
Genebank genomics highlights the
diversity of a global barley collection

Item Type Article

Authors Milner, Sara G.; Jost, Matthias; Taketa, Shin; Mazón, Elena
Rey; Himmelbach, Axel; Oppermann, Markus; Weise, Stephan;
Knüpffer, Helmut; Basterrechea, Martín; König, Patrick;
Schüler, Danuta; Sharma, Rajiv; Pasam, Raj K.; Rutten, Twan;
Guo, Ganggang; Xu, Dongdong; Zhang, Jing; Herren, Gerhard;
Müller, Thomas; Krattinger, Simon G.; Keller, Beat; Jiang, Yong;
González, Maria Y.; Zhao, Yusheng; Habekuß, Antje; Färber,
Sandra; Ordon, Frank; Lange, Matthias; Börner, Andreas; Graner,
Andreas; Reif, Jochen C.; Scholz, Uwe; Mascher, Martin; Stein,
Nils

Citation Milner SG, Jost M, Taketa S, Mazón ER, Himmelbach A, et
al. (2018) Genebank genomics highlights the diversity of a
global barley collection. Nature Genetics. Available: http://
dx.doi.org/10.1038/s41588-018-0266-x.

Eprint version Post-print

DOI 10.1038/s41588-018-0266-x

Publisher Springer Nature

Journal Nature Genetics

Rights Archived with thanks to Nature Genetics

Download date 23/05/2023 20:28:51

Link to Item http://hdl.handle.net/10754/629868

http://dx.doi.org/10.1038/s41588-018-0266-x
http://hdl.handle.net/10754/629868


 1 

Genebank genomics reveals the diversity of a global barley collection 1 
 2 

Sara G. Milner1,$, Matthias Jost1,$, Shin Taketa2, Elena Rey Mazón1, Axel Himmelbach1, 3 

Markus Oppermann1, Stephan Weise1, Helmut Knüpffer1, Martín Basterrechea1, Patrick 4 

König1, Danuta Schüler1, Rajiv Sharma1, Raj K. Pasam1, Twan Rutten1, Ganggang Guo3, 5 

Dongdong Xu3, Jing Zhang3, Gerhard Herren4, Thomas Müller4, Simon G. Krattinger4.5, Beat 6 

Keller4, Yong Jiang1, Maria Yuli Gonzalez1, Yusheng Zhao1, Antje Habekuß6, Sandra Färber6, 7 

Frank Ordon6, Matthias Lange1, Andreas Börner1, Andreas Graner1, Jochen C. Reif1, Uwe 8 

Scholz1, Martin Mascher1,7,* Nils Stein1,* 9 

 10 

1Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben, Seeland, 11 

Germany 12 

2Institute of Plant Science and Resources, Okayama University, Kurashiki, Japan 13 

3Institute of Crop Sciences, Chinese Academy of Agricultural Sciences (ICS-CAAS), Beijing, 14 

China 15 

4Department of Plant and Microbial Biology, University of Zurich, Zurich, Switzerland 16 

5Biological and Environmental Science & Engineering Division (BESE), King Abdullah 17 

University of Science and Technology, Thuwal, Kingdom of Saudi Arabia 18 

6Institute for Resistance Research and Stress Tolerance, Federal Research Centre for 19 

Cultivated Plants, Julius Kuehn-Institute (JKI), Quedlinburg, Germany 20 

7German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig, 21 

Germany 22 

 23 

$These authors contributed equally to this work. 24 

 25 

*Correspondence should be addressed to Nils Stein (stein@ipk-gatersleben.de) or Martin 26 

Mascher (mascher@ipk-gatersleben.de). 27 

 28 

  29 

mailto:stein@ipk-gatersleben.de
mailto:mascher@ipk-gatersleben.de


 2 

Genebanks hold comprehensive collections of cultivars, landraces and crop wild relatives 30 

of all major food crops, but their detailed characterization has so far been limited to 31 

sparse core sets. The analysis of genome-wide genotyping-by-sequencing data for almost 32 

all barley accessions of the German ex situ genebank provides insights into the global 33 

population structure of domesticated barley and points out redundancies and coverage 34 

gaps collection of one of the world’s major genebanks. Our large sample size and dense 35 

marker data afford great power for genome-wide association genetic scans. We detect 36 

