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1. General introduction 

1.1  Barley is an important crop  

Barley is the fourth main cereal crop worldwide (FAO, 2020). Cereal crops are crucial 

resources for global food security and provide large energy and protein components of the human 

diet (Lafiandra et al. 2014). Europe accounts for 61.5% of the barley global production, which 

amounted to 155.9 million metrics tons in 2019. The main barley producing countries in Europe 

are Russia, Ukraine, Spain, Germany and France (FAO, 2020). The main end-uses are animal feed, 

brewing malts, and human food (Nevo 2013).  

Barley plays an important role as a cereal model crop in research. An important driving 

force has been the development of a high-quality barley genome reference sequence. In 

combination with the well-established protocols for genome editing, this has spurred barley 

research that is progressing faster than ever (Mascher et al. 2017; Beier et al.2017; Kilian and 

Graner, 2012; Milner et al. 2019). 

1.2  Barley breeding methodologies 

Barley breeding has successfully developed varieties that meet the needs of crop production 

such as disease resistance and specific qualities for feeding, malting and food. Currently, a major 

challenge for breeders is to breed high-yielding varieties to feed a growing population under 

conditions of global warming (Voss-Fels et al. 2019). Conventional plant breeding of barley takes 

at least eight years until a new variety is developed. Therefore, new strategies have been developed 

to accelerate the improvement rate and without increasing the costs for breeding. These improved 

approaches use innovations in high-throughput genotyping, genome editing, genomic selection, 

and speed breeding (Watson et al. 2018).  
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Barley breeding focused on pure lines development whereas hybrids production displayed 

growing potential (Verstegen et al. 2014, Mühleisen et al. 2013). Common approaches to produce 

pure lines are bulk and pedigree selection schemes, and doubled haploid (DH) selection 

methodology (Verstegen et al. 2014). Barley varieties are classified based on growth habit and 

morphology. For instance, spring varieties have a broad adaptation to different environments and 

do not require vernalization while the winter type requires it. The morphology of the ear facilitates 

a classification of barley in six-rowed and two-rowed types. The awn-bearing lemma firmly 

attached to the grain stands for hulled types, but it can be easily separated in hull-less or naked type 

(Taketa et al. 2004). 

1.3  Important breeding goals in barley 

The main target traits for selection in barley breeding are grain yield, yield stability, yield 

quality, straw strength, winter hardiness, and tolerance to biotic and abiotic stress (Wiegmann et 

al. 2019). Agronomic traits such as flowering time, plant height, and thousand grain weight are 

also considered as they play a role in crop yield and stability. The timing of flowering directly 

influences grain yield, as it needs optimization to occur during specific seasons to avoid 

environmental stresses such as frost, heat, and drought. Short-stature cultivars are developed to 

improve yield by reducing lodging and increasing the harvest index. The most common genes 

leading to semi-dwarf cultivars are uzu1, denso, and sdw1 (Hellewell et al. 2000; Saisho et al. 

2004). However, the strong association to low vigor and the reduction for grain yield let to avoid 

the use of some dwarfing genes for breeding (Verstegen et al. 2014). Breeding varieties for feeding, 

brewing and food implies selection for starch, protein and fiber content (Meints and Hayes 2019; 

Verstegen et al. 2014). Relevant features are the strong negative correlation between yield and 
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protein content, selection based on indirect traits to achieve malt extract requirements (Bhatta et al. 

2020; Kunze, 2010; Li et al. 2010)  

Disease resistance is an economic and ecological mechanism to counteract pathogens 

causing yield reduction in crops. Major diseases in barley are powdery mildew (Blumeria 

graminis), speckled leaf blotch (Septoria passerinii), scald leaf blotch (Rhynchosporium secalis), 

net bloch (Pyrenophora teres), barley rusts like stem rust and leaf rust (Puccinia graminis resp. 

Puccinia hordei), and soil borne mosaic viruses (Verstegen et al. 2014). Soil borne mosaic viruses 

poses a serious threat to winter barley production in East Asia and Europe with yield loses up to 

50% (Plumb et al. 1986). The disease is caused by different strains of barley yellow mosaic virus 

(BaYMV-1 and BaYMV-2) and barley mild mosaic virus (BaMMV). The symptoms typically 

appear in January and the bymoviruses belong to the group of winter diseases in barley. BaYMV 

and BaMMV are transmitted by the vector Polymyxa graminis, which is an obligate biotrophic 

parasite of plant roots and belongs to the plasmodiophorids. Bymoviruses can survive over several 

years in the field within the protective dormant spores of Polymyxa graminis (Neuhauser et al. 

