSS | Delly for the SV length category A has shown a high sensitivity97

(88.4%) and precision (99.8%). This combination was therefore used for the detection98

of insertions of SV length category A in further analyses.99

The sensitivity of the SV callers Delly, Manta, Lumpy, and GRIDSS to detect du-100

plications of the SV length category A was with values from 28.2 to 39.4% very low.101
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In contrast, Pindel could detect these duplications with a sensitivity of 75.7%. For102

the other SV length categories, the combination of Manta | GRIDSS | Pindel could103

increase the sensitivity to detect duplications by 2 to 7% compared to using a single104

SV caller while the precision ranged between 97.6 and 99.3%.105

The performance of Lumpy and NGSEP to detect inversions reached precision values106

of 81.5 - 98.5% and sensitivity values of 66.1 - 80.0% that were on the same low level107

as for deletions. Delly performed well for detecting inversions in SV length categories108

B to D, but for E and especially for A, the performance was lower compared to that109

of the other SV callers. Overall, Pindel was the only SV caller with a combination of110

both, high precision and sensitivity to detect inversions. These precision and sensi-111

tivity values could be further improved across all SV length categories by combining112

the calls of Pindel with that of Manta | GRIDSS (Supplementary Table 2).113

The combination of GRIDSS | Pindel | GATK increased the sensitivity to detect small114

insertions and deletions (2 - 49bp, INDELs) by 3% compared to using the single callers115

(Supplementary Table S1). With 6%, an even higher di�erence for the sensitivity to116

detect translocations was observed between the combination of Manta | GRIDSS |117

(Delly & Lumpy) and single callers.118

In a next step, di�erent sequencing coverages from 1.5x to 65x were simulated and the119

performance of the best combination of SV callers for each of the SV types was com-120

pared to their performance with 25x sequencing coverage (Supplementary Fig. S1).121

For deletions, the F1-score, which is harmonic mean of the precision and sensitivity,122

for 65x sequencing coverage was ∼2% higher than for 25x sequencing coverage. Only123

marginal di�erences were observed between the F1-score of 65x or 25x sequencing124

coverage for calling duplications and inversions. Interestingly, the F1-score for calling125

translocations and insertions was with 2% and 9%, respectively, higher in the scenario126
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with 25x than with 65x sequencing coverage. For 12.5x sequencing coverage, the F1-127

score was still on an high level with values > 80% for each SV type (Supplementary128

Fig. S2). With a further reduced sequencing coverage, the F1-score also decreased.129

Finally, the performance of our pipeline to detect SV was evaluated based on 14x and130

25x linked-read sequencing data. For all SV types and SV length categories, with the131

exception of deletions and duplications in SV length category D and A, respectively,132

the F1-score was 2 to 7% higher based on Illumina sequencing data than based on133

linked-read sequencing data.134

SV clusters across the 23 parental inbreds of the double round robin135

population136

Across the 23 barley inbreds, that are the parents of a new resource for mapping nat-137

ural phenotypic variation, the double round robin population, we detected 458,671138

SV clusters using the best combination of SV callers (Table 3). These comprised139

183,489 deletions, 70,197 insertions, 93,079 duplications, 6,583 inversions, and 105,323140

translocations. Additionally, 12,734,736 INDELs were detected across the seven chro-141

mosomes. The proportion of SV clusters which were annotated as transposable ele-142

ments varied from 1.4% for inversions to 51.5% for translocations.143

We performed a PCR based validation for detected deletions and insertions (Supple-144

mentary Table S2, Supplementary Fig. S3). Six out of six deletions and �ve out of �ve145

insertions up to 0.3kb could be validated (Supplementary Fig. S4). Additionally, we146

could validate eight out of eleven deletions between 0.3kb and 460kb (Supplementary147

Fig. S5), where for the three not validated deletions, the expected fragments were148
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not observed in the non-reference parental inbred.149

The number of SV clusters present per inbred ranged from less than 40,000 to more150

than 80,000 (Fig. 1A). We observed no signi�cant (P > 0.05) correlation between151

the sequencing coverage, calculated based on raw, trimmed, and mapped reads, of152

each inbred as well as the number of detected SV clusters in the corresponding in-153

bred. A two-sided t-test resulted in no signi�cant (P > 0.05) association between the154

number of SV clusters of an inbred and the spike morphology as well as the landrace155

vs. variety status of the inbreds. In contrast, principal component analyses based on156

presence/absence matrices of the SV clusters revealed a clustering of inbreds by spike157

morphology, geographical origin, and landrace vs. variety status (Supplementary Fig.158

S6).159

Out of the 458,671 SV clusters, 50.6% (232,071) appeared in only one of the 23 inbreds,160

whereas 19.7% (90,256) were detected in at least �ve inbreds (Fig. 1B, Supplemen-161

tary Fig. S7). Additional analyses revealed a signi�cant although weak negative162

correlation (r = −0.06681, P = 2.07x10−314) between the length of a SV cluster and163

its minor allele frequency (MAF). The average MAF of SV clusters with a length of164

250kb to 1Mb and of 50 - 250kb was 0.08, respectively, while that of SV clusters with165

a length of 50bp - 50kb was 0.13 (Supplementary Fig. S8). SV clusters annotated166

as transposable elements had a shorter average length of 5,853bp and a higher MAF167

of 0.16 compared to SV clusters that were not annotated as transposable elements168

(10,605bp, 0.12). Deletions and insertions of the SV length category A were the most169

common detected SV clusters with a fraction of 41.7 and 48.4%, respectively (Sup-170

plementary Table S3). In contrast, for duplications, the largest fraction were that for171

SV clusters of the SV length category C (55.9%). The average MAF of the individual172

SV types was the highest for insertions with 0.17, followed by deletions, inversions,173
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translocations, and duplications with values of 0.14, 0.11, 0.10, and 0.10, respectively.174

Characterization of the SV clusters175

After examining the length of the detected SV clusters and their presence in the 23176

barley inbreds, we investigated the distribution of the SV clusters across the barley177

genome. We observed a signi�cant correlation (r = 0.5653, P < 0.01) of nucleotide178

diversity (π) of SV clusters and SNV, measured in 100kb windows along the seven179

chromosomes (Supplementary Fig. S9). The SV clusters were predominantly present180

distal of pericentromeric regions. In contrast to SNV, the frequency of all SV types,181

and especially that of duplications, increased in centromeric regions (Fig. 2). For all182

centromeres, a signi�cantly (P < 0.01) higher number of SV clusters was observed183

compared to what is expected based on a poisson distribution and, thus, were desig-184

nated as SV hotspots. The proportion of SV clusters in pericentromeric regions was185

with 14.5% considerably lower compared to what is expected based on the physical186

length of these regions (25.7%). Only 4.5% of all detected SV hotspots were observed187

in pericentromeric regions. Compared to the �ve SV types, the genome-wide distri-188

bution of INDELs was more equal. Their occurrences peaked not only within, but189

also distal to pericentromeric and centromeric regions.190

We also examined if SV clusters provide additional genetic information compared to191

that of closely linked SNV. To do so, we determined the extent of linkage disequilib-192

rium (LD) between each SV cluster and SNV located within 1kb and compared this193

with the extent of LD between the closest SNV to the SV cluster and the SNV within194

1kb. Across the di�erent SV types, 33.7 - 74.3% have at least one SNV within 1kb195
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that showed an r2 ≥ 0.6 (Supplementary Table S4). In contrast, 89.2 - 89.9% of SNV196

that are closest to the SV cluster showed an r2 ≥ 0.6 to another SNV within 1kb.197