known and novel loci underlying morphological traits differentiating barley genepools; 37 

find evidence for convergent selection for barbless awns in barley and rice; and show that 38 

a major-effect resistance locus conferring resistance to bymovirus infection has been 39 

favored by traditional farmers. This study outlines future directions for genomics-assisted 40 

genebank management and utilizing large germplasm collections for linking natural 41 

variation in morphological and agronomic traits to human selection during crop 42 

evolution. 43 

 44 

Large collections of plant genetic resources for most, if not all, crop plants are maintained in 45 

germplasm collections (so called genebanks or seedbanks) around the world. Even for a single 46 

species, the holdings of the major national genebanks can amount to several ten thousand 47 

accessions. The main source of information on individual accessions are “passport” 48 

descriptions detailing taxonomic status, collection sites and provenance of the material. 49 

However, these records often date back to decades before electronic data processing. Thus, 50 

some of the information originally kept on paper files may have been lost in translation both 51 

from analog to digital formats or in the literal sense during material exchange between 52 

genebanks. Numerous studies in plant and animal species1,2 have shown that patterns of genetic 53 

differentiation reflect geographic origins and major germplasm divisions created by agricultural 54 

practices. Assignments to genetically defined populations can thus complement written records 55 

and expert knowledge of curators in charge of maintaining and evaluating accessions. In 56 

addition to guiding conservation decisions and supplementing incomplete passport records, a 57 

dense genetic marker dataset for many genetically diverse genebank accessions represents a 58 

permanent resource for connecting genetic diversity and phenotypic variation by means of 59 

association mapping3,4, supporting the use of traits locked in genebank material for use in plant 60 

breeding. 61 

Here, we report the collection of genetic profiles for the entire barley (Hordeum vulgare L.) 62 

collection of the German Federal ex situ genebank hosted at IPK Gatersleben. We used this 63 
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comprehensive dataset to understand the composition of the IPK genebank in the context of 64 

barley diversity and combine historic and newly collected phenotypic data on morphological 65 

and agronomic characters to find genes and loci selected during crop evolution. 66 

 67 

Results 68 

 69 

Molecular passport data for an entire genebank collection  70 

 71 

We analyzed genotyping-by-sequencing (GBS) data from a total of 22,626 DNA samples 72 

(Supplementary Table 1). The majority of these were derived from single plants of 21,405 73 

accessions of the IPK barley collection5. We also included single-plant samples for 297 74 

accessions of the collection of the National Crop Genebank of China (NCGC) at the Institute 75 

of Crop Sciences, CAAS, China; 684 barley accessions of the Swiss national genebank of 76 

Agroscope; and 240 GBS samples from a previous study2,6. Our panel includes both 77 

domesticated barley and its conspecific wild progenitor H. vulgare ssp. spontaneum (henceforth 78 

“wild barley”). All GBS experiments were performed using the same two-enzyme (PstI-MspI) 79 

protocol7,8. After read alignment to the reference genome sequence of barley cv. Morex9, we 80 

detected 171,263 bi-allelic single-nucleotide polymorphisms (SNPs) that passed our filters for 81 

missing rate (< 10 %) and heterozygosity (< 10 %). Most of the variants (86 %) had a minor 82 

allele frequency (MAF) below 1 %, although there were also 15,683 variants with a MAF  5 83 

% (Table 1).  84 

A principal component analysis (PCA) of wild and domesticated germplasm recapitulated the 85 

previously reported clear-cut genetic differentiation according to domestication status (Fig. 1a). 86 

As in other studies2,10, we found discrepancies between our genetic clustering and the 87 

taxonomic status reported in the passport records such as wild accessions purportedly 88 

originating from outside the Fertile Crescent or even from the Americas. Several regions other 89 

than the Middle East– the primary habitat of wild barley – such as Tibet, Morocco and Ethiopia 90 

have been proposed as centers of origin of the barley crop. However, the genetic and 91 

archeological evidence for these scenarios is scant10-14. PCA-based reassignment of 92 

domestication status guided by the high-confidence set of wild barleys of Russell et al.2 defined 93 

bona fide sets of 1,140 wild and 19,778 domesticated barley accessions for further analysis. 94 

