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Glossary and Definitions 
 
Accession – A distinct, uniquely identifiable sample of seeds representing a cultivar, 

breeding line or a population, which is maintained in storage for conservation and use.  

Alleles – Each of two or more alternative forms of a gene that arise by mutation and are 

found at the same place on a chromosome. 

Association mapping – A method of mapping quantitative trait loci that takes advantage of 

historic linkage disequilibrium to link phenotypes to genotypes, uncovering genetic associa-

tions. 

Authenticity – Where accessions with the same identifier (e.g. cultivar name) correspond to 

the same genetic entity. 

Backcross – crossing an organism with an organism genetically identical to one of its 

parents. 

Bioinformatics – An interdisciplinary field that develops methods and software tools for 

understanding biological data. 

Coding – Describes the portion of a gene that encodes for protein. 

Cultivar – A plant variety that has been produced in cultivation by selective breeding. 

De novo – From new, i.e. without the aid of a reference assembly. 

Digital Object Identifier (DOI) – A unique alphanumeric string to identify content and 

provide a persistent link to its location on the Internet. 

Exome capture – A method to selectively capture genomic coding exons from a DNA 

sample prior to sequencing. 

Ex situ – Outside of a species’ natural habitat. 

Genotyping By Sequencing (GBS) – A sequencing-based method to discover genetic 

variation between multiple samples which uses restriction enzymes to reduce genome 

complexity.   

Genebank – A collection of seeds, plants, or animals, maintained as a repository of genetic 

material, typically to preserve genetic diversity. 

Genomics – The branch of molecular biology concerned with the structure, function, 

evolution, and mapping of genomes. 

Germplasm – Living genetic resources such as seeds or tissues that are maintained for the 

purpose of animal and plant breeding, preservation, and other research uses. 

Growth habit – The characteristic shape, appearance, or growth form of a plant species. 

Heterozygous – Having different alleles at a given locus. 

Homozygous – Having the same alleles at a given locus. 

In silico – Performed on a computer.  
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In situ – Within a species’ natural habitat. 

Introgressions – The introduction of genes from one species into another species. 

KASP – An allele-specific genotyping assay  

Landrace – A domesticated, locally adapted, traditional variety of a species. 

Linkage disequilibrium – The non-random association of alleles at different loci in a given 

population. 

LOD score – A scores used to test whether two loci are linked or are cosegregating by chance. 

Markers – Points of variation with known physical locations on chromosomes that can be 

used to identify individuals or species, or may be used to associate an inherited 

phenotype with a gene through genetic linkage with nearby but possibly unidentified or 

uncharacterised genes. 

Marker assisted selection – An indirect selection process where a trait of interest is 

selected using a marker (e.g. DNA variation) linked to that trait.  

Material transfer agreement (MTA) – A contract that governs the transfer of tangible 

research materials between two organizations, when the recipient intends to use it for his or 

her own research purposes. 

Next-Generation Sequencing (NGS) – Non-Sanger-based high-throughput DNA sequen-

cing technologies. 

Non-coding – Describes a section of a nucleic acid molecule that does not encode for 

protein. 

Omics – Fields of study in biology ending in -omics, such as genomics, proteomics, or 

metabolomics. 

Pedo-climatic – Relating to a microclimate within soil that integrates the combined effects of 

its temperature, water content and aeration. 

Plant Genetic Resources for Food and Agriculture (PGRFA) – Any genetic material of 

plant origin of actual or potential value for food and agriculture. 

Phenomics – An area of biology concerned with the measurement of phenomes, the set of 

physical and biochemical traits belonging to a given organism. 

Polyploid – Containing more than two homologous sets of chromosomes. 

Quantitative Trait Locus (QTL) – A section of DNA that correlates with variation in a 

phenotype. 

Recombinant Inbred Lines (RILs) – A collection of lines that incorporate a large number of 

recombination events from the original parental lines. 

Standard Material Transfer Agreement (SMTA) – A private contract with standard terms 

and conditions that ensures that the relevant provisions of the International Treaty are 

followed by individual providers and recipients of plant genetic material. 
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Single-Nucleotide Polymorphism (SNP) – A variation in a single nucleotide that occurs at 

a specific position in the genome, where each variation is present to some appreciable 

degree within a population (e.g. > 1%). 

SNP chip – A type of DNA microarray which is used to detect polymorphisms within a 

population. 

Taxa – Refers to a taxonomic category such as family, genus or species, it is the plural of 

taxon. 

Variant calling – A range of methods for identifying the existence of single nucleo-

tide variants from the results of next generation sequencing (NGS) experiments. 
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Summary 
Objectives  
 
Using the genotypic and phenotypic information generated in other work packages, this task 
will develop advanced methods to establish the utility of ex situ collections for plant breeding 
and conservation management. Using the datasets and infrastructure obtained from WP2 
and WP4 as well as information on phenotypic diversity from WP3, WP5, WP6 and WP7, this 
task will devise methods, guidelines and protocols to valorise the utility of Plant Genetic 
Resources for Food and Agriculture (PGRFA) collections for the identification of useful 
alleles relevant to plant breeding. Using these data, the conservation management for wheat 
and barley collections will be improved. Authentic, well-characterized germplasm required for 
plant breeding can thus be developed and conserved in the right way. Associated training 
courses will be carried out in WP8. All guidelines will be discussed with the community and 
breeders in WP8.  
 