In the next step, we examined the presence of SV clusters relative to the position of198

genes. The highest proportion of SV clusters (∼ 60%) was located in intergenic re-199

gions of the genome (Fig. 3). The second largest fraction (∼ 30%) of SV clusters was200

present in the 5kb up- or downstream regions of genes, which is considerably higher201

compared to that of INDELs (∼ 17%) and SNV (∼ 16%). Within the group of SV202

clusters that were 5kb up- or downstream to genes, a particularly high fraction were203

inversions. On average across all SV types, about 10% of SV clusters were located in204

introns and exons, with inversions being the exception again, showing a considerably205

higher rate.206

The enrichment of SV clusters proximal to genes lead us to assess their physical dis-207

tance relative to the transcription start site (TSS) of the closest genes and compare208

this to SNV. The number of SV clusters at the TSS was approximately 10% lower209

than 5kb upstream of the TSS (Fig. 4). A similar trend was observed for the 5kb210

downstream regions (∼ 7%). In comparison, the absolute number of SNV around211

the TSS was more than ten times lower than the number of SV clusters. With the212

exception of a distinct peak at position two downstream of the TSS, the number of213

SNV around the TSS followed the same trends as described for the SV clusters above.214

Association of SV clusters with gene expression215

We evaluated the strength of the association of the allele distribution at SV clus-216

ters with gene expression variation across the 23 inbreds. As a �rst step, a principal217
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component analysis of the gene expression matrix, which included all genes and in-218

breds, was performed. The loadings of all 23 inbreds on principal component (PC) 1219

explained 19.7% of the gene expression variation and were correlated with the pres-220

ence/absence status of all inbreds for each gene-associated SV cluster. The average221

absolute correlation coe�cient of gene-associated SV clusters and the PC1 of gene222

expression was 0.17 and higher than the Q95 of the coe�cient observed for random-223

ized presence/absence pattern and the PC1 (Supplementary Fig. S10, Supplementary224

Fig. S11). Similar observations were made for the association of gene-associated SV225

clusters with PC2 and PC3 of 0.17 and 0.19, respectively, for the above-mentioned226

gene expression matrix (Supplementary Fig. S12). In addition, we investigated a227

possible association between SV clusters and gene expression on an individual gene228

basis. For a total of 1,976 out of 21,140 gene-associated SV clusters a signi�cant (P <229

0.05) association with the gene expression of the associated gene was observed (Fig.230

5).231

Prediction of phenotypic variation from SV clusters232

The prediction ability of seven quantitative phenotypic traits using SV clusters as233

well as SNV from a single nucleotide polymorhpism (SNP) array, genome-wide gene234

expression information, SNV and INDELs (SNV&INDELs) were examined as pre-235

dictors through �ve-fold cross-validation. The median prediction ability across all236

traits ranged from 0.509 to 0.648. The SV clusters had the highest prediction power,237

followed by SNV&INDELs, SNP array, and gene expression in decreasing order (Fig.238

6). Compared to these di�erences, those among the median prediction abilities of239
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the di�erent SV types were small. The highest prediction ability was observed for240

insertions and the lowest for inversions. We also evaluated the possibility to combine241

SNV and INDELs with gene expression and SV cluster information using di�erent242

weights to increase the prediction ability (Supplementary Fig. S13). The mean of243

the optimal weight across the seven traits was highest for gene expression (0.41) and244

lowest for SV clusters (0.23) (Supplementary Table S5).245
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DISCUSSION

The improvements to sequencing technologies made SV detection in large genomes246

possible (Della Coletta et al., 2021). Despite these advances, the relative high cost247

of third compared to second generation sequencing makes the former less a�ordable248

and scalable for many research groups. This fact is particularly strong if genotypes249

have to be analyzed. We therefore used computer simulations to study the precision250

and sensitivity of SV detection based on di�erent sequencing coverages of short-read251

sequencing data in the model cereal barley. We also evaluated whether linked-read252

sequencing o�ered by BGI (Wang et al., 2019) or formerly 10x Genomics (Weisen-253

feld et al., 2017) is advantageous for SV detection compared to classical Illumina254

sequencing.255

Precision and sensitivity to detect SV in complex cereal genomes using256

short-read sequencing data are high257

The costs for creating linked-read sequencing libraries is considerably higher com-258

pared to that of classical Illumina libraries. Taking this cost di�erence into account,259

a fair comparison of precision and sensitivity to detect SV is between 25x Illumina and260

14x linked-reads. However, even when directly compared at equal (25x) sequencing261

coverage, the F1-score, which is the harmonic mean of the precision and sensitiv-262

ity, on average across all SV types and SV length categories was higher for Illumina263

compared to linked-reads (Supplementary Fig. S1). One reason might be that the264

SV callers used in our study do not fully exploit linked-read data. In our study,265
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linked-read information was only used to improve the mapping against the reference266

genome (Marks et al., 2019). More recently, SV callers have been described that ex-267

ploit linked information of linked-read data as VALOR2 (Karao�glano�glu et al., 2020)268

or LEVIATHAN (Morisse et al., 2021). However, the SV callers that were available at269

the time the simulations were performed had a very limited spectrum of SV types and270

SV length categories they could detect e.g. LongRanger wgs (Zheng et al., 2016) and271

NAIBR (Elyanow et al., 2018). In addition, we have observed for these SV callers in272

�rst pilot simulations considerably lower values for precision and sensitivity to detect273

SV compared to the classical short-read SV callers. Therefore, only short-read SV274

callers were evaluated in detail.275

One further aspect that we examined was the in�uence of the sequencing coverage276

on sensitivity and precision of SV detection. Only a marginal di�erence between the277

F1-scores of the best combination of SV callers for a 25x vs. 65x Illumina sequencing278

coverage was observed (Supplementary Fig. S1). In addition, for some SV length279

categories, the F1-score for 25x compared to 65x sequencing coverage was actually280

higher. A possible explanation for this observation may be that a higher sequencing281

coverage can lead to an increased number of spuriously aligned reads (Kosugi et al.,282

2019). These reads can lead to an increased rate of false positive SV detection (Gong283

et al., 2021). Our result suggests that for homozygous genomes, Illumina short-read284

sequencing coverage of 25x is su�cient to detect SV with a high precision and sensitiv-285

ity. We therefore made use of this sequencing coverage not only for further simulations286

but also to re-sequence the 23 barley inbreds of our study.287

In addition, we also tested if a lower sequencing coverage could be used for SV de-288

tection to reduce the cost for sequencing further. We observed lower F-scores for289

all SV types using a sequencing coverage of 12.5x than for 25x (Supplementary Fig.290
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S2). However, the F1-score was still > 80% for all SV types suggesting that even291

a sequencing coverage of 12.5x would have been su�ered for SV detection in barley.292

When decreasing the sequencing coverage further, the precision and sensitivity to de-293

tect SV decreased considerably.294

The SV callers evaluated here were chosen based on former benchmarking studies in295

human (Cameron et al., 2019; Chaisson et al., 2019; Kosugi et al., 2019) as well as296

rice (Fuentes et al., 2019) and pear (Liu et al., 2020b). Across all SV types and SV297

length categories, we observed the highest precision and sensitivity for Manta and298

GRIDSS followed by Pindel with only marginally lower values (Supplementary Table299

2). This �nding is in accordance with results of Cameron et al. (2019) for humans. In300

comparison to the results of Fuentes et al. (2019), we observed a considerably lower301

sensitivity and precision for Lumpy and NGSEP (Supplementary Table 2). This dif-302

ference in performance of the SV callers in rice and barley might be explained by the303

di�erence in genome length as well as the high proportion of repetitive elements in304

the barley genome (Mascher et al., 2017).305

Despite the high sensitivity and precision observed for some SV callers, we observed306

even higher values when using them in combination (Supplementary Table 2). This307

can be explained by the di�erent detection principles such as paired-end reads, split308

reads, read depth, and local assembling that are underlying the di�erent SV callers.309