2010). The most effective, economically sustainable, and environmentally friendly control method 

is the planting resistant cultivars (Finch et al. 2014; Kanyuka et al. 2003). Genetic mapping has 

shown that almost 20 genes are distributed in all chromosomes of barley, conferring resistance to 

BaYMV and BaMMV (Perovic et al. 2019). Until now, breeding of resistant lines depended mainly 

on phenotypic selection and, to a lesser extent, on marker-assisted selection (MAS). Backcrossing 

and pyramiding are the most used breeding methods to introduce resistance against several strains 

into a single genotype (Ordon et al. 1999; Werner et al. 2005).  
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1.4  Need of broadening the genetic basis of elite breeding pools 

New cultivar improvement depends of functional genetic diversity to achieve a sustainable 

crop production under challenging and changing environmental and pest hazards conditions 

(Muñoz-Amatriaín et al. 2014; Tilman et al. 2011). In this sense, genebanks have been developing 

and implementing the operating procedures for seed storage and plant propagation for genetic 

diversity preservation. Ex situ genebanks world-wide host 7.4 million of accessions, and the 

implementation of a global seed vault safe let to guard more than one million safety duplicates on 

the Svalbard archipelago. However, the lack of characterization data hampers the detection of 

useful genetic variation and its utilization to address crop breeding needs.  

In the mid-twentieth century, the establishment of genebanks for the conservation of plant 

genetic resources was promoted when high-performing varieties began to replace traditional 

landraces. As a result, half a million of barley accessions from worldwide resources have been 

collected and preserved in genebanks (Verstegen et al. 2014). The Federal ex situ Genebank for 

Agricultural and Horticultural Plant Species hosted at the Leibniz Institute of Plant Genetics and 

Crop Plant Research (IPK) in Gatersleben (Germany) maintains ~22.000 barley accessions. It is 

the sixth largest collection worldwide and one of the most actives in germplasm distribution. The 

management of the IPK barley collection includes in-field multiplication, cold storage facilities 

since 1976, as well as the collection, preservation, storage, and quality assessment of 

characterization data (Börner 2006). Moreover, the data management switched from field 

worksheet and manual evaluation to automatized devises such as automatic Marvin digital seed 

analyzer and Personal Digital Assistants (PDAs).  

The need to increase the efficiency in identification of useful genetic variation has been 

emphasized already since 1967. Nevertheless, genebank managers, plant geneticist and breeders 

still point to the need of systematic evaluation of comprehensive collections. In this direction, 
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genomic approaches for genebank management and prebreeding have been proposed to facilitate 

the characterization and utilization of plant genetic resources. For instance, the application of 

molecular markers was initially promoted for population genetics studies. But the high cost of 

characterization with molecular markers allowed only a reduced number of accessions to be 

evaluated. Consequently, curators and breeders focused on core collections (Brown 1989) for 

genomic characterization. Recent advances such as affordable genome-wide genotyping and low 

cost in genotyping technologies enables the characterization for entire genebank collections (Kilian 

and Graner 2012). Genotyping-by-sequencing (GBS), an application of next generation 

technologies (NGS), had showed good performance in detecting rare variation in barley germplasm 

collections (Darrier et al. 2019). In this manner, the utilization of the single nucleotide 

polymorphisms (SNPs) could be facilitated by GBS and the reference sequence of barley variety 

Morex (Mascher et al. 2017). A significant amount of barley accessions has been tested by SNP 

markers including a core collection with ~2,400 accessions and an entire collection comprising 

~22,000 accessions (Milner et al. 2019; Muñoz-Amatriaín et al. 2014). SNPs can be used as a 

molecular passport data to complement, corroborate and correct traditional passport records. There 

are challenges for genetic resources management worldwide with whose SNPs can deal, for 

instance tracking the identity, identifying duplicates within and between genebanks, and 

monitoring the genetic integrity (Mascher et al. 2019; Milner et al. 2019).  

Potential users of genetic resources such as breeders need information on the value of plant 

genetic resources for improving important agronomic or quality traits. The phenotypic 

characterization for complete collections is demanding in time and economical resources. 

Therefore, unlocking the historical records collected during seed regeneration and diseases 

screening provide the opportunity to increase the amount of information in genebanks at no extra 

cost (de Carvalho et al. 2013; Gonzalez et al. 2018a,b; Gonzalez et al. 2021; Milner et al. 2019; 
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Philipp et al. 2019). Moreover, the amount of characterization data could be increased using 

historical data as a training set to predict the performance of non-phenotyped individuals using the 

tool box of genome-wide predictions. Genomic prediction for mining global gene banks scale can 

make profit from historical data. Thus, data integration between different genebanks requires 

especial attention (Crossa et al. 2016; Jarquin et al. 2016; Yu et al. 2016). In this regard, data 

sharing, documentation and archiving must follow the FAIR principles, i.e. data must be findable, 

accessible, interoperable and reusable (Wilkinson et al. 2016).  

1.5  Data availability for genebank accessions 

The majority of germplasm collections have only basic passport data available, but 

genebank users need information to select promising candidates for their own projects. Genetic 

resources contain various genes and traits needed to deal with current and future challenges. 