For this task, we will: i) develop guidelines for the conservation management of barley and 
wheat germplasm collections; ii) develop expertise for understanding the genetic structure of 
barley and wheat accessions in genebank collections. Guidelines have to be developed for 
long term conservation without losing genetic diversity; iii) develop expertise in 
understanding allele frequency changes/constitutions over generations due to management 
practices; iv) develop expertise in identifying strategies for large-scale allele mining projects 
using NGS technologies in barley and wheat ex situ collections; v) develop strategies and 
guidelines for the confirmation of the authenticity of collections; vi) develop guidelines for 
DNA isolation, long-term storage and distribution. 
 
Rationale  
 
The report was developed after discussions among the partners and consultation with 
genebank managers. The report has been re-organised from the initial headings above to 
highlight the impact of omics technologies, in particular genomics and phenomics, on the 
management and use of accessions and associated data within germplasm collections for 
wheat and barley. Existing guidelines and current developments of interest have been cited. 
We also present best practice recommendations based on experiences from WHEALBI 
partners from downstream work packages analysing the omics data generated within this 
project.  
This report will be made publicly available, and will be available for use within WP8. 

 
Teams involved: CRA, DLO, HMGU, INRA, JHI, NIAB, ORC 
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Application of ‘omics for the targeted valorization and 
utilization of PGRFA collections – perspectives from the 
WHEALBI project 
  

Introduction 

 
With the introduction of high-throughput sequencing technologies and their increasing 
availability and affordability, sequencing has become a widespread approach for revealing 
genetic diversity within species. Even species with large, repetitive genomes such as barley, 
and the even larger polyploid wheats have had reference genomes sequenced to varying 
levels of finishing (IBSC 2012, Mascher et al., 2017, IWGSC 2014, Chapman et al., 2015, 
Clavijo et al., 2017) and many projects are underway to resequence individuals, revealing a 
diversity of genetic variations at the single nucleotide level, through to large-scale 
rearrangements, copy-number variation and introgressions (e.g. Jiao et al., 2012, Xu et al., 
2012, Li et al., 2014).  
 
The application of high-throughput sequencing to germplasm collections offers a route to 
obtaining detailed information about the genetic composition of these collections and a 
means to identify specific regions or variants for use with molecular breeding techniques. 
The availability of such information has the potential to impact genebank management 
practices and reduce the hurdles to the incorporation of genebank accessions into breeding 
and pre-breeding programs. 
 
The expansion of high-throughput phenotyping approaches presents the possibility of 
obtaining systematic and detailed phenotypic data across collections. These data alone may 
be sufficient to increase interest in using genebank materials, however coupled with genomic 
data provide a means to identify useful alleles linked to traits of interest. 
 
This report aims to explore the potential impacts of applying genomic and phenomic 
technologies to enhance the value of germplasm collections and increase accessibility 
for downstream users. In the long term we can envision the presentation of alleles or genes 
coming from genomic and phenomic data, where genebank accessions present a route to 
deliver alleles of interest into the hands of researchers and breeders. Section 1. Genebank 
management in omics era focuses on how these technologies can impact the day-to-day 
running of genebanks. Section 2. Data management in the omics era looks at current 
topics connected to information management for genebanks. Section 3. Allele mining 
projects outlines various approaches which are being taken to identify useful alleles within 
genebank materials. Section 4. focuses on WHEALBI and lessons learned which are 
pertinent for genebank managers and downstream users. 

 
1. Genebank management in the omics era 
 
There are more than 1,750 genebanks containing collections of plant material worldwide 
(FAO, 2010). The crops listed under annexe I of the International Treaty for Plant Genetic 
Resources for Food and Agriculture (FAO, 2009) are conserved across >1,240 genebanks 
comprising more than 4.6 million accessions. Genebanks aim to conserve genetic diversity 
within one or more species, and are often responsible for the distribution of those materials 
to downstream users such as researchers and breeders. Material can be conserved in situ or 
ex situ, and plant material may be maintained as seed (typically in cold storage), as living 
plants (either in the field or micropropagated) or as tissue samples.  
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Genomic and phenomic data present a number of opportunities to assist genebank 
managers in the conservation and maintenance of collections, from deciding what to 
conserve through to checking regeneration procedures. However, the sequencing revolution 
has yet to impact the day-to-day running of most genebanks. This is primarily due to the cost 
of sequencing and lack of informatics capacity in-house. However, a number of the larger 
genebanks are now undertaking large-scale sequencing projects (see Section 3). Their 
progress will help to understand the challenges and develop generic solutions which will be 
deployable across genebanks globally. 
 

1.1 Conservation management of collections 
 
Genomic and phenomic data can help genebank managers make decisions about how the 
existing collections are managed and whether to include novel accessions into their 
collection.  
 
There is a cost to maintaining each accession within a collection, and accessions within the 
active collection may be more expensive to maintain than those which have been archived. 
As such, identifying duplicates within a collection can help genebank managers to 
streamline their active collections, and archive any duplicated samples.  
 
When using genomic data to check for sample duplicates, examining a greater proportion of 
the genome will increase the certainty of any identified duplicates. However, many 
accessions will contain some genetic variability due to the nature of the material. This is 
particularly evident for outcrossing species such as maize, but accessions representing 
landraces of inbreeders may also contain within-accession diversity. For accessions which 
have undergone multiple rounds of single-seed descent, the within-accession diversity would 
be expected to be low. Defining a cut-off for describing two accessions as ‘identical’ would 
need to take into account the level of within-accession diversity and also the error-rate 
associated with the genotyping technology.  
 