Our observation indicates that a combined use of di�erent short-read SV callers is310

highly recommended. This approach was then used for SV detection in the set of 23311

spring barley inbreds.312
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Validation of SV in the barley genome313

A PCR based approach was used to validate a small subset of all detected SV. In314

accordance with earlier studies (Zhang et al., 2015; Yang et al., 2019; Guan et al.,315

2021), we evaluated the agreement between the detected SV and PCR results (Sup-316

plementary Fig. S3) for deletions and insertions up to 0.3kb (Supplementary Fig.317

S4). For eleven out of the eleven SV, we observed a perfect correspondence.318

Our PCR results further suggested that the SV callers were able to detect eight out319

of 11 deletions between 0.3kb and 460kb (Supplementary Fig. S5) based on the320

short-read sequencing of the non-reference parental inbred Unumli-Arpa. In four of321

the eleven PCR reactions, however, more than one band was observed. This was322

true three times for the non-reference genotype Unumli-Arpa and one time for Morex323

(Supplementary Fig. S5B). In two of the four cases, PCR indicated the presence of324

both SV states in one genome. This was true for Morex as well as Unumli-Arpa and325

might be due to the complexity of the barley genome which increases the potential326

for o�-target ampli�cation.327

In conclusion, for 19 of the 22 tested SV (Supplementary Table S2), the SV detected328

in the non-reference parental inbred by the SV callers was also validated by PCR. This329

high validation rate implies in addition to the high precision and sensitivity values330

observed for SV detection in the computer simulations that the SV detected in the331

experimental data of the 23 barley inbreds can be interpreted.332
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Characteristics of SV clusters in the barley gene pool333

Across the 23 spring barley inbreds that have been selected out of a world-wide di-334

versity set to maximize phenotypic and genotypic diversity (Weisweiler et al., 2019),335

we have identi�ed 458,671 SV clusters (Table 3). This corresponds to 1 SV cluster336

every 9,149 bp and corresponds to what was observed by Jayakodi et al. (2020).337

This number is in agreement with the number of SV clusters detected for cucumber338

(9,788 bp−1) (Zhang et al., 2015) or peach (8,621 bp−1) (Guan et al., 2021). Other339

studies have revealed a higher number of SV clusters than observed in our study.340

This might be due to the considerably higher number of re-sequenced accessions in341

rice (214 bp−1) (Fuentes et al., 2019), tomato (3,291 bp−1) (Alonge et al., 2020), and342

grapevine (1,260 bp−1) (Zhou et al., 2019).343

The highest proportion of SV clusters detected in our study were deletions, followed344

in decreasing order by translocations, duplications, insertions, and inversions (Table345

3). This is in disagreement with earlier studies where the frequency of duplications346

was considerably lower compared to that of insertions (Zhang et al., 2015; Zhou et al.,347

2019; Guan et al., 2021). Barley's high proportion of duplications compared to other348

crops may be due to its high extent of repetitive elements (Mascher et al., 2017).349

In contrast to earlier studies in grapevine and peach (e.g. Zhou et al., 2019; Guan et al.,350

2021) we observed a strong non-uniform distribution of SV clusters across the genome.351

Only 14.5% of the SV clusters were located in pericentromeric regions, which make352

up 25.7% of the genome, whereas the rest was located distal of the pericentromeric353

regions (Fig. 2). This pattern was even more pronounced for SV hotspots, i.e. re-354

gions with a signi�cantly (P < 0.05) higher amount of SV clusters than expected355
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based on the average genome-wide distribution. Almost all SV hotspots (95.5%) were356

located distal of the pericentromeric regions (74.3% of the genome) where higher re-357

combination rates are observed. Our observation indicates that the majority of SV358

clusters in barley is caused by mutational mechanisms related to DNA recombination-,359

replication-, and/or repair-associated processes and is only to a low extent due to the360

activity of transposable elements. This is supported by the observation that, with the361

exception of translocations, only 1.4 to 25.2% of SV clusters were located in genome362

regions annotated as transposable elements (Table 3).363

To complement our genome-wide analysis of barley SV clusters, we also examined364

their occurrence relative to genes and their association with gene expression.365

Association of SV clusters with transcript abundance366

About 60% of the SV clusters were detected in the intergenic space (Fig. 3). The367

remaining SV clusters were gene-associated and detected in regions either 5kb up- or368

downstream of genes (∼30%) while ∼10% were detected in introns and exons (Fig. 3).369

These values are in the range of those previously reported for rice (∼75%, NA, exons:370

∼6%) (Fuentes et al., 2019), potato (∼37%, ∼37%, ∼26%) (Freire et al., 2021), and371

peach (∼52%, ∼27%, ∼21%) (Guan et al., 2021). The higher proportion of SV clusters372

in genic regions in potato and peach compared to the cereal genomes might suggest373

that SV clusters are more frequently associated with gene expression in clonally than374

in sexually propagated species. A possible explanation for this observation could be375

the degree of heterozygosity in clonal species, which is considerably higher compared376

to that in sel�ng species such as rice and barley. Hence, it is plausible that they better377
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tolerate SV clusters close to genes.378

Our study was based on 23 barley inbreds which confer a limited statistical power to379

detect SV cluster-gene expression associations. However, this leads not to an increased380

proportion of false positive associations. Therefore, the �ndings are discussed here.381

We observed that the average absolute correlation coe�cient of gene-associated SV382

clusters and global gene expression measured as loadings on the principal components383

was with 0.17 signi�cantly (P < 0.05) di�erent from 0 (Supplementary Fig. S10). In384

addition, 700 gene-associated SV clusters were individually associated (P < 0.05) with385

genome-wide gene expression. A further 1,976 alleles of gene-associated SV clusters386

were signi�cantly (P < 0.05) associated with the expression of the corresponding 1,594387

genes (Fig. 5). Additional support is given by the observation that despite SV clusters388

have a similar distribution across the genome as SNV, SV clusters covered more389

positions (in bp) of promoter regions than SNV (Fig. 4). These �gures of signi�cantly390

gene-associated SV clusters are in agreement with earlier �gures for tomato (Alonge391

et al., 2020) and soybean (Liu et al., 2020a) and highlight the high potential of SV392

clusters to be associated with phenotypic traits.393

Genomic prediction394

Because of the limited number of inbreds included in this study, the power to identify395

causal links between SV clusters and phenotypes is low when considering only the 23396

inbreds. However, instead of examining the association of individual SV clusters with397

phenotypic traits, we evaluated their potential to predict seven phenotypic traits in398

comparison to various other molecular features which is expected to provide reason-399
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able information also with a limited sample size (Weisweiler et al., 2019).400

We observed that the ability to predict these seven traits was higher for SV clusters401

compared to the benchmark data from a SNP array (Fig. 6). This might be explained402

by the considerably higher number of SV clusters than variants included in the SNP403

array. However, we observed the same trend when comparing the prediction ability of404

SV clusters to that of the much more abundant SNV&INDELs. This indicates that405

the SV clusters comprise genetic information that is not comprised by SNV&INDELs.406

Our result is supported by the observation that when examining the combination of407

SNV and INDELs with gene expression and SV clusters to predict phenotypic traits,408

an increase of the prediction ability was observed compared to the ability observed409

for the individual predictors (Supplementary Table S5). Furthermore, our observa-410

tion of a di�erent prediction ability between SV clusters and SNV&INDELs can be411

explained by a lower extent of LD between SV clusters and linked SNV compared412

to that between SNV and linked SNV (Supplementary Table S4). These �ndings413

together illustrate the high potential of using SV clusters for the prediction of phe-414

notypes in diverse germplasm sets. Such type of applications might be used also in415

commercial plant breeding programs. From a cost perspective such approaches will416

be realistic if SV detection is possible from low coverage sequencing. This might be417

possible when comprehensive reference sets of SV per species are available as was e.g.418

generated in our study for barley. However, this requires further research.419
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Usefulness of SV information for QTL �ne mapping and cloning420