A PCA on domesticated barleys showed that geography at the continental scale is the most 95 

important correlate of genetic structure. The first four principal components (PCs) explaining 96 

together 7.1 % of the variance correspond to geographic factors: PC1 separates Eastern and 97 
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Western barleys, PC2 sets Ethiopian barley apart (Fig. 1b). PC3 and PC4 correspond to further 98 

geographic subdivisions (Extended Data Fig. 1a-c). When only frequent variants (MAF  5 99 

%) were considered, the results remained qualitatively unchanged, although the proportion of 100 

variance explained by the first two PCs increased, a pattern also observed in other species15 101 

(Extended Data Fig. 1d). Germplasm groups defined by ADMIXTURE16 with the number of 102 

ancestral populations (k) ranging from 2 to 12 (Fig. 1c, Extended Data Fig. 2a) corresponded 103 

to discrete clusters in the PCA space (Extended Data Fig. 2b). At k = 3, a division according 104 

to Western, Eastern or Ethiopian origin was evident. As k increased, the cross-validation error 105 

decreased and the proportion of samples assigned to populations reached a plateau at k = 7 106 

(Extended Data Fig. 3). Finer subdivisions at higher k could be meaningfully interpreted. In 107 

addition to geographic factors, annual growth habit and morphological characters related to 108 

end-use quality (row type, grain cover) were major determinants of population divisions 109 

(Extended Data Fig. 1, Extended Data Table 1). Samples from Southwest Asia, barley’s 110 

center of origin, harbored several ancestry components also found in other parts of the world. 111 

For example, all major ancestry components of Northern European barleys were also found in 112 

Middle Eastern material. As expected9, European barleys were divided into six-rowed and two-113 

rowed types and the majority of ancestry components present in North American barleys trace 114 

back to Europe. Notably, two-rowed spring barleys (red color for k = 12 in Fig. 1c) were 115 

underrepresented in North American germplasm. Ethiopian barleys were divided into naked 116 

and hulled types (Fig. 1c). Interestingly, samples from the Arabian Peninsula shared an ancestry 117 

component (cyan color in Fig. 1c) otherwise private to Ethiopian barleys. Apparent 118 

discrepancies between ancestry assignment and recorded provenance (e.g. Western ancestry in 119 

Ethiopian barleys) can be explained by erroneous passport data or the use of exotic germplasm 120 

in elite breeding programs since the 20th century. Finally, 373 landrace accessions without 121 

recorded countries of origin were assigned to ADMIXTURE groups (k = 12, q  0.7) indicating 122 

that genetic analyses can complement traditional genebank documentation. 123 

 124 

Implications for conservation management 125 

 126 

To assess how well the IPK collection (as represented by single-plants per accession) captures 127 

global barley diversity, we compared it to two independent collections, the International Barley 128 

Core Collection (BCC) and 79 diverse wild barleys from the panel of Russell et al.2 The BCC 129 

was compiled by an international panel of expert curators and encompasses material from ex 130 

situ collections around the world17. As IPK maintains a copy of the BCC, single-plant samples 131 
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of 1,107 BCC accessions were included in all our analyses (Supplementary Table 1). We 132 

projected the domesticated barley accessions of the IPK genebank onto the eigenvectors defined 133 

by a PCA on the BCC samples. The diversity space spanned by the BCC was well covered by 134 

the IPK samples (Figure 2a). By contrast, we detected a pronounced under-representation of 135 

some regions of the world in IPK’s wild barley collection. While 383 of 1,140 bona fide wild 136 

barleys of IPK’s collection originated from Israel, other regions of the Fertile Crescent – the 137 

primary habitat of wild barley – were underrepresented. For example, the IPK genebank does 138 

not host a single wild barley accession from Turkey, and also coverage for the Central Asian 139 

eastern range of wild barley is sparse (Figure 2b). 140 

Genetic profiles can be used to determine the similarity between samples to find pairs of 141 

genetically nearly identical samples, i.e. potential duplicates. Identifying and handling 142 

redundancies within and among germplasm collections has long been recognized as one of the 143 

key challenges of genebank management18. Differences in maintenance practices as well as 144 

incomplete documentation of material exchange between genebanks complicate the 145 

identification of duplicates solely based on passport records18. Based on pairwise identity-by-146 

state (IBS) comparisons (Extended Data Fig. 4), we clustered domesticated samples from the 147 