Collections or parts of collections are often duplicated intentionally, as a safety backup. 
Genomic information can provide a mechanism to identify whether accessions maintained in 
more than one collection are true duplicates. See Authenticity below. 
 
Genomic and phenomic data can help genebank managers decide whether to add novel 
samples to their collections. If a genebank has sequenced their collection, new acquisitions 
could also be sequenced to check for the presence of novel alleles, or novel allelic 
combinations. If a sample exhibited sufficient genetic difference to existing accessions, this 
could be taken into consideration alongside more traditional sources of information such as 
collection data. Phenomic data could also be advantageous as plants displaying novel traits 
from existing allelic combinations can help researchers understand the genetics underlying 
the trait or be incorporated into (pre)breeding programs directly. 
 
Certain projects (such as WHEALBI) may develop a collection by drawing on accessions 
already available within other collections. These collections may be genotyped and 
phenotyped, and remain available to be distributed to users beyond the scope of the original 
project. Users may prefer to request seed from that collection, rather than the original source, 
to ensure that they are using the same seed as that from which the data was generated. In 
cases such as this, the seed may be returned to the genebank, as a sub- or new accession 
for future distribution. 
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1.2 Authenticity of collections 
 
Genomic and phenotypic data can be employed to test the authenticity of collections, 
whether accessions with the same identifier (e.g. cultivar name) correspond to the same 
genetic entity. Phenotypic data can also be used to check whether accessions match cultivar 
descriptions for visual phenotypes. Recent publications on lettuce, lentil and cacao (van de 
Wouw et al., 2011, Wong et al., 2015, Johnsiul & Awang 2016) have used genotyping 
(AFLPs, GBS and SSRs) to test the authenticity of collections. In van de Wouw et al. 2011, 
accessions bearing the same or synonymous cultivar names were compared using AFLPs to 
check for authenticity, with older samples showing high levels of non-authenticity. Within a 
lentil diversity panel (Wong et al., 2015) GBS was performed and resulting phylogenies were 
used to validate authenticity of samples. The authors propose GBS as a useful technology 
for plant breeders working with wild relatives. The cacao paper uses microsatellites to 
compare clones, and compares these to a known standard (Johnsiul & Awang 2016).  
 
As proposed by Wouw et al. (2011), genotypic data can be used to make comparisons 
between accessions and original samples, herbarium specimens, historical collections or 
parental lines in cases where the pedigree is known. It may also be used to check for non-
authenticity by checking for the presence of any genes which are known to have been more 
recently introduced than the development of the cultivar. As more genebanks are generating 
genotypic data for their collections, these comparisons may be used to add confidence to the 
authenticity of a given sample.  
 

1.3 Allele frequency changes  
 
A concern when regenerating heterozygous samples is that the composition of alleles may 
change due to genetic drift or accidental selection pressures induced by the regeneration 
process. This is a known issue for genebanks and as such there are a number of 
recommended procedures when regenerating samples to minimise the risks (e.g. Payne 
2008, FAO 2014). These recommendations include guidance on minimum numbers of seed, 
layout of plots and handling of off-types to maintain accession integrity. Reducing the number 
of regenerations (including performing larger regenerations for popular accessions), or 
regenerating from base/originator stocks helps to maintain the original allele composition. 
Wheat and barley typically require regeneration every 20-30 years, with wild accessions 
tending to maintain viability for longer. Additional precautions include regenerating plants 
within the greenhouse rather than the field and bagging samples to prevent out-crossing (M. 
Ambrose pers. comm.).  
 
Allele frequency changes can be monitored using genomics approaches; sequencing a 
sample from the accession before and after regeneration can help determine the extent of 
allele loss or indicate changes in allele frequency. Börner et al. (2005) compared wheat and 
rye samples within the IPK ex situ collection and the original herbarium samples revealing a 
high degree of identify for wheat (self-pollinating) but up to 50% of alleles lost in rye (open-
pollinating) accessions. Whilst genomic monitoring is not yet performed routinely, it is a 
technique which could be used to identify allele losses during the regeneration process. 

 

1.4 DNA Banking 
 
DNA banks provide long term storage of genetic material. As such DNA banks provide an 
opportunity for genebanks to store DNA from samples which are difficult to maintain or grow, 
thus reducing costs and facilitating access to their genetic information. Kew hosts a DNA 
bank containing ~50,000 samples of plant genomic DNA (www.kew.org). DNA can be 
successfully maintained frozen for >20 years, provided care is taken to avoid freeze-thawing 

http://www.kew.org/
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damage, and one extraction can provide aliquots of DNA for multiple users. However, the 
type and volume of extraction performed may impact the suitability of the sample for different 
purposes. Kew’s DNA bank is suitable for PCR-based techniques; however users who want 
to perform next generation sequencing may need greater amounts of DNA and longer 
molecules. The extraction of high molecular weight DNA for long-range sequencing or 
genotyping approaches can be difficult to achieve and the success of protocols may vary 
from species to species. As such, for species where seed is relatively straightforward to 
maintain and grow (e.g. wheat and barley), downstream users often prefer to perform their 
own DNA extractions, with protocols selected to suit their purpose. A DNA bank may provide 
a cost-effective opportunity for users to check the identity of samples which they have 
received. However, as genebanks make genomic data available, this check could be 
performed in silico, without needing to resequence the DNA bank sample for each 
comparison. 

 

Conclusions 
 
Genomics and phenomics technologies can be deployed in a number of ways to help 
genebank managers and end-users in their decision-making and QC processes. Both 
genomics and phenomics approaches can be used in the identification of duplicates, 
decisions to acquire new samples and also to perform authenticity checks including identity 
confirmation for seed received. Genomics can also be used to monitor allele frequency levels 
within rounds of regeneration.  
 