The inbred lines included in our study are the parents of a new resource for joint link-421

age and association mapping in barley, the double round robin population (HvDRR,422

Casale et al. 2021). This population consists of 45 biparental segregating populations423

with a to total of about 4,000 recombinant inbred lines and is available from the424

authors upon reasonable request. The detailed characterization of the SV pattern of425

the parental inbreds, presented in this study, will therefore be an extremely valuable426

information for the ongoing and future QTL �ne mapping and cloning projects ex-427

ploiting one or multiple of the HvDRR sub-populations.428

To illustrate this, we have mapped the naked grain phenotype in six HvDRR sub-429

populations (HvDRR03, HvDRR04, HvDRR20, HvDRR23, HvDRR44, HvDRR46)430

to chromosome 7H (7H:525620758-525637446). Taketa et al. (2008) discovered a431

17kb deletion harboring an ethylene response factor gene on chromosome 7H that432

caused naked caryopses in barley. In our study, two parental inbreds, namely Khar-433

sila and IG128104, are naked barley. For both inbreds, the SV calls revealed the434

same 17kb deletion on chromosome 7H. In contrast, the deletion was absent in the 21435

other parental inbreds. This illustrates the potential of exploiting SV information of436

parental inbreds for gene QTL and gene cloning.437
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METHODS

Benchmarking of variant callers for detecting SV and INDELs in the438

barley genome439

Computer simulations: We used Mutation-Simulator (version 2.0.3) (Kühl et al.,440

2021) to simulate INDELs, deletions, duplications, inversions, insertions, and translo-441

cations in the �rst chromosome of the Morex reference sequence v2 (Monat et al.,442

2019) as this was the genome sequence available when our study was performed. In443

accordance with Fuentes et al. (2019), we considered �ve SV length categories for444

each of the above mentioned SV types (except translocations) (A: 50 - 300bp; B: 0.3 -445

5kb; C: 5 - 50kb; D: 50 - 250kb; E: 0.25 - 1Mb) plus INDELs (2-49bp). Translocations446

were simulated for 50bp - 1Mb (ABCDE). We simulated SV with a mutation rate of447

1.9x10−6 for the SV length categories A-C and INDELs, whereas mutation rates of448

3.8x10−6 and 1.9x10−7 were assumed for SV length categories D and E, respectively.449

For each type of SV, we used BBMap's randomreads.sh (BBMap - Bushnell B. -450

sourceforge.net/projects/bbmap/) to simulate 2x150bp Illumina reads with a se-451

quencing coverage of 1.5x, 3x, 6x, 12.5x, 25x, and 65x as well as LRSim (version 1.0)452

(Luo et al., 2017) to simulate linked-reads with a sequencing coverage of 14x and 25x.453

Illumina- and linked-reads were simulated with a minimum, average, and maximum454

base quality of 25, 35, and 40, respectively.455

SV detection: The simulated Illumina reads were mapped to the �rst chromosome456

of the Morex reference sequence v2 using BWA-MEM (version 0.7.15) whereas Lon-457

gRanger align (version 2.2.2) was used for the simulated linked-reads. The SV callers458

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 25, 2022. ; https://doi.org/10.1101/2022.04.25.489331doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.25.489331
http://creativecommons.org/licenses/by/4.0/


24

Pindel (version 0.2.5b9) (Ye et al., 2009), Delly (version 0.8.1) (Rausch et al., 2012),459

GRIDSS (version 2.8.3) (Cameron et al., 2017), Manta (version 1.6.0) (Chen et al.,460

2016), Lumpy (smoove version 0.2.5) (Layer et al., 2014), and NGSEP (version 3.3.2)461

(Duitama et al., 2014) were used to identify SV based on the mapped reads. GATK's462

HaplotypeCaller (4.1.6.0) (Poplin et al., 2017), Pindel, and GRIDSS were used to de-463

tect INDELs. The work�ow was implemented in Snakemake (version 5.10.0) (Köster464

et al., 2021). A SV call was only kept if it passed the built-in �lter of the correspond-465

ing SV caller. We calculated the sensitivity (1), precision (2), and the F1-score (3)466

as467

Sensitvity = TP/(TP+FN) (1)
468

Precision = TP/(TP+FP) (2)
469

F1-score = 2*(Precision*Sensitivity/Precision+Sensitivity) (3)

for all combinations of SV types*SV callers, where TP was the number of true pos-470

itives, FP the number of false positives, and FN the number of false negatives. For471

INDELs, a TP INDEL had break points that did di�er ≤ 2bp from those of the sim-472

ulated INDEL and the length did di�er by ≤ 5bp. For SV length category A, a TP473

SV had break points that did di�er ≤ 10bp from those of the simulated SV and the474

SV length did di�er by ≤ 20bp. For the other SV length categories, a TP SV had475

break points and length di�erences compared to the simulated SV of ≤ 50bp. For476

insertions where no SV length was detected, the start of a TP insertion had a break477

point that did di�er ≤ 10bp from this of the simulated insertion. For translocations, a478

TP translocation had break points that did di�er ≤ 50bp from those of the simulated479

translocation.480
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We also evaluated combinations of SV callers for their precision and sensitivity to de-481

tect SV. The following procedure was used to decide for the combinations that were482

examined: First, for those SV callers, which have shown a precision ≥ 95% for all483

SV length categories for a particular SV type, SV calls were combined via logical or484

("|"). Second, for those SV callers with a precision ≤ 95% in at least one SV length485

category, SV calls were combined with a logical and ("&"). If the precision of the486

combinations of the second step increased to ≥ 95% in all SV length categories, SV487

calls of this combinations were kept for the particular SV type and were combined488

with a logical or with those of the �rst step.489

The threshold of ≥ 95% precision was used to reduce the number of FP SV calls to490

a reasonable level.491

Detection of SV, SNV, and INDELs in the barley genome492

Genetic material and sequencing: Our study was based on 23 spring barley in-493

breds (Weisweiler et al., 2019) that were selected out of a worldwide collection of 224494

inbreds (Haseneyer et al., 2010) (Supplementary Table S6) using the MSTRAT algo-495

rithm (Gouesnard, 2001). These inbreds are the parents of the double round robin496

population (Casale et al. 2021). Paired-end sequencing libraries with an insert size497

of 425bp were sequenced to a ∼25x coverage on the Illumina HiSeqX platform by498

Novogene Corporation Inc. (Sacramento, USA).499

SV, INDELs, and SNV detection: The quality of the raw reads was checked by500

fastqc. Reads were adapter- and quality-trimmed using Trimmomatic (version 0.39)501

(Bolger et al., 2014). The trimmed reads were mapped to the Morex reference se-502
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quence v3 (Mascher et al., 2021) using BWA-MEM. PCR-duplicates were removed503

using PICARD (version 2.22.0).504

Based on the results of the benchmarking of di�erent SV callers using simulated data,505

results of speci�c SV callers were combined as explained above. The �nal set of dele-506

tions for each inbred were those that were identi�ed by Manta | GRIDSS | Pindel507

| Delly | (Lumpy & NGSEP) where homozygous-reference (0/0) and heterozygous508

allele (0/1) calls were removed. Additionally, deletions annotated as "replacement"509