However, making available characterization data to the community requires several years of 

intensive phenotyping and specialized equipment (Anglin et al. 2018). The low-cost alternative is 

mining data in public repositories such as dataverse, CGspace, PGP, and datasets linked to 

published articles (Anglin et al. 2018; Arend et al. 2016; Milner et al. 2019). Digital platforms are 

for instance the BRIDGE portal (https://bridge.ipk-gatersleben.de/), komugi 

(https://shigen.nig.ac.jp/wheat/komugi/), and GrainGenes (https://wheat.pw.usda.gov/GG3/). 

Genebanks can feed their databases with information of genetic resources evaluated by researchers 

outside of the genebank. Moreover, there is the possibility of make available information recorded 

which is still stored on paper or excel sheets. 

Historic phenotypic data accumulated during seed multiplication routine is a key resource 

of information to leverage the untapped biodiversity of genetic resources (Keilwagen et al. 2014). 

https://shigen.nig.ac.jp/wheat/
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However, biases are induced by disparity in protocols of evaluation, fluctuating weather conditions 

and changing agronomic management across years (Krajewski et al. 2015).  

The IPK genebank preserves ~151.000 accessions for ~3.000 plant species. The seed 

regeneration performed for about 5% of the collection each year generates a huge amount of data 

because it is accompanied by a routine of phenotypic characterizations. Curators score field trials 

to protect the genetic constitution of the accessions, reduce the effects of natural selection, and 

control possible seed mixtures from past management activities at the genebank (Philipp et al. 

2019). The historical data collected from field trials at IPK for germplasm of barley and wheat is 

publicly available on e!DAL-Plant Genomics and Phenomics Research Data Repository (PGP) 

(Arend et al. 2016). The GBS data for ~ 20.000 barley accession is also available at PGP repository. 

Part of the barley germplasm data could be found at BRIDGE including phenotypic traits of spikes 

(König et al. 2020) and EURISCO involving taxonomic data (Kreide et al. 2019) (Fig. 1).  

 

Figure 1. Publishing information of genebanks following the FAIR principles, i.e. data must be 

findable, accessible, interoperable and reusable, as strategy to make an efficient use of plant genetic 

resources.  
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Historical phenotypic data from seed regeneration and disease screenings for barley 

accessions are non-orthogonal across traits and years (Gonzalez et al. 2018b; Gonzalez et al. 2021; 

Philipp et al. 2019). In this respect, for barley, 12 accessions were tested for thousand grain weight 

in 1984, while 4,789 accessions were tested for plant height in 1970. Moreover, some accessions 

were tested more than once in a year before they were classified as winter or spring type. Over the 

period of seven decades, the accessions were evaluated up to 22 years. These huge datasets with 

information for up to ~13,000 accessions are from long periods of evaluation. The data from seed 

regeneration are very unbalanced, as the trials were not installed for gathering evaluation data. 

They were rather conducted in order to (i) preserve the genetic diversity stored under a size sample 

and quality thresholds pre-established, (ii) preserve new genotypes, (iii) research, and (iv) seed 

distribution (Börner 2006).  

Determining precise estimates of the performance of accessions based on historical 

information requires an assessment of data quality. The evaluation strategy may include methods 

for outlier detection on unbalanced sets (Bernal-Vasquez et al. 2016; Estaghvirou et al. 2014) and 

bias assessment on first- and second-degree statistics (González et al. 2018a; Piepho and Möhring 

2006). The possible bias results from accessions that were regenerated in blocks, depending on the 

year when they entered the genebank, especially before the establishment of cold storage facilities. 

The performance estimation must therefore deal with limitations such as biased estimations and 

unbalanced data sets. In this sense, the restricted maximum likelihood algorithm (REML), which 

is used to solve mixed model equations, becomes a suitable alternative (Patterson and Thompson 

1971). Furthermore, working with historical data sets entails a management for huge amount of 

records and interdisciplinary knowledge for plausibility checks. Then, both, automated standard 

operating procedures and manual quality assessment, are relevant (González et al. 2018a; Mascher 

et al. 2019).  
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1.6  Exploitation of germplasm with the aid of genomics 

The potential of genomic prediction and genome-wide association mapping encourages 

their utilization to improve efficiency in germplasm characterization. In particular, genomic 

prediction is suitable for complex traits given the estimation of all marker effects across the entire 

genome to calculate genomic estimate breeding values (GEBVs) (Heffner et al. 2009; Jiang et al. 

2021; Waugh R. 2014). The promising performance of genomic prediction has been observed on a 

wide range of studies. For animal breeding, the selection in layer chickens based on genome-wide 

prediction outperformed the conventional breeding scheme for most of 16 traits (Wolc et al. 2015). 

Studies in dairy cattle showed increments in rates of genetic gain per year from 50% to 100% for 

yield traits, and between threefold to fourfold for lowly heritable traits since the implementation of 

genome-wide prediction (García-Ruiz et al. 2016).  