Yet whilst genomics and phenomics approaches present these possibilities, they are not yet 
routinely used in day to day genebank activities. Cost remains a barrier to adoption of these 
technologies. While NGS costs have fallen significantly, the use of these technologies 
introduces additional costs which may be difficult for genebanks to absorb. In addition, the 
data management implications could be considerable (see Section 2 below).  
 
Sequencing entire collections is within reach, and several genebanks are undertaking 
projects of this scale (see Section 3). Having access to expertise to generate, analyse, host 
and interpret the data from these large scale projects is becoming increasingly important. 
However, it is hoped that as these projects progress, best practices, protocols and tools will 
be developed that will aid the adoption of these technologies while reducing the investment 
required from individual genebanks. As current initiatives such as WHEALBI 
(www.whealbi.eu) and DivSeek (www.divseek.org) mature, the barriers to adoption should be 
reduced, making routine use of omics technologies achievable for genebank management.   

 

2. Data management in the omics era 
 
Traditional data types associated with germplasm accessions include passport and 
characterisation data. Passport data contains details about the species and information as to 
where, when and by whom it was collected. Characterisation data record morphological 
characteristics such as growth habit, plant height, seed colour etc. Evaluation data may be 
available too, describing agronomic evaluations, environmental adaptability and responses to 
pests and diseases (www.bioversityinternational.org). The European Cooperative 
Programme for Plant Genetic Resources (ECPGR) catalogue EURISCO (2017) is 
anticipating the upload of additional characterization and evaluation (C&E) data sets in the 
near future, and the transfer of data from the European Barley database is underway. 
Discussions concerning the association of DOIs (Digital Object Identifiers) with C&E datasets 
are ongoing, with the aim of making these datasets citable for users and allowing tracking of 
data use via citation counts. 
 

http://www.whealbi.eu/
http://www.divseek.org/
http://www.bioversityinternational.org/
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In the omics era, accessions can have genomics data and a variety of phenomic data 
associated also. Aside from data generation, current challenges include presentation and 
hosting of these large datasets, and ensuring correct associations between data and physical 
samples. 
 
There are many global environmental and other data sets now available from open access 
sources (e.g. precipitation, soil type (Samberg et al., 2016 ; ISRIC 2017), solar radiation, 
farming system type, farm size (Fritz et al. 2015), planting date, harvest date, climate 
(WorldClim, 2016) and spatial data (FAO, 2017a)). These are often interpolated data 
sets/envelopes. In theory, information from these datasets could be extracted and associated 
with sample locations from genebanks. That would facilitate an understanding of the context 
and of the utility of the material, but with the proviso that the extracted information would 
need to be well described so that users understand its value and limitations. Such data also 
supports an understanding of patterns of adaptive variation in germplasm, supporting utility 
e.g. Russell et al. 2016. 
 

 

2.1 Access and Benefit sharing 
 
Legal obligations concerning the use of material from germplasm collections have been 
around for a number of years. Since 2001 the International Treaty on Plant Genetic 
Resources for Food and Agriculture (ITPGRFA) facilitates access and benefit sharing for 64 
of the world’s most important crops (including genus Hordeum and Triticum) for use in 
research and breeding for food and agriculture. The Convention on Biological Diversity 
(CBD), adopted in 1992, applies to all other species, focusing on the conservation of 
biological diversity, the sustainable use of its components, and the fair and equitable sharing 
of benefits arising from the use of genetic resources. In 2010 a supplementary agreement to 
the CBD, the Nagoya Agreement on Access and Benefit Sharing, was adopted. Materials 
sourced under the ITPGRFA that are not for food and agriculture are not covered by the 
SMTA of the ITPGRFA but default to the Nagoya Protocol. 
 
 
There is some evidence to suggest that the exchange of plant genetic resources between 
countries has become more difficult since the advent of the Convention on Biological 
Diversity and, specifically, since national laws and regulations related to the Access and 
Benefit Sharing Nagoya Protocol and the associated EU Regulation No. 511/2014 have 
come in to force (October 2014). Genomic information may help to mitigate these problems 
of restricted flow by increasing the precision in targeting which materials are desirable to 
obtain/transfer. 
 
It is important for users of germplasm to understand the impact of these agreements on how 
they may use the materials, and what obligations they may be under with respect to sharing 
any benefits arising from the use of those genetic resources. Alongside collection 
information, genebanks would ideally provide information and audit trails to assist 
prospective users when completing the due diligence required in order to understand any 
limitations on the downstream use of materials. 
Currently, the Nagoya Protocol is still in the early phases of implementation within 
contracting parties (ratified countries). National Focal Points and stakeholder groups are still 
in the phase of actively developing their working undertanding of its implementation. A 
secondary issue is that the rapid developments in genomics enable many new approaches to 
allele sourcing which are not explicitly covered in the definitions of research and methods 
that are in or out of scope. The result is that currently, there are significant time delays being 
experienced in trying to obtain the necessary Prior Informed Consent (PIC) and agree 
Mutually Agreed Terms (MAT) as required for research on materials deemed within scope. 
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This has impacted research projects where the issues could not be resolved within the 
timeframe of the project funding (M. Ambrose, pers. comm.). 