(RPL) by Pindel were removed. In analogy, the duplications were identi�ed by Manta510

| GRIDSS | Pindel | (Delly & Lumpy). Insertions of the SV length category A were511

identi�ed by Manta | GRIDSS | Delly, where insertions of the SV length categories512

B-E were called using Manta. Inversions were identi�ed by Manta | GRIDSS | Pindel.513

Translocations were called from pairs of break points identi�ed by Manta | GRIDSS514

| (Delly & Lumpy). INDELs were detected by GATK's HaplotypeCaller | GRIDSS515

| Pindel. SV which were located in a region of the reference sequence, where the se-516

quence only consists of N's, were excluded. For genome regions, where break points of517

di�erent SV overlapped or were inconsistent in the same inbred, only the smallest SV518

was considered. The SV of the 23 inbreds were grouped together to SV clusters based519

on the similarity of sizes and the position in the genome according to the following520

procedure. The distance from a SV to the next SV in such a SV cluster had to be521

smaller than 20bp for the SV length category A and 50bp for the SV length category522

B - E and the di�erence of the two break points had to be smaller than 10 or 50bp523

as described above. SV with a larger di�erence between break points were kept as524

separate SV and SV clustering was pursuing. Each SV cluster was genotyped across525

the examined 23 barley inbreds.526

SNV and INDELs were called using GATK. First, GATK's HaplotypeCaller was used527
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in single sample GVCF mode, afterwards GATK's CombineGVCFs was used to com-528

bine the SNV across the 23 inbreds. Combined SNV were genotyped using GATK's529

GenotypeGVCFs. SNV were �ltered using GATK's VariantFiltration (QD < 2.0;530

QUAL < 30.0; SOR > 3.0; FS > 60.0; MQ < 40.0; MQRankSum < -12.5; ReadPos-531

RankSum < -8.0).532

PCR validation of SV: A total of 25 of the detected SV were targeted for vali-533

dation by PCR ampli�cation of genome regions of and around the SV in Morex and534

Unumli-Arpa. This included six SV length category A deletions, �ve SV length cat-535

egory A insertions, six SV length category B deletions and eight SV length category536

C-E deletions. In order to determine the SV allele, we required the ampli�cation of537

two di�erently sized fragments in the two inbreds. For each SV, a regular primer pair538

was created with the position de�ned by the validation strategy (Supplementary Fig.539

S1). If needed, a second right primer was added to the PCR reaction. The primers540

were designed using Primer3 (Untergasser et al., 2012) and Blast+ (Camacho et al.,541

2009).542

Plant material was sampled for the PCR validation from adult plants and seedlings543

grown under controlled conditions. DNA was extracted from 100 mg frozen plant544

material using the DNeasy Plant Mini Kit (Qiagen, Germany) according to the man-545

ufacturer's instructions. The PCR reaction mixture contained in a �nal volume of 20546

µL: 0.2 mM dNTP, Fw/Rev Primer 0.5 µM, 50 ng DNA, 1.5 U/µL DreamTaq DNA547

Polymerase (Thermo Fischer Scienti�c, USA), Polymerase-Bu�er 1X and water. Am-548

pli�ed fragments were separated by gel electrophoresis and the validation success was549

determined by comparing the PCR product sizes with the calculated values based on550

the SV detection.551

Location of SV clusters: SV clusters were classi�ed and annotated based on their552
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location in the genome, their distance relative to genes, or other genomic features.553

SV clusters were grouped into four gene-associated and one intergenic SV cluster cat-554

egories: 5kb upstream/downstream gene-associated SV clusters were located in the555

5kb region from the 3′- or 5′- end of a gene. Intron and exon gene-associated SV556

clusters were located in the gene sequence, where the genic sequence was separated557

into intronic and exonic sequences. SV clusters which were not located in the four558

gene-associated SV cluster categories were determined as intergenic SV clusters. A559

gene-associated SV cluster could be classi�ed in more than one category if its sequence560

covers several genomic features.561

To check if the detected SV clusters were transposable elements, the genomic posi-562

tions of SV clusters were compared to the transposable elements annotation �le of563

the Morex reference sequence v3 (Mascher et al., 2021). Deletions, duplications, in-564

versions, INDELs, and insertions with known length were annotated as transposable565

elements if the reciprocal overlap was ≥ 80% (Fuentes et al., 2019). Insertions with566

unknown length were classi�ed as transposable elements if the detected break point567

of the insertion was inside the transposable element sequence. Translocations were568

classi�ed as transposable element, if at least one of the two break points was located569

inside a transposable element sequence.570

SV hotspots were identi�ed using the following procedure: The average number of SV571

clusters in non-overlapping 1Mb windows across each of the seven chromosomes was572

determined. Using this number, we calculated for each window based on the poisson573

distribution the expected number of SV clusters. Windows with more SV clusters574

than the Q99 of the expected poisson distribution were designated as SV hotspots575

(Guan et al., 2021).576

Population genetic analyses: LD measured as r2 (Hill and Robertson, 1968) was577
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calculated between each SV type and linked SNV. Nucleotide diversity (π) was cal-578

culated in 100kb windows along the seven chromosomes separately for SV clusters579

(deletions, insertions, duplications, inversions) and SNV using vcftools (version 0.1.17)580

(Danecek et al., 2011).581

SV clusters and gene expression: SV clusters which were assigned into one of582

the gene-associated SV categories, namely 5kb up- or downstream, introns, and ex-583

ons, were associated with the genome-wide gene expression of the 23 barley inbreds.584

Gene expression for the seedling tissue measured as fragments per kilobase of exon585

model per million fragments mapped was available for all inbreds from an earlier586

study (Weisweiler et al., 2019). This information was the basis of a principal com-587

ponent analysis. For all gene-associated SV clusters with a MAF > 0.15, Pearson's588

correlation coe�cient with the �rst three principal components was estimated, where589

presence and absence of SV clusters were used as metric character. A permutation590

procedure with 1,000 iterations was used to test the mean absolute values of the591

correlations for their signi�cance. In addition to this evaluation of the e�ect of SV592

clusters on the genome-wide gene expression level, we also examined the signi�cance593

of the e�ect of gene-associated SV clusters with a MAF > 0.15 on the expression of594

individual genes. In order to do so, the mixed linear model with population structure595

and kinship matrix (PK model) (Stich et al., 2008) was used. The population struc-596

ture matrix consisted of the �rst two principal components calculated from 133,566597

SNV and INDELs derived from mRNA sequencing (Weisweiler et al., 2019). From598

the same information, the kinship matrix was calculated as described by Endelman599

and Jannink (2012).600

Assessment of phenotypic traits: For the assessment of phenotypic traits under601

�eld conditions, the 23 inbreds were planted as replicated checks in an experiment602
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laid out as an augmented row-column design. The experiment was performed in seven603

agro-ecologically diverse environments (Cologne from 2017 to 2019, Mechernich and604

Quedlinburg from 2018 to 2019) in Germany in which the checks were replicated605

multiple times per environment. For each environment, seven phenotypic traits were606

assessed. Heading time (HT) was recorded as days after planting, leaf angle (LA) was607

scored on a scale from 1 (erect) to 9 (very �at) on four-week-old plants, and plant608

height (PH, cm) was measured after heading in Cologne and Mechernich. Seed area609

(SA, mm2), seed length (SL, mm), seed width (SW, mm), and thousand grain weight610

(TGW, g) were measured based on full-�lled grains from Cologne (2017-2019) and611