Respecting plants, the assessment of genome-wide prediction started on populations from 

breeding programs. In this respect, correlations up to 0.79 among observed and predictive values 

indicated that genomic selection in plant breeding can be suitable for selecting among lines that are 

not phenotyped (Crossa et al. 2010). Genomic prediction has been also tested on plant genetic 

resources revealing promising results. For instance, the assessment of wheat landraces and 

genebank accessions of cauliflower showed prediction accuracies ranging from 0.16 to 0.67 

(Crossa et al. 2016; Thorwarth et al. 2018). Moreover, using soybean germplasm accessions were 

achieved correlations between predicted and observed values up to 0.92 based on independent 

validation trials (Jarquin et al. 2016). For barley, moderate to high prediction accuracies have been 

reported (Nielsen et al. 2016; Philipp et al. 2016; Sallam et al. 2015; Thorwarth et al. 2017). Thus, 

genome-wide prediction is a promising tool to add information to plant genetic resources hosted in 

genebanks. 
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1.7  Objectives 

The main goal of the present work was to examine strategies to advance the IPK barley 

collection into a bio-digital resource center facilitating an educated choice of genetic resources for 

research and breeding. In particular, the objectives were to:  

(1) Develop and evaluate strategies to assess the quality of historic phenotypic data for 

plant height, flowering time, and thousand grain weight;  

(2) Compare the phenotypic diversity of the collection with the phenotypic variation 

currently exploited in barley breeding in Central Europe;  

(3) Illustrate the potential use of the phenotypic data in order to unlock the valuable 

diversity for research and breeding; 

(4) Provide all research data and the presented results in a FAIR-way to be easily re-

used; and  

(5) Investigate the potential of genomic prediction based on historical screening data of 

plant responses against to Barley yellow mosaic viruses for populating the IPK bio-

digital resource center of barley; 
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6. General discussion 

Plant genetic resources have the potential to contribute significantly to crop adaptation to a 

changing climate. However, the actual use of plant genetic resources in plant breeding is limited 

and contrasts with their potential. An important building block to exploit plant genetic resources in 

plant breeding is to make genomic and phenotypic information for plant genetic resources available 

for both breeding research and applied plant breeding. This can be done in combination with the 

development of a suitable bioinformatic toolbox that facilitates data mining in order to implement 

a targeted selection of promising plant genetic resources in plant breeding.  

Internationally, there are some extensive projects to increase the information density of 

plant genetic resources. For example, in the Seeds of Discovery project 

(https://seedsofdiscovery.org/tag/cimmyt/), CIMMYT has systematically genotyped and 

phenotyped large parts of its extensive maize and wheat collections. The IPK in Gatersleben has 

also genotypically characterized its entire ex situ barley collection in the frame of the BRIDGE 

project. The activities in BRIDGE focused on the description and placing of the molecular diversity 

of the IPK barley collection and collection-related research questions such as redundancy within 

and between genebanks. For example, one result of these analyses was that the IPK barley 

collection covers a wide diversity when compared to the Barley Core Collection (BCC), which was 

established to represent the global barley diversity. However, the IPK collection has also collection 

gaps and accessions from Turkey and Central and Eastern Asian are underrepresented (Milner et 

al. 2019). An important component that was missing from the BRIDGE project activities was the 

generation and use of comprehensive phenotypic data. This was a major gap that we were able to 

fill in the context of this PhD by opening up historical data. 
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6.1  Large historical datasets of a diverse collection 

The barley collection of the IPK comprises ~20,000 accessions. About 5% of the collection 

is regenerated annually in field plots of up to 3.75 m². During the regeneration process, phenotypic 

information is collected for each accession for traits such as plant height, flowering time, or 

thousand grain weight. In addition, sporadic attempts have been made in the past to characterize 

portions of the collection. For example, the Federal Research Center for Cultivated Plants (Julius 

Kühn-Institut, JKI) and its predecessor organizations have annually screened a small sample of 

barley accessions in the IPK collection for soil-borne diseases, a limiting factor for winter barley 

production for which the effective control method is breeding resistant varieties. In this way, 

extensive historical data has been accumulated over the years. Considering plant height, flowering 

date, thousand grain weight, and resistance to barley mosaic viruses BaYMV and BaMMV, up to 

2,968 data points for winter barley and up to 9,898 data points for spring barley accessions are 

available in the IPK genebank documentation system (Fig. 2).  

 

Figure 2. Venn diagrams showing the number of A) winter and B) spring barley accessions 

phenotyped for flowering time (FT), plant height (PH), thousand grain weight (TGW), and 

resistance against the barley mosaic viruses BaYMV and BaMMV.  
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The historical data stored at the IPK genebank documentation systems was an untapped 

treasure, reflecting a value of approximately 1.8 million euros, assuming a cost per plot of 30 euros 

and ignoring seed logistics costs. The challenge in using the unbalanced historical data was to 

implement an appropriate procedure for data curation and analysis. Mixed linear models using the 

restricted maximum likelihood algorithm (REML) (Patterson and Thompson 1971) are a powerful 

tool for analyzing such nonorthogonal data. The general form of a linear mixed model is 𝐘𝐘 = 𝐗𝐗â +

𝐙𝐙𝐙𝐙 + 𝐞𝐞, where 𝐘𝐘 corresponds to the response vector, 𝐗𝐗 and 𝐙𝐙 are known design matrices, â is a 

vector of fixed effects, 𝐮𝐮 corresponds to random effects and 𝐞𝐞 stands for error terms. We used linear 

mixed models and implemented outlier detection to assess the quality of the historical data 

(Gonzalez et al. 2018a), which is a strategy successfully used to curate phenotypic data generated 

in plant breeding programs (Galiano-Carneiro et al. 2020; Neuweiler et al. 2020; Trini et al. 2020).  