 

2.2 Permanent unique identifiers 
 
A permanent unique identifier (PUI), such as a Digital Object Identifier (DOI), provides a 
unique label for an object, for instance a dataset or publication. Whilst within genebanks 
accession IDs provide a unique name for each accession, researchers and breeders do not 
always report the accession, relying on a cultivar name or perhaps only reporting the 
species. When performing association studies, an accession often undergoes rounds of 
single seed descent to remove residual heterogeneity and generate enough homogenous 
seed for phenotypic experiments. It is important for users to differentiate between the original 
sample and the purified sample when requesting germplasm for their own experiments. PUIs 
provide a mechanism to attach a different identifier to each generation, or regeneration, and 
also each packet of seed which is sent to users. That way, any data reported will be able to 
quote the exact PUI, and the relationship with the original accession can be demonstrated.  
 
FAO and the Secretariat of the International Treaty on Plant Genetic Resources for Food and 
Agriculture (the Treaty on PGRFA) have recently released a document (FAO 2016) 
describing guidelines for the use of DOIs as PUIs for germplasm materials. As part of the 
services of the Global Information System on PGRFA, the Secretariat of the Treaty has set 
up a server to assign DOIs for germplasm samples (FAO 2017b). 
 
EMBL-EBI has developed the BioSample Database (Faulconbridge et al., 2014) which stores 
and supplies descriptions and metadata about biological samples used in research and 
development by academia and industry. BioSample records can be linked to other types of 
data, for instance sequence data in the European Nucleotide Archive (www.ebi.ac.uk/ena), 
proteomics data in PRIDE (www.ebi.ac.uk/pride) or expression data in Array Express 
(www.ebi.ac.uk/arrayexpress).  
 
Connecting BioSample records to PUIs provides a route to unambiguously associate data 
with the exact biological material. This will benefit researchers who need to understand 
precisely the nature of the material which data was generated from, and genebanks who can 
connect additional data to their germplasm records whilst demonstrating any essential 
differences between the material used to generate the data and the material available from 
the genebank. Pressure from journals to unambiguously identify materials used within 
publications would help to promote best practice and ensure sufficient meta-data is made 
available.  

 

2.3 Genomic and phenomic data 
 
Genebanks tend to have limited resources in terms of compute storage and data access, but 
as larger data sets are becoming available this is an area of active interest. A number of 
projects are generating genomic data across germplasm collections (see Section 3) however 
these data are not yet available to browse from the associated genebanks. Using public 
repositories to deposit data for secure storage e.g. ENA for sequence read data 
(www.ebi.ac.uk/ena) and EVA for variation data (www.ebi.ac.uk/eva), will alleviate some of 
the storage requirements from genebanks. However, having generic, user-friendly tools 
which can allow users to explore these large datasets is critical if these data are to add value 
and impact the usability of genebanks. The Bridge project is developing an IT platform to 
address these issues for the IPK barley germplasm collection (bridge.ipk-gatersleben.de). 
 
Germinate (https://ics.hutton.ac.uk/get-germinate/) is a plant genetic resources database 
which can hold genotypic, phenotypic and field trial data alongside characterization and 

http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/pride
http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/eva
https://ics.hutton.ac.uk/get-germinate/
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passport information. Datasets are available for download including allele frequency, climate, 
genotype, trials and phenotype data. Genotypes can be exported as Flapjack files, for 
visualisation in Flapjack (Milne et al., 2010). Trial and phenotypic data can be summarised 
visually as charts or overlaid onto geographic maps, or exported as text files. CIMMYT’s 
SeeD project and CIAT’s Cassava Digital Genebank are both using Germinate for their data. 
There are a large number of species-specific repositories e.g. SGN for Solanaceae 
(Fernandez-Pozo et al., 2015), CassavaBase (Fernandez-Pozo et al., 2015), SpudDB 
(Hirsch et al., 2014) which can hold or display SNP datasets. For wheat and barley, data is 
contained within specific repositories at URGI (https://wheat-urgi.versailles.inra.fr/) and 
PGSB (http://pgsb.helmholtz-muenchen.de/plant/barley/index.jsp). Wheat and barley data 
are also available via species-agnostic platforms such as ensembl plants 
(http://plants.ensembl.org). 
 
Some users may want to access entire SNP sets, but genomic projects typically generate 
thousands of variations per accession which is often more data than users can easily 
manage. Being able to easily filter SNP-sets down to a specific location/gene, or produce 
sets of SNPs which are shared within/unique to a group of samples, would provide users with 
the means to rapidly focus their search to areas of interest and generate more manageable 
datasets. 
 
Phenotypic and trial datasets are more variable than genomic data, and require a high level 
of meta-data in order to ensure that the protocols used, experimental design and 
environmental data are adequately described. There are a few repositories which contain 
phenotypic and trial data (e.g. Germinate https://ics.hutton.ac.uk/get-germinate/, Brassica 
Information Portal https://bip.earlham.ac.uk/, Agtrials http://www.agtrials.org/ ), but due to the 
high variability of the types of information stored, generic interfaces to allow meaningful 
parsing and correlation of different datatypes are limited. Germinate provides tools to plot 
pairwise phenotypic values, and makes datasets available for download, enabling users to 
perform their own analyses offline. As more datasets become available, interactive tools to 
allow the selection of interesting accessions would assist users in accessing materials for 
their specific purposes.  
 