Quedlinburg (2018) by using MARVIN seed analyzer (GTA Sensorik, Neubranden-612

burg, Germany).613

Prediction of phenotypes: Each of the phenotypic traits was analyzed across the614

environments using the following mixed model:615

yijk = µ+ Ej +Gi + (G× E)ij + εijk, (4)

where yijk was the observed phenotypic value for the ith genotype at the jth environ-616

ment within the kth replication; µ the general mean, Gi the e�ect of the ith inbred, Ej617

the e�ect of the jth environment, (G×E)ij the interaction between the ith inbred and618

the jth environment, and εijk the random error. This allowed to estimate adjusted619

entry means for all inbreds.620

The performance to predict the adjusted entry means of each barley inbred for each621

trait using di�erent types of predictors: (1) SNP array, which was generated by geno-622

typing the 23 inbreds using the Illumina 50K barley SNP array (Bayer et al., 2017),623

(2) gene expression (3) SNV&INDELs, (3a) SNV, (3b) INDELs, (4) SV clusters, (4a)624

deletions, (4b) duplications, (4c) insertions, (4d) inversions, (4e) translocations, was625
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compared based on genomic best linear unbiased prediction (GBLUP) (VanRaden,626

2008).627

For each predictor, the monomorphic features and the features with missing rates628

> 0.2 and identical information were discarded. W was de�ned as a matrix of feature629

measurement for the respective predictor. The dimensions of W were the number of630

barley inbreds (n = 23) times the number of features in the corresponding predictor631

(m) (mSNP array = 38, 025, mgene expression = 67, 844, mSNV&INDELs = 3, 025, 217,632

mSNV = 2, 338, 565, mINDELs = 686, 652, mSV clusters = 458, 330, mdeletions =633

183, 219,mduplications = 93, 073,minsertions = 70, 143,minversions = 6, 582,mtranslocations =634

105, 313). The additive relationship matrix G was de�ned as G = W∗W∗T

m , where635

W∗ was a matrix of feature measurement for the respective predictor, whose columns636

are centered and standardized to unit variance of W, and W∗T was the transpose of637

W∗.638

Furthermore, to investigate the performance of a joined weighted relationship matrix639

(Schrag et al., 2018) to predict phenotypic variation, the three G matrices in GBLUP640

model of the three predictors, SNV&INDELs, gene expression, and SV clusters, were641

weighted and summed up to one joined weighted relationship matrix. A grid search,642

varying any weight (w) from 0 to 1 in increments of 0.1, resulted in 66 di�erent combi-643

nations of joined weighted relationship matrix, where the summation of three weights644

in each combination must be equal to 1.645

Five-fold cross-validation was used to assess the model performance. Prediction abil-646

ities were obtained by calculating Pearson's correlations between observed (y) and647

predicted (ŷ) adjusted entry means in the validation set of each fold. The median648

prediction ability across the �ve folds within each replicate was calculated and the649

median of the median across the 200 replicates was used for further analyses.650
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Table 2: Sensitivity/precision of structural variant (SV) callers and combinations of

them (for details see Material & Methods) to detect deletions, insertions, duplications,

and inversions of the SV length categories A (50 - 300bp), B (0.3 - 5kb), C (5 - 50kb),

D (50 - 250kb), and E (0.25 - 1Mb).

SV length category

SV caller A B C D E

Deletions

Delly 58.1/97.8 76.2/99.4 72.5/99.3 72.4/100.0 75.0/100.0

Manta 79.7/100.0 81.1/99.8 79.9/99.6 79.7/99.4 81.0/100.0

Lumpy 60.0/78.1 70.5/86.5 66.8/85.6 62.5/79.0 64.3/80.6

GRIDSS 79.0/99.5 80.7/99.9 77.8/99.9 78.1/100.0 77.4/100.0

Pindel 87.4/99.9 68.4/99.7 83.6/99.4 80.2/100.0 67.9/100.0

NGSEP 84.1/87.3 83.1/83.4 83.5/82.2 87.5/89.8 78.6/75.0

Combination 89.0/99.1 86.9/99.4 86.7/99.2 86.5/99.4 86.9/100.0

Insertions

Delly 3.4/100.0

Manta 88.4/99.8 74.1/100.0 72.1/100.0 72.5/100.0 75.0/100.0

GRIDSS 45.5/100.0

Pindel 6.6/93.0

NGSEP 64.1/59.2 26.8/29.6 35.5/40.5 30.5/32.1 26.0/26.5

Combination 88.4/99.8 74.1/100.0 72.1/100.0 72.5/100.0 75.0/100.0

Duplications

Delly 28.2/99.0 75.1/96.8 74.7/95.4 75.3/97.2 71.7/91.7

Manta 39.0/99.5 80.5/99.8 82.7/99.8 83.9/98.7 82.6/97.4

Lumpy 31.5/98.4 67.9/84.8 67.7/82.6 68.3/81.9 65.2/80.0

GRIDSS 39.4/99.8 80.0/100.0 80.0/100.0 83.3/100.0 79.4/100.0

Pindel 75.7/98.1 57.8/99.0 88.1/99.8 83.9/99.4 73.9/100.0

Combination 75.8/98.1 87.3/99.1 90.8/99.3 89.8/98.2 89.1/97.6

Inversions

Delly 49.7/70.4 84.6/99.2 85.5/99.4 82.6/99.4 78.2/98.6

Manta 77.0/99.0 87.0/99.9 87.3/99.9 90.0/100.0 82.8/100.0

Lumpy 66.1/88.5 76.8/96.2 75.3/97.4 77.4/94.8 74.7/98.5

GRIDSS 76.9/99.1 86.9/99.8 85.2/99.9 87.9/100.0 82.8/100.0

Pindel 83.5/99.2 90.7/99.9 90.2/99.9 89.0/100.0 77.0/100.0

NGSEP 0.0/0.0 75.7/87.9 75.3/81.5 80.0/85.4 77.0/88.2

Combination 88.4/98.1 91.5/99.8 90.9/99.8 93.2/100.0 85.1/100.0
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Table 3: Summary of detected structural variants (SV) and small insertions and deletions

(2 - 49bp, INDELs) across 23 diverse barley inbreds, where MAF was the minor allele

frequency, and TE were SV clusters which were annotated as transposable elements in the

Morex reference sequence v3.

SV type Number of SV calls Number of SV clusters

MAF > 0.05 TE

Deletions 714,867 183,489 78,823 16,846

Insertions 241,522 70,197 29,672 279 (17,718)1

Duplications 195,710 93,079 58,793 6,608

Inversions 14,961 6,583 4,116 92

Translocations 251,956 105,323 61,572 0 (54,258)1

INDELs 59,934,113 12,734,736 4,492,832 32

1Because of missing endpoint information no reciprocal overlap criterion applied

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 25, 2022. ; https://doi.org/10.1101/2022.04.25.489331doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.25.489331
http://creativecommons.org/licenses/by/4.0/


/

N
u
m

b
e
r 

o
f 

S
V

 c
lu

s
te

rs
N

u
m

b
e
r 

o
f 

S
V

 c
lu

s
te

rs

2-row cultivar genotypes

6-row cultivar genotypes

2-row landrace genotypes

6-row landrace genotypes

A

B

SV clusters detected in at least X inbreds

Fig. 1: Stacked bar graph of the number of di�erent types of structural variant (SV) clusters detected in the 23

inbreds (A) and SV clusters which were detected in at least the given number of the inbreds (B).
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Fig. 2: Distribution of genomic variants among 23 barley inbreds across the seven chromosomes. The outermost circle denotes

the chromosome number, the physical position, and as gray bar the peri-centromeric regions (Casale et al. 2021) plus the

centromeres (black) according to the Morex reference sequence v3. The next inner circles report the SV cluster hotspots (black

bars), frequencies of single nucleotide variants (red), small insertions and deletions (2 - 49bp, INDELs, purple), deletions (blue),

insertions (green), duplications (orange), and inversions (yellow) which were detected among the 23 inbreds.
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Fig. 3: The occurrence of deletions (A), insertions (B), duplications (C), inversions (D), small insertions and

deletions (2 - 49bp, INDELs, E), and single nucleotide variants (SNV) (F) in �ve genomic regions.
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Fig. 4: Distribution of structural variant (SV) clusters (black) and single nucleotide variants (SNV, red)

among 23 barley inbreds relative to the transcription start site (TSS) of a gene (x-axis). SV clusters and