For the historical barley data, outlier detection using the rescaled mean absolute deviation 

of the standardized residuals and the Bonferroni-Holm test (Bernal-Vasquez et al. 2016) showed 

excellent results. A maximum of 2.5% of the data points in the historical data were detected as 

outliers and removed, which increased heritability by up to ~17% for flowering time, plant height, 

and thousand grain weight for both winter and spring barley (Gonzalez et al. 2018a). Consequently, 

the implemented data curation pipeline is suitable as a blueprint for further studies and is already 

being used in other international projects such as the 'Activated GEnebank NeTwork (AGENT)' 

(https://www.agent-project.eu/). 

Timely curation of data has the advantage of incorporating further information for the 

evaluation of results in the case of outlier tests. Thus, the great experience of the curators in the 

genebank can be better used to differentiate technical or agronomic causes from actual biological 
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outliers. Image data on field trials, for example by drone overflight, provide a simple initial way to 

document field conditions and should be used as standard for propagation crops in the future. 

Missing data are common in designed experiments. However, in our case, the data from the 

seed regenerations have a missing value structure that deviates from a random scenario in the early 

years (1946-1976) before the introduction of seed cold storage. During this period, propagation 

occurred in blocks. Blocks of accessions often correspond to the year in which the accessions were 

added to the genebank, and they were generally assigned to the same geographic region. However, 

in our comprehensive resampling study, we clearly demonstrated that the bias in the variance of 

genotypes and residuals was, on average, negligible for the scenarios tested, and the genotypic 

values could also be estimated without bias. Consequently, the historical barley accession data are 

suitable to populate a bio-digital resource center for the IPK barley collection. 

The phenotypic data demonstrated the impressive diversity in the barley collection at IPK 

Gatersleben. Spring barley showed ranges of 96 days for flowering time, 111.2 cm for plant height, 

and 68.7 g for thousand grain weight (Table 1). These ranges are substantially larger than those 

reported for other data sets. For example, Maurer et al (2015) observed a range of 50 days for 

flowering time in a population that included backcrosses with 25 exotic donors. In addition, the 

accessions evaluated for BaYMV and BaMMV also included highly resistant ones. These results 

demonstrate that the barley collection of IPK Gatersleben, is a promising resource to unlock useful 

diversity for plant breeding.   
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Table 1. Number of barley accessions, number of phenotypic records (total and average per accession), mean ± standard deviation, range, 

coefficient of variation (CV) of the best linear unbiased estimations (BLUEs), and heritability for Flowering time, Plant height, thousand 

grain weight, and BaYMV and BaMMV susceptibilities. * Stands for genomic heritability (Gonzalez et al. 2018a, b; Gonzalez et al. 2021). 

Data 
Ressource Trait Type No.  

of accessions 
Phenotypic 

records 

Records 
per 

accession 
Mean±S.D. Range CV  

(%) 

Heritability Data Published on  

 
 

Seed 
regeneration 

trials 

Flowering time  
(days) 

Spring 9.898 43.264 4.4 78.3±6.3 49.2-145.1 8.0 0.88  
 
Original and processed data 
published on Plant Genomics and 
Phenomics Research Data 
Repository (PGP) 

Winter 2.968 10.101 3.5 146.8±3.3 128.3-178.2 3.3 0.83 

Plant height  
(cm) 

Spring 9.858 41.933 4.2 96.5±6.3 37.4-148.6 6.5 0.86 

Winter 2.947 10.238 3.5 103.7±15.9 25.5-176.5 15.9 0.87 
Thousand grain  

weight  
(g) 

Spring 7.634 33.854 4.4 44.8±7.3 3.2-71.9 16.3 0.92 

Winter 2.293 7.748 3.4 43.2±7.4 15.6-68.4 17.1 0.92 

Disease 
screening 

BaYMV Winter 1.751 4.145 2.4 3.7±2.5 -0.7-11.5 67.0 0.48* Original data included as 
supplementary files for a paper 
DOI:10.1038/s41588-018-0266-x BaMMV Winter 1.739 2.444 1.4 4.8±3.4 0.99-9.0 70.0 0.63* 
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6.2  Association mapping as an entry point for allele mining and potential of marker-

assisted selection  

Association mapping is a promising approach for identifying candidate genes. This was 

impressively demonstrated with the comprehensive historical information in combination with 

genotyping-by-sequencing data in this work (Milner et al. 2019). Candidate gene information 

is an important first step for targeted allele mining, however, validation of candidate genes 

appears to be another important intermediate step.  