2.4 Selecting materials from germplasm collections: an organic 
perspective 
 
In organic and low-input farming there is very little room to homogenise the environment and 
buffer against both predictable and unpredictable environmental variability. The main 
considerations in such a system are: 

- moving away from wide/broadly adapted cultivars to narrow adaptations at more local 
eco-geographical scales 

- the importance of performance stability over time, which is linked to resilience 
- being open to within-crop diversity, which is often the only way to improve resilience 
- the use of quality indicators as a starting point for selecting material for e.g. crosses 

for diverse populations, or evolutionary mixtures … 
 

Considering the above, when accessing material from gene banks, the key factors to take 
into account are: 
 
Interaction between genotypes (G) and environments (E): Phenotypes expressed in 
absolute terms are not entirely useful as G*E interaction may be low or high depending on 
the trait. We are interested in complex traits that are subject to moderate-to-high 
G*E(*Management) interaction, therefore we might be more interested in “ranges” or 
“classes” rather than on absolute values, e.g. ‘very tall’, ‘tall’, ‘medium’, ‘semidwarf’, 
‘dwarf’, rather than ‘cm’. The amount of G*E interaction one should expect from one trait is 

https://wheat-urgi.versailles.inra.fr/
http://pgsb.helmholtz-muenchen.de/plant/barley/index.jsp
http://plants.ensembl.org/
https://ics.hutton.ac.uk/get-germinate/
https://bip.earlham.ac.uk/
http://www.agtrials.org/
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important information as well. Testing subsets of accessions, representative of variation for 
key functional traits, in a range of environments would enable a prediction of this plasticity. 
 
Interaction between traits: Traits cannot always be addressed as purely additive variables, 
because they interact with each other. An example is the susceptibility to diseases: scores 
for each disease, or race of, are not necessarily predictors of the performance of an 
accession in terms of “disease reduction”. Information on single diseases can be completed 
with indicators of “plant health” (e.g. leaf area free of diseases), which can make the 
collections much more useful. 
 
A distinction between “fingerprint traits” and “functional traits”: Searching tools are 
often based on “fingerprint” traits, i.e. those that are the most stable phenotypes useful to 
distinguish one accession from another, rather than on “functional traits”, i.e. drivers of crop 
performance in a given pedo-climatic context.  This does not necessarily relate to any agro-
ecological service. From an organic, decentralised breeding perspective, searching by 
functional trait(s) is most useful with the “fingerprint” information following afterwards. 
 
Better look at quality indicators: Indicators of product quality are important and must be 
focussed on a variety of aspects of quality, preferably independent from specific processing 
methods. As an example, “bread making – good to poor”, as such, is not always useful 
information in terms of quality of cereal grains. It generally relates to classifications relevant 
solely to standard industrial milling and baking and is not applicable in different markets. 
Different processing approaches may give surprisingly different results. Focusing on finer 
indicators of quality (e.g. nutritional content, protein patterns) would enable a more effective 
assessment of high quality accessions. 

 
 

Conclusions 
 
As more data becomes available associated with genebank materials, data management 
becomes an important issue. Making such datasets available to users provides an 
opportunity to increase the value of genebank materials and allows informed access. The 
recent introduction of PUIDs provides a mechanism to ensure that downstream data 
generated is associated with the correct biological entity. Information outlining access and 
benefit sharing would also assist users in deciding which materials to request and use within 
their programmes. The development of tools and interfaces to allow users to filter available 
datasets down to manageable amounts will become more important as the volumes of data 
increase. Different users may have specific data requirements from the collection e.g. 
organic breeding as outlined above. Trait data generated for one group of users may also 
benefit other groups. The incorporation of additional datatypes and more advanced 
phenotypes will increase the accessibility of germplasm collections for different use cases. 

 

3. Allele mining projects 
 
Allele mining is the process by which naturally occurring variants are identified which affect 
traits of interest, e.g. agronomic performance. Variants may be identified in coding, non-
coding or regulatory regions of genes. By identifying variations which are linked to 
observations of phenotypic interest, markers can be developed for use in marker-assisted 
breeding (Kumar et al. 2010).  
 
Projects to generate data used in allele mining can differ widely in terms of scale. Several 
factors contribute to this including the number of samples being screened, the extent of the 
genomic region being screened and the technology being used.  



D1.5 

 

15 / 22 

 

 
Genebanks provide large numbers of accessions which are candidates for allele mining. 
Projects may generate data for the entire collection (e.g. SeeDs 2017), a subset (e.g. 3000 
rice genomes, 2014), a core/diversity collection (e.g. SoyKB, 2017, 150 tomatoes, 2017), a 
specific geographic location/growing region (e.g. AGILE, 2017), those with a particular 
phenotype (Alfalfa, 2017), or any other subset of materials of choice.  
 
Data can be generated across the entire genome (e.g. via whole genome sequencing as in 
the 3000 rice genomes or genotyping-by-sequencing as in SeeDs), alternately subsets of the 
genome can be targeted using captures (e.g. complete exomes in wheat and barley as in 
WHEALBI or smaller captures targeting gene families e.g. RenSeq as in Jupe et al., 2013) or 
amplicon sequencing (e.g. Yang et al., 2016). RNASeq can also be used (e.g. Harper et al., 
2012) which offers the ability to capture expression data at the same time, though runs the 
risk of not identifying variants in lowly-expressed transcripts. Imputation may be performed to 
reduce the amount of missing data generated by some sequencing approaches (e.g. Chan et 
al., 2016). 
   
Variant calling can be performed using a number of different bioinformatics pipelines, 
selection of which may depend on the data generated (e.g. reference guided or de novo). 
Popular packages include samtools (Li et al., 2009), GATK (McKenna et al., 2010), 
FreeBayes (Garrison et al., 2012) and UNEAK (Lu et al., 2013). Filtering using variant quality 
and read depth helps to reduce the number of false positive calls. Software such as SnpEff 
(Cingolani et al., 2012) and VEP (McLaren  et al., 2016) can help to classify variants by their 
predicted effects.  
 