SNV were counted for every position from 5kb up- and downstream around the TSS of all genes (y-axes). As

third y-axis, the proportion di�erence relative to the maximum number of SV clusters/SNV is illustrated.
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A B

C D

Fig. 5: Association of gene-associated (for details see Material & Methods) deletions (A), insertions (B), du-

plications (C), and inversions (D) with a minor allele frequency > 0.15 with the expression of individual genes

assessed using the PK mixed linear model. The gene-associated structural variant (SV) clusters were classi�ed

based on their occurrence relative to genes in 5kb up- or downstream, introns, and exons. Values of SV clusters

with the same coordinates are illustrated as points with edges, where each edge represents one SV cluster.
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Fig. 6: Boxplot of the median prediction abilities across the seven traits heading time (HT), leaf angle

(LA), plant height (PH), seed area (SA), seed length (SL), seed width (SW), thousand grain weight

(TGW) based on 23 inbreds using di�erent predictors. The points in each box represent the medians

of 200 �ve-fold cross-validation runs for each trait. The predictors were: features from SNP array, gene

expression, single nucleotide variants (SNV) and small insertions and deletions (2 - 49bp, INDELs), as

well as structural variant (SV) clusters individually as well as combined together.
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SUPPLEMENTARY INFORMATION
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Table S1: Sensitivity/precision of structural variant (SV) callers and combinations of them

(for details see Material & Methods) to identify small insertions and deletions (2 - 49bp,

INDELs) and translocations (50bp - 1Mb).

SV caller Deletions (2 - 49bp) Insertions (2 - 49bp) Translocations (50bp - 1Mb)

Delly 85.6/76.0

Manta 89.4/100.0

Lumpy 83.2/82.4

GRIDSS 68.0/99.3 64.6/98.9 87.2/100.0

Pindel 92.4/97.9 87.5/98.7

GATK 92.3/97.6 94.6/98.7

Combination 95.5/98.9 94.8/98.7 95.4/99.8
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Table S2: Predicted structural variants (SV) for PCR validation. Listed are all

SV that were PCR validated including the names, sizes, primer positions, and the

expected amplicon sizes. All sizes are given in bp.

Primer position relative to SV start Expected amplicon size

SV names left right 2nd right SV size Morex Unumli-Arpa

Del_A_1 -263 321 57 584 527

Del_A_2 -158 293 64 451 387

Del_A_3 -110 324 53 434 381

Del_A_4 -229 424 124 653 529

Del_A_5 -216 265 55 481 426

Del_A_6 -277 155 59 432 373

Ins_A_1 -167 243 57 353 410

Ins_A_2 -238 191 76 353 429

Ins_A_3 -234 258 91 401 492

Ins_A_4 -288 126 52 362 414

Ins_A_5 -266 239 57 448 505

Del_B_1 -391 2,704 1,937 3,095 1,158

Del_B_2 -462 4,446 4,144 4,908 764

Del_B_3 -374 3,687 2,940 4,061 1,121

Del_C_1 -364 316 11,313 10,778 680 899

Del_C_2 -103 280 5,692 5,355 383 440

Del_C_3 -231 375 28,406 27,937 606 700

Del_D_1 -262 120 287,036 286,558 382 740

Del_D_2 -361 371 91,956 91,411 732 906

Del_D_3 -248 224 54,918 54,481 472 685

Del_E_1 -169 348 460,621 460,240 517 550

Del_E_2 -279 239 405,578 405,029 518 828
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Table S3: Proportion (%) of SV length categories for deletions, duplications, inversions, and insertions.

SV length category Deletions Duplications Inversions Insertions

A (50 - 300bp) 41.7 16.2 20.1 48.4

B (0.3 - 5kb) 30.3 21.7 16.5 5.71

C (5 - 50kb) 26.4 55.9 25.9

D (50 - 250kb) 1.5 5.5 24.4

E (0.25 - 1 Mb) 0.1 0.7 13.1

10.3 - 1kb; no insertion length detected for 45.9%
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Table S4: Percentage of structural variant (SV) clusters or their closest neighboring single nucleotide

variant (SNV) that show a maximum linkage disequilibrium (LD) estimate r2max to all SNV 1kb up

and downstream of it. LD was calculated for three categories of minor allele frequencies (MAF) for

SV clusters and the corresponding closest SNV.

MAF

Proportion (%)

of r2max r2 [0,0.2) [0.2,0.4) [0.4,0.5) [0,0.2) [0.2,0.4) [0.4,0.5)

Between SV cluster and SNV Between closest SNV to SV cluster and SNV

Deletions

[1.0,0.8] 0.00 0.65 60.84 9.58 9.63 9.81

(0.8,0.6] 54.70 73.65 13.08 79.98 79.86 79.64

(0.6,0.4] 10.40 11.10 12.72 9.84 9.94 9.98

(0.4,0.2] 27.67 8.32 7.62 0.00 0.00 0.00

(0.2,0] 6.82 6.28 5.74 0.00 0.00 0.00

Insertions

[1.0,0.8] 0.00 0.56 60.70 9.53 9.67 9.85

(0.8,0.6] 42.84 68.38 12.41 80.32 80.08 79.58

(0.6,0.4] 11.57 11.79 12.37 9.58 9.70 9.95

(0.4,0.2] 35.82 10.08 8.05 0.00 0.00 0.00

(0.2,0] 9.48 9.19 6.46 0.00 0.00 0.00

Duplications

[1.0,0.8] 0.00 1.13 54.85 9.51 9.55 9.72

(0.8,0.6] 33.66 66.22 13.40 80.28 80.12 79.85

(0.6,0.4] 11.39 12.96 14.66 9.64 9.76 9.79

(0.4,0.2] 44.93 10.67 9.78 0.00 0.00 0.00

(0.2,0] 9.92 9.02 7.31 0.00 0.00 0.00

Inversions

[1.0,0.8] 0.00 0.96 50.00 10.11 9.29 9.94

(0.8,0.6] 34.93 66.19 13.51 79.35 80.40 79.27

(0.6,0.4] 11.56 13.60 15.55 9.98 9.69 10.16

(0.4,0.2] 45.38 11.14 11.81 0.00 0.00 0.00

(0.2,0] 7.96 8.09 9.11 0.00 0.00 0.00
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Table S5: The optimal weights of the three predictors single nucleotide variants (SNV)

and Indel (SNV&Indel), structural variants (SV) and gene expression that resulted

in the highest prediction abilities for the seven traits heading time (HT), leaf angle

(LA), plant height (PH), seed area (SA), seed length (SL), seed width (SW), and

thousand grain weight (TGW).

Traits SNV&INDELs SV clusters Gene expression Prediction ability

HT 0.0 0.1 0.9 0.63

LA 0.0 0.4 0.6 0.79

PH 0.0 0.1 0.9 0.54

SA 0.9 0.0 0.1 0.74

SL 0.6 0.0 0.4 0.70

SW 0.0 1.0 0.0 0.75

TGW 1.0 0.0 0.0 0.86

Mean (median) 0.36 (0) 0.23 (0.1) 0.41 (0.4)
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Table S6: Inbred lines included in this study, their country of origin (CoO), row type, and year of

release.