IPK collection with very few differences at our GBS SNP loci in 2,229 groups of closely related 148 

accessions containing between 2 and 112 members and comprising 8,804 samples in total. 149 

Thus, the proportion of potential duplicates in IPK’s barley collection (33 %) exceeds previous 150 

estimates obtained from the perusal of passport records of IPK and other genebanks19. A likely 151 

reason is that duplicates were not tracked when merging the former national genebanks of East 152 

and West Germany in the early 2000s. Our IBS analysis did not take into account intra-153 

accession diversity, which has been reported in ex situ genebank accessions of barley20. To get 154 

a glimpse into the genetic diversity within accessions, we selected at random 32 domesticated 155 

accessions for which we genotyped 10 individual plants (Supplementary Table 1). We 156 

observed varying degrees of intra-accession diversity: eleven accessions had less than 20 157 

homozygous differences between any of their individuals, while the maximum divergence 158 

between sample pairs from five accessions was in the range of inter-accession diversity 159 

(Extended Data Fig. 5). Thus, our set of highly similar single-plant samples will be a starting 160 

point for further phenotypic and genotypic analysis of the corresponding accessions to inform 161 

genebank management decisions, always keeping in mind that duplicates can serve as safety 162 

backups19.  163 

In addition to identifying potential duplicates, our IBS analysis also allowed us to compare 164 

genetic similarity between geographically defined germplasm groups. Distribution of IBS 165 
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values were usually multi-modal (Figure 2c) in line with the co-occurrence of divergent 166 

genepools (e.g. six- vs. two-rowed and hulled vs. naked types) in major barley growing regions. 167 

IBS distributions between regional groups differed also in mean. Notably, Ethiopian barley 168 

samples were more closely related to each other than barleys within other groups even after 169 

discarding potential duplicates. Our panel comprises 5,201 Ethiopian accessions from the IPK 170 

genebank (24.3 % of its collection). Possible reasons for the overrepresentation of Ethiopian 171 

accessions are past collaborations between the German and Ethiopian genebanks, and a 172 

preference for collection trips in a well-known center of crop diversity21.  173 

In summary, our analyses advocate for a reallocation of genebank management resources from 174 

the maintenance of duplicated or highly similar material towards a targeted augmentation of the 175 

collection with accessions of crop wild relatives22, either by new collections or exchange with 176 

other genebanks. 177 

 178 

Prospects of genome-wide association studies with genebank material 179 

 180 

One reason for maintaining large collections of plant genetic resources is to provide breeders 181 

with the raw material for crop improvement. Our high-density marker data for a large number 182 

of genotypes in combination with a commensurate quantity of phenotype observations lends it 183 

well to genome-wide association studies (GWAS) to define genetic loci where natural sequence 184 

diversity translates into variation of agronomic characters. 185 

To conduct association scans with our GBS data, we first performed imputation of missing 186 

genotype calls to increase marker density. We first defined a sparse genotype matrix with up to 187 

95 % missing data (i.e. at least ~1,000 present calls) and filled missing values with an algorithm 188 

designed for inbreeding crops23 with high accuracy (R2 = 0.97). We defined a core set of 1,000 189 

domesticated samples covering the diversity space of our total collection (Extended Data 190 

Table 2, Extended Data Fig. 6a). Below, we report association scans on our core set using 191 

imputed GBS Data (Figs. 3-5) as well as stringently filtered GBS data without imputation 192 

(Extended Data Fig. 7a). We first assessed the feasibility of GWAS with highly heritable 193 

morphological traits that are routinely scored during genebank propagation and are, as 194 

components of infraspecific taxonomy24, even part of passport records. 195 

 196 

Association scans for lateral spikelet fertility and lemma adherence 197 

 198 
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One of the iconic traits of barley genetics is the fertility of lateral florets, commonly referred to 199 

as row-type. Each node of the inflorescence stem (rachis) of so-called two-rowed barleys bears 200 

a spikelet triplet composed of a fertile central spikelet that set seeds and two lateral spikelets 201 

with infertile florets. The suppression of lateral spikelet development is abolished, and grain 202 

number per spike tripled, in six-rowed types, which are now prevalent in most barley-growing 203 

regions of the world. However, two-rowed barley still predominate in the Middle East 204 