Candidate gene information can be used to predict the performance of the many 

genotyped but not phenotyped barley accessions using the previously identified diagnostic 

molecular markers. This procedure is commonly referred to as marker-assisted selection 

(MAS). We tested the potential of MAS using virus resistance data and observed low to 

moderate prediction accuracies ranging from 0.24 to 0.42 for BaYMV and from 0.26 to 0.40 

for BaMMV (Gonzalez et al. 2021). One explanation for this is a possibly complex genetic 

architecture of BaYMV and BaMMV in the diverse collection of barley accessions. This led us 

to investigate prediction models that might be better suited for predicting complex traits. 

6.3 Filling the gaps of IPK barley collection by genomic prediction  

Genomic prediction is a powerful tool to fill the gaps in genebank information for non-

phenotyped accessions. Trait performance information is important for identifying promising 

accessions for research and breeding. The potential of genomic prediction has been investigated 

for soilborne viruses on winter barley (Gonzalez et al. 2021). Genomic prediction in winter 

barley included a training population with both phenotypic and genotypic data to predict the 

performance of non-phenotyped individuals that have genotyping-by-sequencing profiles. This 

model achieved high predictive abilities of 0.62 for BaYMV and 0.64 for BaMMV 

susceptibilities, substantially higher than the predictive accuracies in MAS. Our results are 

consistent with other studies that had successfully tested the potential of genomic prediction 
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was in genetic resources of sorghum (Yu et al. 2016), wheat (Crossa et al. 2016), and 

cauliflower (Thorwarth et al. 2018). As a result, genebanks are encouraged to take advantage 

of the potential and limitations of genomic prediction to collect comprehensive information for 

their accessions. Consequently, genomic prediction has now been used for additional traits to 

estimate missing values from the traits flowering time, thousand grain weight, and plant height 

for the IPK barley collection (Jiang et al. 2021). 

Previous studies showed the potential to increase the accuracy of the prediction via a 

proper model choice by accounting for fixed effect for known genes (Bernardo, 2014; Zhao et 

al 2014). We also tested such a model, the weighted genome-wide best linear unbiased 

prediction (W-BLUP), using historical screening data for soilborne diseases. The W-BLUP 

approach increased predictive ability by 3.0% for BaYMV and 5.0% for BaMMV compared 

with standard method. Therefore, W-BLUP is the appropriate approach to fill the gaps of 

BaYMV and BaMMV susceptibilities in winter barley.  

In summary, with the previous studies, we were able to predict the performance of full 

winter and spring barley collection for flowering time, thousand grain weight, and plant height. 

For BaYMV and BaMMV susceptibilities, this was only successful for winter barley, as we felt 

that prediction from winter barley to spring barley was not promising due to massive differences 

between both populations, and no data were available for validation. Therefore, there is still a 

need to implement a method for predicting spring barley performance that can consider winter 

barley as a training set (Fig. 3). In this regard, Jiang et al. (2021) demonstrated for the traits 

flowering time, thousand grain weight, and plant height that spring barley performance can be 

predicted using a winter barley training set. However, the prediction abilities were significantly 

lower compared to those within the winter barley or spring barley group. Thus, the prediction 

has to be handled with caution and should be flanked by standard errors of the predictions. 
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Figure 3. Venn diagrams showing the genotyped groups of winter and spring barley, and the 

phenotyped groups for (A) barley yellow mosaic virus (BaYMV), and barley mild mosaic virus 

(BaMMV), and B) the phenotyped groups on seed regeneration trials for flowering time (FT), 

plant height (PH) and thousand grain weight (TGW). 

6.4 Populating the IPK barley bio-digital resource center 

A necessary strategy to activate genebank collections, provide easy access to plant 

diversity, and facilitate the selection of useful genetic variations, is to further develop the 

collections into bio-digital resource centers. In these, relevant information on accessions should 

be available and searchable. Furthermore, it is necessary to provide and integrate tools for data 

mining for different questions such as allele mining. This approach entails interdisciplinary 

efforts including agronomy, plant genetics, seed biology, and computer skills for data 

management.  

The IPK genebank is actively working to make data publicly available to users. 

Recently, the BRIDGE web tool was developed to serve as a data warehouse and exploratory 
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data analysis for the IPK barley collection. The information housed corresponds to passport, 

genotypic and phenotypic data, and ear images. Genotyping-by-sequencing profiles for 22,621 

accessions and phenotypic records for 9,527 accessions with at least one observed phenotype 

are included. Functionalities included are data export, SNP browser, interactive world map, 

interactive scatter plots to examine population structure using Principal Component Analysis, 

and Manhattan plots of genome-wide association studies. In addition, BRIDGE is linked to the 

IPK's Genebank Information System (GBIS) for germplasm ordering services (König et al. 