Genome sequencing coverage

Inbred name BCC code CoO Row type Year of release seq seq-trimmed mapped

HOR1842 HOR1842 AFG 6 1935 27.4 26.3 25.9

HOR383 BCC1561 BGR 6 unknown 24.8 23.8 22.4

Sanalta BCC929 CAN 2 1930 27.5 26.3 25.5

ItuNative BCC502 CHN 6 unknown 23.6 22.7 21.3

Sissy BCC1413 GER 2 1990 24.0 23.1 22.7

Georgie BCC1381 GBR 2 1975 25.1 24.1 23.7

SprattArcher BCC1415 GBR 2 1943 23.1 22.2 22.4

Lakhan BCC533 IND 6 unknown 21.6 20.8 20.1

Kharsila HOR11403 IND 6 before 1911 26.7 25.6 24.2

W23829/803911 HOR11374 ISR 2 unknown 23.6 22.7 22.4

Namhaebori BCC667 KOR 6 unknown 22.3 20.4 21.6

IG128216 BCC118 LBY 6 1983 21.2 19.3 20.8

IG128104 BCC173 PAK 6 1974 23.8 22.9 22.4

K10693 BCC1491 RUS 6 unknown 21.0 20.2 19.8

IG31424 BCC190 SYR 2 1981 23.5 22.5 21.9

HOR12830 HOR12830 SYR 6 unknown 25.8 24.7 23.4

HOR7985 HOR7985 TUR 2 before 1969 23.3 22.3 22.3

K10877 BCC1503 TKM 6 unknown 25.5 24.4 23.7

HOR8160 HOR8160 TUR 2 before 1969 24.4 23.5 23.0

Ancap2 BCC807 URY 6 1950 27.0 25.9 24.6

CM67 BCC846 USA 6 1983 23.8 22.9 22.3

Kombyne BCC893 USA 6 1975 21.5 20.5 19.9

Unumli-Arpa BCC1470 UZB 2 unknown 23.5 22.6 22.1
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Fig. S1: F1-score, which is the harmonic mean of the precision and sensitivity, for the detection of deletions,

duplications, insertions, inversions, and translocations of �ve structural variant (SV) length categories: A (50 -

300bp), B (0.3 - 5kb), C (5 - 50kb), D (50 - 250kb), E (0.25 - 1Mb) using the best combination of SV callers

(for details see Material & Methods) based on 25x and 65x Illumina short-read sequencing as well as based on

14x and 25x linked-read sequencing coverage.
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Fig. S2: F1-score, which is the harmonic mean of the precision and sensitivity, for the detection of deletions, duplications,

insertions, inversions, and translocations of six sequencing coverages (1.5x, 3.0x, 6.0x, 12.5x, 25.0x, and 65.0x) using the

best combination of SV callers (for details see Material & Methods).
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Fig. S3: Graphical illustration of the primer design strategy created to validate

structural variant (SV) predictions in the reference genome Morex and Unumli-Arpa.

The primer design strategy had to be adjusted depending on the size of the SV.

Smaller deletions (A) and insertions (up to ∼5kb) were validated with a pair of two

primers (blue/red arrow) �anking the SV (gray box). Larger deletions (B) were

validated either by primer 1 (blue) and primer 2 (red) in case of presence or by

primer 1 (blue) and primer 3 (green) in case of absence. The predicted PCR results,

the absence (1) and presence (2) of the SV sequence in the PCR fragment, are shown

on the right.
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Fig. S4: PCR validation results for small structural variants (SV) as documented after the gel

electrophoresis. PCR ampli�ed fragments are shown separated by size for the reference genotype

Morex (M) and the genotype Unumli-Arpa (UA). Predicted fragment size based on the SV

predictions are illustrated by numbers. The numbers are colored based on the validation success.

Fragment size agreement between PCR and prediction (green) or disagreement (red). Results

are shown for six small deletions (A) and six small insertions (B) of the SV length category A

(50 - 300bp). DNA ladder used: GeneRuler 100bp Plus, Thermo Fisher (LA 1).
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Fig. S5: PCR validation results for large structural variants (SV) as documented after the gel elec-

trophoresis. PCR ampli�ed fragments are shown separated by size for the reference genotype Morex

(M) and the genotype Unumli-Arpa (UA). Predicted fragment size based on the SV predictions are

illustrated by numbers. The numbers are colored based on the validation success. Fragment size

agreement between PCR and prediction (green) or disagreement (red). Additional not predicted

fragments are marked by a red box. Results are shown for six deletions of the SV length category

B (0.3 - 5kb) (A) and 8 deletions of the SV length category C (5 - 50kb), D (50 - 250kb), and E

(0.25 - 1Mb) (B). DNA ladder used: GeneRuler 100bp Plus (LA 1) and GeneRuler 1kb, Thermo

Fisher (LA 2).
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Fig. S6: Principal component analyses of the barley inbred lines considered in our study based on deletions (A), duplicatons

(B), insertions (C), inversions (D), and translocations (E). PC 1 and PC 2 are the �rst and second principal component,

respectively, and number in parentheses refer to the proportion of variance explained by the principal components. Symbols

identify landrace and cultivar inbreds and colors their row number.
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Fig. S7: Number of structural variant (SV) clusters for the di�erent types of SV which were detected in at least

(red) or no more than (black) the given number of inbreds.

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 25, 2022. ; https://doi.org/10.1101/2022.04.25.489331doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.25.489331
http://creativecommons.org/licenses/by/4.0/


10
1

10
2

10
3

10
4

10
5

0 0.1 0.2 0.3 0.4 0.5

Minor allele frequency

N
u

m
b

e
r 

o
f 

S
V

 c
lu

s
te

rs SV length categories

A (50 − 300bp)

B (0.3 − 5kb)

C (5 − 50kb)

D (50 − 250kb)

E (0.25 − 1Mb)

Unknown

Fig. S8: Detection frequencies of structural variant (SV) clusters of di�erent length categories across the 23

barley inbreds.
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Fig. S9: Average genetic diversity (π) of SNV and SV clusters across 100kb windows of the genome. The

red line indicates the correlation.
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Fig. S10: Distribution of correlation coe�cients of presence/absence pattern of all structural variant (SV)

clusters (deletions, insertions, duplications, inversions) with minor allele frequency > 0.15 and the loadings of

principal component 1 (19.7%) from a principal component analysis of gene expression data. The blue histogram

shows the distribution for the detected SV clusters whereas the red histogram shows the distribution for random

SV clusters with identical allele frequency.
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Fig. S11: Distribution of correlation coe�cients of presence/absence pattern of deletions, insertions, duplica-

tions, and inversions with minor allele frequency > 0.15 and the loadings of principal component 1 (19.7 %)

from a principal component analysis of gene expression data. The blue histogram shows the distribution for the

detected SV clusters whereas the red histogram shows the distribution for random SV clusters with identical

allele frequency.
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Fig. S12: Distribution of correlation coe�cients of presence/absence pattern of SV clusters with

minor allele frequency > 0.15 and the loadings of principal component 2 (8.2 %) (A), and 3 (7.1

%) (B) from a principal component analysis of gene expression data. The blue histogram shows

the distribution for the detected SV clusters whereas the red histogram shows the distribution for

random SV clusters with identical allele frequency.
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Fig. S13: Prediction ability for the seven phenotypic traits heading time (HT), leaf angle (LA), plant height

(PH), seed area (SA), seed length (SL), seed width (SW), and thousand grain weight (TGW) from 23 inbreds for

66 combinations of the joined weighted matrices which di�er in the weights of three predictors single nucleotide

variants (SNV) and small insertions and deletions (2 - 49bp, INDELs, SNV&INDELs, x-axis), structural variant

(SV) clusters (y-axis), and gene expression. Plotted values represent medians across 200 cross-validation runs.
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