(Extended Data Table 1) and are often favored by the malting industry for the higher 205 

uniformity of their grains. We mapped row-type in our 1,000 core set. Seedlings whose DNA 206 

was used for genotyping-by-sequencing were grown to maturity and seed set in lateral spikelets 207 

was recorded. GWAS scans (Fig. 3a, Extended Data Fig. 7a) revealed peaks close to the major 208 

row type genes SIX-ROWED SPIKE1 (VRS1, ref. 25) and the modifier of lateral spikelet fertility 209 

INTERMEDIUM-C (INT-C, ref. 26). While loss-of-function alleles of VRS1 arose in six-rowed 210 

barleys after domestication, the INT-C allele predominant in six-rowed types (Int-c.a) was 211 

likely selected from standing variation in the wild progenitor27. In addition to these two loci 212 

long known to barley geneticists28, we detected a third strong peak in the proximal region of 213 

chromosome 1H, coincident with a region of strong genetic differentiation between two-rowed 214 

and six-rowed barleys (Fig. 3b). We speculate that the 1H locus harbor allelic variation in a 215 

gene that were selected in six-rowed types to increase the fertility of lateral florets or the size 216 

of lateral grains, which evolved only recently from ancestral rudiments. 217 

In wild barley and hulled types, the awn-bearing lemma is firmly attached to the grain, while it 218 

can be easily separated in hull-less (or “naked”) types. Maltsters have traditionally preferred 219 

covered grains because hulls protect the grain and act as a filtration medium. If barley is 220 

processed for direct human consumption, separating the tough, fibrous husks from the edible 221 

grain is desirable. Naked barleys carry a loss-of-function allele in the NUD gene, an ethylene 222 

response factor prerequisite for the formation of a lipid layer between caryopsis and lemma29. 223 

We determined lemma adherence to the grain as a binary character in the core set and performed 224 

an association scan (Fig. 3c, Extended Data Fig. 7a). The most highly associated marker was 225 

453 kb away from the NUD gene. The GWAS peak coincided with a region of high genetic 226 

differentiation (Fst) between naked and hulled types (Extended Data Fig. 7b). Both highly 227 

associated markers and Fst signals were found also on other chromosomes, which might be 228 

explained by founder effects subsequent to the monophyletic origin29 of naked barleys or 229 

divergent selection pressures between naked and hulled types. 230 

 231 

Convergent selection for smooth awns in barley and rice 232 
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 233 

Encouraged by the collocation of our GWAS peaks for row type and hull adherence with the 234 

underlying genes, we attempted an association scan for a third, more subtle trait that had 235 

evolved under domestication and whose molecular basis had not been elucidated. Among the 236 

most recognizable features of the barley plant are its long, bristling awns – a nuisance for 237 

farmers during manual harvesting and for animals chewing the barley grain. Awnless varieties 238 

of barley exist, but are not widely grown. While cereal awns are considered beneficial for seed 239 

dispersal in the wild30, their persistence in domesticated barley is commonly attributed to their 240 

photosynthetic activity, whose loss is accompanied by significant yield penalties31. To mitigate 241 

the discomfort caused by awns, barbless varieties with smooth awns lacking silicified trichomes 242 

(Fig. 4a) are grown in some regions of the world, although they have not risen to worldwide 243 

prominence. To map loci underlying awn smoothness, we phenotyped our core set of 1000 244 

accessions by visual and haptic assessment of awn roughness. When considered as a binary 245 

phenotype (rough vs. smooth), an association scan detected a strong peak on the long arm of 246 

chromosome 5H (Fig. 4b, Extended Data Fig. 7a), which was collocated with both the 247 

mapping interval delineated in a biparental population (Fig. 4c) segregating for awn roughness 248 

and the raw1 locus of traditional barley genetics32. We searched the vicinity of the peak for 249 

plausible candidate genes and came across a gene (HORVU5Hr1G086520) annotated as a 250 

cytokinin riboside 5'-monophosphate phosphoribohydrolase, which was homologous to the 251 

LONG AND BARBED AWN1 (LABA1) gene of rice. Hua et al.33 had shown that LABA1 is 252 

involved in cytokinin biosynthesis and its functional alleles increase cytokinin content in 253 

epidermal cells of awn primordia in rice. Knock-out mutants of LABA1 had been favored in 254 

domesticated rice to abolish barb formation and awn elongation. The sequence of its barley 255 

homolog differed between the parents of our mapping population by a non-synonymous variant 256 