2020). BRIDGE follows FAIR principles (Wilkinson et al. 2016) and minimum information 

requirements for a plant phenotyping experiment (MIAPPE), which are essential for exploring 

genomic strategies among genebanks worldwide (Yu et al. 2016). BRIDGE, as IPK's barley 

bio-digital resource center, can now be extended for the data curated in this work. The 

developed blueprint is not limited to barley but also urges for other species.  

6.5 Global view 

There are approximately half a million barley accessions hosted at genebanks 

worldwide and for parts of them genotypic and phenotypic information have been generated 

that could be used in a global virtual genebank. In this regard core collections representing the 

genetic diversity for complete collections, have been tested for several traits, focusing in those 

which are difficult or expensive to score. For instance, powdery mildew was screened for 223 

accessions from Czech, 159 accessions from Spain, and 93 accessions from Serbia (Silvar et 

al., 2011, Dreiseitl and Zavřelová, 2018, Šurlan-Momirović et al., 2016). Net blotch resistance 

was evaluated on 336 accessions from ICARDA’S germplasm (Amezrou et al., 2018). 

Moreover, feed quality traits was assessed on 1,480 accessions of the USDA barley core 

collection (Bowman et al. 2001). However, most of the times the evaluation data is produced 

for a reduced number of accessions. In contrast, some extensive collections have been generated 

huge data sets. Such as, the unbalanced historical data sets from seed regeneration and disease 
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screening routine performed at IPK genebank with up to ~ 13.000 (60% of the total collection) 

accessions tested (Gonzalez et al. 2018a; Milner et al. 2019). Moreover, datasets on evaluation 

data of USDA barley genetic resources tested for a period of 20 years for diseases (Barley 

yellow dwarf, spot blotch, net blotch, stripe rust) and insect resistance (Russian wheat aphid) 

for up to 24,800 (75% of the total collection) (Bonman et al. 2005).  

The phenotypic data generated for the above-mentioned core collections are a valuable 

resource that can be used as training data for genomic prediction models. A prerequisite, of 

course, is that genomic data can be integrated across genebanks. This is certainly possible for 

similar marker systems such as genotyping-by-sequencing or DarTSeq technology and 

represents the nucleus for designing bio-digital resource centers on a global scale. 
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7. Summary 

Plant genetic resources contain the genetic diversity needed in plant breeding to achieve 

a sustainable crop production. However, the lack of trait performance estimates limits the 

selection of promising candidates of genebanks collections. This study explored potential 

strategies to populate a bio-digital resource center of barley by mining historical data of seed 

regeneration trials, and using genomic prediction based on historical information of plant 

responses against to Barley yellow mosaic viruses.  

The historical data of seed regeneration trials involves records collected for seven 

decades for flowering time, plant height and thousand grain weight for up to 12.872 accessions 

of spring and winter barley. This unbalanced data was analyzed using a quality assessment 

routine and linear mixed models. Outlier removal lead to increase up to 17% on heritability 

estimates. The resampling study showed on average a negligible bias for variance of genotypes 

and residuals, and best linear unbiased estimations (BLUEs) could also be obtained without 

bias. The BLUEs showed a broad phenotypic variation for all tested traits, which also revealed 

high heritability estimates ranging from 0.83 to 0.92. These findings highlight the suitability of 

phenotypic values to be used as training set for genomic prediction. The original and processed 

data is available under the FAIR principles (findable, accessible, interoperable and reusable).  

The potential of genomic prediction was tested using a training population with both 

phenotypic and genotypic data to predict the performance of non-phenotyped individuals that 

have genotyping-by-sequencing profiles. The study included information for barley yellow 

mosaic virus (BaYMV) susceptibility for 1,751 accessions, barley mild mosaic virus (BaMMV) 

susceptibility for 1,771 accessions, and single nucleotide polymorphism profiles (SNP) for 

3,838 winter barley accessions. The prediction abilities were computed as correlations between 

the predicted and observed phenotypes. The marker assisted selection method (MAS) showed 

low to moderate prediction abilities amounting to 0.42. The genomic best linear unbiased 
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prediction (GBLUP) revealed higher values than MAS, with prediction abilities of 0.62 for 

BaYMV and 0.64 for BaMMV. When markers with significant major effects got more weight 

as in weighted genome best linear unbiased prediction (W-BLUP), the prediction abilities 

increased up to 5% respecting those of GBLUP. Thus, W-BLUP is the appropriate approach to 

predict the performance of non-phenotyped accessions for BaYMV and BaMMV 

susceptibilities in winter barley.  

Genebanks are encouraged to unlock historical phenotypic data and test genomic 

prediction to fill the gaps of phenotypic information. The developed blueprint allowed to 

leverage a large data set, and could be adapted to other collections to promote the utilization 

plant genetic resources for crop improvement.  
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8. Zusammenfassung 

Pflanzengenetische Ressourcen enthalten die genetische Vielfalt, die in der 

Pflanzenzüchtung benötigt wird, um eine nachhaltige Pflanzenproduktion zu erreichen. Das 

Fehlen von Schätzungen der Merkmalsleistung schränkt jedoch die Selektion 

vielversprechender Kandidaten aus den Sammlungen von Genbanken ein. Diese Studie 

untersuchte mögliche Strategien zur Bestückung eines bio-digitalen Ressourcenzentrums für 

Gerste, indem historische Daten von Saatgut-Regenerationsversuchen ausgewertet wurden und 

genomische Vorhersagen auf der Grundlage historischer Informationen über Resistenzen gegen 

Gersten-Gelbmosaikviren getroffen wurden.  