Variants can be used to perform diversity studies and also to understand the population 
structure of the samples which is necessary when performing association mapping. 
Linkage Disequilibrium can also be estimated which predicts the density of markers required 
and the level of mapping resolution which can be obtained for a given population. Variants 
can be combined with phenotypic data in order to identify associations (Huang & Han 2014) 
and may consider environment-specific effects where multi-environment data is available. 
Rare alleles can be problematic for association mapping unless they exert very strong 
phenotypic effects, typically minor allele frequencies of >0.05 are required (Xu et al., 2017). 
Rare alleles may account for a substantial proportion of phenotypic variability, therefore it 
may be necessary to adjust the samples selected to artificially increase the frequency of the 
‘rare’ allele (Brachi et al., 2011), or develop a mapping population to allow family-based 
mapping. 
 

Conclusions 
 
A number of resequencing projects involving genebanks are already underway, these differ 
in scope and scale in relation to the materials used and the fraction of the genome targeted. 
Variation data can reveal the underlying population structure which is important for 
downstream analyses. Coupled with phenotypic data, association studies can be performed 
which provide a means to use natural population data to identify marker-trait associations. 
Markers can then be used for marker-assisted breeding.  

 

4) WHEALBI 
 
Launched in 2014, WHEALBI – Wheat and Barley Legacy for Breeding Improvement – aims 
to characterise in-depth diverse genetic resources of bread wheat (Triticum aestivum) and 
barley (Hordeum vulgare) from across their geographical range as sources of genes and 
alleles for use in crop improvement, addressing yield, tolerance to abiotic stress, resistance 
to biotic stress, grain quality and adaptation to highly variable environmental conditions. 
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The project involves exome-capture and resequencing of the gene space of >500 accessions 
of wheat and barley and phenotyping for adaptive traits across contrasting climates and 
precision phenotyping for canopy-development, drought tolerance and disease response. 
Outputs include the identification of genes and alleles involved in key traits such as grain 
quality, frost and drought tolerance and resistance against fungal diseases.  

 

4.1) WHEALBI wheat and barley collections 
 
Five hundred and twelve accessions of both wheat and barley were selected comprising 
formally-bred cultivars of a variety of date releases, landraces, wild material and breeding 
lines from across the ecological and geographic distributions of each taxa and their centres 
of diversity. Mainly landrace and non-adapted accessions (e.g. varieties selected from a 
unique landrace) with good geo-referencing information were selected, as well as a good 
representation of recent elite lines and a few accessions representing wild relatives. Growth 
habit and passport data were taken into consideration, along with the status of the material 
according to the FAO treaty on genetic resources covering origin, distribution and use of 
genetic resources in order to confirm freedom to operate. 
 
Details of the accessions included are available from URGI: 
https://wheat-urgi.versailles.inra.fr/Projects/Whealbi 
 
Materials are being held at IPK (barley) and INRA (wheat) genebanks: 
IPK: https://gbis.ipk-gatersleben.de/GBIS_I 
INRA: https://www6.ara.inra.fr/umr1095_eng/Teams/Research/Biological-Resources-Centre  
 
The majority of accessions are available under SMTA agreement, or by MTA of the donor 
site (other Genebanks or WHEALBI partners), registered varieties would need to be 
requested directly from the maintainer. The WHEALBI collections will be maintained for a 
minimum of 10 years after the conclusion of the project. 
 

 

4.2) Lessons learned and best practices from WHEALBI 
 
Data QC – phenotypes: It is good practice to validate your trait data before use in order to 
check that the data coming from the field correspond to the correct genotype. Using ‘known’ 
traits such as row-type (barley), awn length, flowering time in comparison with standards, or 
spring/winter types (wheat) to cross check the accessions can help to identify mistakes in 
planting. In cases where a mix-up appears to have occurred, data from the affected 
accessions could be removed, or the whole trial may need to be discarded.  It is also useful 
to keep seeds from each plot of the phenotyping experiment and, in case of doubts, check 
the identity of specific accessions with a set of molecular markers; a relatively small number 
(e.g. 96) of carefully selected SNPs can be sufficient to identify each accession in a large set 
of germplasm with limited cost. Nevertheless when a large germplasm panel is tested across 
many locations and the number of individual plots to be tested rises to several hundreds a 
repatriation experiment represents a reliable and convenient method.  
 
Case study: In the WHEALBI project approximately 500 barley and 500 wheat accessions 
have been field evaluated in four locations with two sowing times. This experimental design 
has produced more than 6000 plots for which phenotyping data have been scored. To verify 
that the same genotype was correctly sown and harvested in all trials we collected a seed 
sample from each individual plot and all samples belonging, putatively, to the same 
accession were sown side by side in a repatriation field. The plants were visually checked for 
uniformity among the different sources of the same accessions. The repatriation experiment 

https://wheat-urgi.versailles.inra.fr/Projects/Whealbi
https://www6.ara.inra.fr/umr1095_eng/Teams/Research/Biological-Resources-Centre
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has proven to be a powerful and cost-effective tool to detect mistakes in seed handling 
across large phenotyping networks. 
Data QC – SNP quality and validation: Where SNP chip data (e.g. Axiom or iSelect) is 
available for the same material, these data can be used to validate the results of the SNP 
calling pipeline. It may be necessary to map the probe sequences from the SNP array onto 
the genome reference used for the SNP calling. Variants can then be compared at the same 
position. Homozygous and heterozygous calls should be evaluated separately, as they may 
show different error rates. Filtering can be adjusted to improve accuracy. Samples with low 
sequence coverage or high error rates relative to the SNP data may need to be discarded.  
 