(G1186A) (Fig. 4d). By screening a population of chemically induced mutants in rough-awned 257 

background34, we found a loss-of-function allele (disrupted splice junction) reducing the size 258 

of trichomes mainly on the base of the awn (Extended Data Table 3, Fig. 4e-g).  259 

In addition to the ROUGH AWN1 locus on chromosome 5H, we found another GWAS peak on 260 

7H, which was not detected in the biparental population. The awns of the smooth parent Morex 261 

are not devoid of barbs (Fig. 4b, d) and a distinction between completely smooth and semi-262 

smooth types with hairs only on the tip of the awn is made by breeders, who have observed a 263 

partially quantitative inheritance of awn roughness35. We speculate that the 7H locus may 264 

correspond to a second mutation decreasing barb formation in carriers of loss-of-function 265 
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alleles at raw1. Further work will delimit the 7H locus through genetic mapping in crosses 266 

between completely smooth and semi-smooth types selected from our core set. 267 

 268 

Association scans with legacy data identify flowering time and disease resistance loci 269 

 270 

In contrast to the morphological characters we have focused on so far, most traits related to 271 

plant performance in present-day intensive agriculture such as yield, plant height, flowering 272 

time or disease resistance are quantitatively inherited and interact with environmental factors. 273 

Collecting phenotypic data for an entire genebank collection would be an immense undertaking. 274 

The outcome would be uncertain as the majority of genebank holdings are landraces unadapted 275 

to current agricultural practices, complicating the assessment of agronomic parameters36. 276 

Evaluation data collected by genebank managers and researchers in past decades offer a ready 277 

opportunity to assess the power of association mapping of agronomic traits without additional 278 

investments and can thus guide the design of future efforts for linking phenotype and genotype 279 

in plant genetic resources. In the present study, we took advantage of digitized records of 69 280 

propagation cycles of the IPK collection dating back to as early as 1946 and extracted flowering 281 

dates for 9,960 spring barley accessions. After data curation and outlier removal, we used a 282 

mixed-linear model approach37 to account for the effects of environmental factors (different 283 

years of propagation) and variance inhomogeneity. A GWAS scan detected three peaks close 284 

to the known flowering time genes PHOTOPERIOD-H1 (PPD-H1) on chromosome 2H, VRN-285 

H1 on 5H and VRN-H3 on 7H (Figure 5a). As a component of the photoperiod pathway, PPD-286 

H1 is a major regulator of flowering time in both wheat and barley38 and has pleiotropic effects 287 

on plant architecture39. VRN-H1 and VRN-H3 are homologous to APETALA1 and FLOWERING 288 

LOCUS T of Arabidopsis thaliana, respectively. Sequence variation in VRN genes underlies the 289 

differences in vernalization requirement between spring- and autumn-sown cereals40,41. VRN-290 

H1 has been implicated in frost tolerance in spring barley42. Our results suggest that allelic 291 

diversity at VRN-H1 and VRN-H3 correlates with flowering time variation in spring-sown 292 

barleys. An important caveat is that landraces from diverse agricultural environments were 293 

grown at a single field site in central Germany, an environment to which they were not adapted. 294 

The identification of resistance genes from plant genetic resources by association genetics has 295 

received considerable attention in recent years43,44. Although several commonly deployed 296 

resistance genes or alleles trace back to traditional landraces preserved in ex situ germplasm 297 

collections45, historical field records of genebanks are of limited use for assaying the response 298 

to pathogen stress. Prevalent pathogen strains changed over time as did pesticide regimes and 299 
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disease scoring schemes. To evaluate the suitability of our genetic profiles to map resistance 300 

gene loci, we used evaluation data for resistance to bymoviruses of the barley yellow mosaic 301 

virus complex collected in field trials (BaYMV/BaMMV) at three locations in central Germany 302 

and by artificial inoculation in growth chambers (BaMMV) for a large subset (1894 winter 303 

barley accessions) of the IPK collection across a 31-year time period (1985 – 2016, with 304 

intermissions, Supplementary Table 2). Barley yellow mosaic virus (BaYMV) and Barley 305 