Die historischen Daten von Saatgut-Regenerationsversuchen umfassen 

Aufzeichnungen, die über sieben Jahrzehnte für Blütezeit, Pflanzenhöhe und 

Tausendkorngewicht für bis zu 12.872 Akzessionen von Sommer- und Wintergerste gesammelt 

wurden. Diese unausgewogenen Daten wurden mit einer Qualitätsbewertungsroutine und 

linearen gemischten Modellen analysiert. Die Entfernung von Ausreißern führte zu einer 

Erhöhung der Heritabilitätsschätzungen um bis zu 17%. Die Resampling-Studie zeigte im 

Durchschnitt eine vernachlässigbare Verzerrung der Schätzung der Varianz der Genotypen und 

Residuen, und die Best Linear Unbiased Estimations (BLUEs) konnten ebenfalls ohne 

Verzerrung ermittelt werden. Die BLUEs zeigten eine breite phänotypische Variation für alle 

getesteten Merkmale, die auch hohe Heritabilitätsschätzungen im Bereich von 0,83 bis 0,92 

ergaben. Diese Ergebnisse unterstreichen die Eignung der phänotypischen Werte als 

Trainingsset für die genomische Vorhersage. Die ursprünglichen und verarbeiteten Daten sind 

unter Einhaltung der FAIR-Prinzipien (findable, accessible, interoperable and reusable) 

verfügbar.  

Das Potenzial der genomischen Vorhersage wurde unter Verwendung einer 

Trainingspopulation mit sowohl phänotypischen als auch genotypischen Daten getestet, um die 
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Leistung von nicht phänotypisierten Individuen vorherzusagen, die Genotyping-by-

Sequencing-Profile aufweisen. Die Studie umfasste Informationen zur Anfälligkeit für 

Gerstengelbmosaikvirus (BaYMV) für 1.751 Akzessionen, Anfälligkeit für 

Gerstenmildmosaikvirus (BaMMV) für 1.771 Akzessionen und Einzelnukleotid-

Polymorphismus-Profile (SNP) für 3.838 Wintergersten-Akzessionen. Die 

Vorhersagegenauigkeiten wurden als Korrelationen zwischen den vorhergesagten und 

beobachteten Phänotypen berechnet. Die Marker-gestützte Selektion (MAS) zeigte eine geringe 

bis mittlere Vorhersagegenauigkeit in Höhe von 0,42. Die Genomic Best Linear Unbiased 

Predictions (GBLUP) zeigten höhere Werte als die MAS, mit Vorhersagefähigkeiten von 0,62 

für BaYMV und 0,64 für BaMMV. Wenn Marker mit signifikanten Haupteffekten mehr 

Gewicht bekamen, wie bei der gewichteten Genomic Best Linear Unbiased Predictions (W-

BLUP), stiegen die Vorhersagefähigkeiten um bis zu 5 % im Vergleich zu denen von GBLUP. 

Somit ist W-BLUP der geeignete Ansatz, um die Leistung von nicht phänotypisierten 

Akzessionen für BaYMV- und BaMMV-Anfälligkeiten in Wintergerste vorherzusagen.  

Genbanken werden ermutigt, historische phänotypische Daten zu erschließen und 

genomische Vorhersagen zu testen, um die Lücken der phänotypischen Informationen zu füllen. 

Die entwickelte Blaupause ermöglichte die Nutzung eines großen Datensatzes und kann für 

andere Sammlungen angepasst werden, um die Nutzung pflanzengenetischer Ressourcen für 

die Verbesserung von Kulturpflanzen zu fördern.   
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BRIDGE Data warehouse and exploratory data analysis tool for genebank genomics 

of barley 
CIMMYT Maize and Wheat Improvement Center, Mexico 
CV Coefficient of Variation 
DH Doubled Haploid 
EURISCO European Search Catalogue for Plant Genetic Resources 
FAIR Findable, Accessible, Interoperable, Reusable 
FAO Food and Agriculture Organisation 
FT Flowering Time 
GEBVs Genomic estimate breeding values 
GBIS Genebank Information System 
GBS Genotyping by Sequencing 
GBLUP Genome-Wide Best Linear Unbiased Prediction  
IPK Leibniz Institute of Plant Genetics and Crop Plant Research 
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JKI Julius Kühn-Institut 
ISA-Tab Investigation-Study-Assay: data and metadata format 
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PDAs Personal Digital Assistants 
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SNP Single Nucleotide Polymorphism 
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USDA United States Department of Agriculture 
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