Case study: 512 wheat lines underwent exome capture and sequencing. Variants 
were called with respect to the reference genome. Data from the iSelect 80k chip was 
used to tune SNP calling filters. Data from the Axiom 35 chip was used for validation 
and assessment of error rate. Six lines were excluded on the basis of sequence 
coverage and error rate.  
For barley, 512 lines underwent exome capture and sequencing. Exome data were 
mapped against the barley reference genome. The variants called were validated by 
two different methods. The first method used 401 SNP locations derived from 
Genotyping By Sequencing (GBS) data generated by IPK Gatersleben, Germany 
which was available for 387 of the WHEALBI accessions. The second validation 
method was performed using 186 SNPs from a custom 384 SNP chip (BeadExpress 
GoldenGate assay, Illumina) run with 431 DNA samples used for the exome capture. 
Sixty-seven accessions were discarded due to technical issues and will be repeated, 
403 of the remaining samples were successfully validated by both methods.  

 
Data QC – genetic similarity: Variation data can be used to check the genetic distance 
between samples. This data can be cross-referenced with passport data to check for 
discrepancies, i.e. samples with distant geographic origins may not be expected to have high 
genetic similarity (e.g. Jakob et al., 2014 ). Such phylogeography investigation also offers the 
opportunity to test the accuracy of the SNP calling as closely related genotypes (in space 
and time from the passports) are expected to share common SNPs. 
 

Case study: We used SNP profiles to calculate genetic similarity between genotypes 
and cluster them into subpopulations. These subpopulations were contrasted with 
their passport and phenotypic data (number of  rows, site of origin, flowering habit) to  
interpret the subpopulations composition. For the WHEALBI data, most of the 
population structure was related to row-type and flowering habit (winter/spring), with 
some sites of origin standing out as separate groups (i.e. Ethiopian landraces). 

 
 
Characterization at site of origin: It may be useful to have environmental data from the 
conditions at the site of origin, in particular for wild species / landraces. Curated collection 
data would ideally be used as the location. Mid-point of the country of origin may be used if 
no other information is available, however the accuracy of this will depend on a number of 
factors including country size and environmental heterogeneity. 
 

Case study: For a collection of European and Turkish formally-bred cultivars and 
landrace barleys, we used the major barley growing regions within countries 
according to EUROSTAT (2017) subnational production statistics to estimate the 
most likely location of each tested accession within its country of origin. For landrace 
barley we also used ‘exact’ coordinates where these were available. We then used 
these ‘mid-point’ and ‘exact’ coordinates to extract daily environmental data 
(estimated rainfall, maximum temperature, minimum temperature and solar radiation) 
from the AgMERRA database (Ruane et al., 2015) for the period 1980 to 2010. We 
then uses this environmental data as an estimator to allow the construction of 
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‘environmental distances’ between accession sample sites and barley WHEALBI field 
trial sites, using meteorological data collected during field trials as actual 
environmental measures for the field trial sites. This provided us with an approach to 
test the important concept of whether landraces are in fact more locally adapted to 
their locations than formally-bred cultivars are. An answer in the affirmative would 
support the role of these landraces in adapting the current barley crop to a changing 
climate in Europe. 

 
Efficient exploitation of genomic variation information in the utilization of genetic 
resources: Genomic variation information provides a backbone to investigate, at 
unprecedented scale, genome evolutionary diversity (i.e. signatures of adaptive selection, 
selective sweeps) at the ploidy (i.e. ranging from diploid to hexaploid for wheat), genomic 
(i.e. conserved and specific genes), trait (i.e. for domestication and phenotypic improvement 
genes), phenotype (i.e. flowering and plant height) as well as spatial (i.e. between countries) 
and temporal (i.e. from the 19 to the 20 century) levels. Genetic and phenotypic variation in 
wheat wild progenitors can be used as the basis for improvement of agronomically important 
traits in wheat cultivars. Mapping populations derived from wild emmer wheat crossed with 
cultivars enable the development of high-resolution genetic maps, containing thousands of 
molecular markers, and identification of chromosomal regions carrying valuable genes and 
QTLs for wheat improvement. Chromosomal regions containing genes of interest are being 
transferred via marker assisted selection into elite varieties to improve the corresponding 
traits. The availability of DNA markers closely linked to target genes allows the fast transfer 
of genes or chromosomal regions. Successful examples for this approach include the cloning 
of the high grain protein gene, Gpc-B1 (Uauy et al., 2006) and the Yr36 gene, protecting 
wheat crops from the yellow rust disease (Fu et al., 2009). In addition, chromosomal regions 
contributing to drought resistance were successfully introgressed into several wheat cultivars 
using the marker assisted breeding approach (Merchuk-Ovnat et al., 2017).  
 

Case study: Within the framework of the WHEALBI project we have used a RIL 
population derived from wild emmer wheat crossed with cultivars, for construction of a 
high resolution genetic and QTL map. We selected chromosomal regions carrying 
QTLs for grain protein content (GPC) for introgression into several wheat cultivars. 
The most promising QTLs showing high LOD scores, and reduced interval sizes were 
selected. Using newly developed KASP markers for each QTL we are currently 
following their transfer during backcross generations into several wheat cultivars.   
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