mild mosaic virus (BaMMV) are transmitted by the soil-borne protist Polymyxa graminis. Since 306 

the vector is infectious to a soil depth up to 70 cm and no pesticides effective against the viruses 307 

are known to date, only resistant cultivars can be grown on virus-infested fields. Best linear 308 

unbiased predictors were calculated for BaYMV and BaMMV resistance and used for 309 

association scans. A strong peak on the long arm of chromosome 3H was detected for BaYMV 310 

resistance (Fig. 5b). The most highly associated marker was located close to the well-311 

characterized rym4/5 locus encoding the eukaryotic translation initiation factor 4 (Hv-eIF4E, 312 

ref. 46). The rather large distance (1.6 Mb) between the peak marker and Hv-eIF4E is likely a 313 

consequence of extensive linkage disequilibrium in this region due to recent breeding 314 

practices47. Alleles of Hv-eIF4E are effective against isolates of both BaYMV and BaMMV 315 

(ref. 48). In line with this, the rym4/5 locus was also highly associated with resistance to 316 

BaMMV (Fig. 5c). In addition, a second peak on the long arm of chromosome 4H was found. 317 

The most highly associated marker fell within a broadly defined mapping interval for BaMMV 318 

resistance in the Taihoku A x Plaisant population (ref. 49, S.F., F.O. unpublished results), in 319 

which segregants carrying the rym13 allele of Taiwanese cultivar Taihoku A are resistant to 320 

BaMMV strains that have overcome the commonly deployed Hv-eIF4E allele. Our association 321 

scan in a natural diversity panel suggests that the resistance of Taihoku A to BaMMV is not an 322 

isolated event, but that alleles of rym13 have played an important role in managing BaMMV 323 

infection in the field and may have been selected by farmers in East Asia where many resistant 324 

accessions originate48.  325 

 326 

Discussion 327 

 328 

Our analysis has established the feasibility of genome-wide high-density genotyping of an 329 

entire genebank collection. Molecular passport data provide invaluable complementary 330 

information to traditional passport records of genebank managers and will be crucial in the 331 

transformation of genebanks from living archives into bio-digital resource centers. In 332 

combination with phenotypic data for many accessions, GBS data are a permanent resource for 333 
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investigating the genes underlying crop evolution and selection for agronomic traits. The 334 

methodology employed in the current study – reduced representation sequencing, reference-335 

based variant calling, imputation and genome-wide association – has been used in many crop 336 

species and scales well to large sample sizes. Thus, similar efforts are feasible – if not already 337 

underway – for other crop species50,51. If molecular passports are compiled for other barley 338 

collections, it will be possible to assess redundancy and complementarity at the international 339 

level to allow informed decisions on material exchange and planning of new collections. As 340 

sequencing methodologies evolve, whole-genome sequencing of entire collections51 may 341 

become affordable also in large-genome species, enabling in silico allele mining for the vast 342 

majority of genes and possibly also zooming in on GWAS peaks to candidate gene resolution52 343 

without complementary resources such as biparental populations. In the meantime, the selection 344 

of core sets whose representativeness has been ascertained in the context of species-wide 345 

diversity are an effective means for further sequence-based characterization of genebank 346 

material. In the present study, 1000 accessions afforded sufficient power to plant architectural 347 

and phenological traits that are under the control of only a few genes. Future research should 348 

focus on concepts for discovering beneficial genetic variation contributing to complex traits 349 

such as quantitative disease resistance and yield components, and on their practical 350 

implementation53,54. Genebank genomics will also be an attractive avenue to elucidate the 351 

molecular basis of crop evolution in species whose domestication history has not been studied 352 

as well as that of the major cereal crops.  353 
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Tables 396 

 397 

Table 1: Number of segregating single-nucleotide polymorphisms (SNPs) detected by GBS in wild and domesticated barley samples. 398 

 Number of SNPs SNPs with MAF1 ≥ 1% SNPs with MAF ≥ 5% 

All samples (n=22,626) 171,263 23,908 15,683 

Domesticated barleys (n=19,778) 76,102 22,356 15,872 

Wild barleys (n=1,140) 127,408 46,392 20,511 

 399 
1 Minor allele frequency 400 
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Figures 401 

 402 

 403 

Figure 1: Genetic structure of barley ex situ accessions. (a) Principal component analysis 404 

(PCA) of 22,621 samples of wild and domesticated barley based on 171,263 SNP markers. 405 

Samples are colored according to domestication status in the genebank passport data. Five 406 

samples were excluded likely due to incorrect species assignments. (b) PCA of 19,778 407 

domesticated barleys based on 76,102 markers. Samples are colored according to geographic 408 

origin. The color code is defined in the inset map. The proportion of variance explained by the 409 

principal components is indicated in the axis labels (a, b). (c) ADMIXTURE ancestry 410 

coefficients (k=3, 12) for 17,640 samples of known provenance. The colored blocks below the 411 

bar plots correspond to the regional groupings of panel (b). The gray block corresponds to North 412 

American samples. 413 

  414 
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 415 

Figure 2: Genebank genomics. (a) Domesticated barley samples from the IPK collection 416 

(n=17,612, gray color) were projected on the principal components (PCs) defined by 1,102 417 

samples of the barley core collection (BCC, red color) using 17,944 markers with a minor allele 418 

frequency (MAF) ≥ 5 % in the BBC samples. Five BCC were omitted because of their unclear 419 

domestication status. (b) A total of 1,140 wild barleys from the IPK collection were projected 420 

on the PCs defined by 79 geographically diverse wild barleys from the panel of Russell et al.2 421 

using markers with a MAF ≥ 5 % in the latter set. Samples are colored according to geographic 422 

origin as indicated in the legend. (c) Distribution of pairwise identity-by-state values in regional 423 

germplasm groups. 424 

  425 

a b c
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 426 

Figure 3: Genome-wide association scans for morphological characters. (a) Significance 427 

of marker-trait associations for lateral spikelet fertility (“row type”). The red and blue arrows 428 

mark the positions of the cloned row type genes VRS1 (ref. 25) and INT-C (ref. 26), respectively. 429 

(b) Genetic differentiation (Fst) between six-rowed and two-rowed types in 1 Mb bins. (c) 430 

Significance of marker-trait association for hull adherence.  The green arrow marks the position 431 

of the NUD gene29. The red lines in panels (a) and (c) indicate the significance threshold after 432 

correction for multiple testing using the Bonferroni method. Imputed variant matrices were 433 

used. 434 

  435 

a

b

c
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 436 

Figure 4: Isolation of the ROUGH AWN1.  (a) Awn roughness in barley. Scanning electron micrograph form 437 

the base, middle and tip of the awn in rough-awned cultivar Barke (top-row) and smooth-awned cultivar Morex 438 

(bottom row). (b) Significance of marker-trait associations for awn roughness. The red line indicates the 439 

significance threshold after correction for multiple testing using the Bonferroni method. (c) Mapping-by-440 

sequencing with two phenotypically defined bulks, each comprising 180 rough and smooth awns recombinants 441 

respectively, of the Morex x Barke recombinant inbred line (F8) population. (d) Exon-intron structure of the 442 

ROUGH AWN1 gene with positions of a non-synonymous SNP between Morex and Barke (G1186A) and 443 

mutations in TILLING plants. Segregation of the awn roughness in offspring of a TILLING mutant heterozygous 444 

for the splice site mutation in the fourth exon: homozygous wild type (e), heterozygous (f), homozygous mutant 445 

(g).  446 
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 447 

Figure 5: Association mapping of agronomic characters.  (a) Significance of marker-trait 448 

associations for flowering time in 9,960 spring-sown barleys. Blue, red and purple arrows mark 449 

the locations of the major flowering time genes PPD-H1 (ref. 38), VRN-H3 (ref. 41) and VRN-450 

H1 (ref. 40), respectively. Significance of marker-trait associations for resistance to Barley 451 

yellow mosaic virus (b) and Barley mild mosaic virus (c) in 1,894 accessions of the IPK 452 

genebank. The arrows mark the position of Hv-eIF4E (rym4/5; green) and the location of the 453 

rym13 locus (cyan). Imputed variant matrices were used. The red lines indicate the significance 454 

threshold after correction for multiple testing using the Bonferroni method 455 

a

b

c
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Methods 456 

 457 

See separate files 458 

 459 

Extended Data Items 460 

 461 

See separate files 462 
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