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Abstract: New intensive farming systems have resulted in a narrowing of the genetic diversity used in
breeding programs. Breeders are looking for new sources of variation of specific traits to make genetic
progress in adaptation to changing environmental conditions. Genomics-based plant germplasm
research seeks to apply the techniques of genomics to germplasm characterization. Using these new
methods and obtained data, plant breeders can increase the rate of genetic gains in specific breeding
programs. Due to the complexity of heterogeneous sources of information, it is necessary to collect
large quantities of referenced data. Molecular platforms are becoming increasingly important for the
development of strategic germplasm resources for more effective molecular breeding of new cultivars.
Following this trend in plant breeding, the AgroGenome portal for precise breeding programs was
developed based on data collected for accessions stored in the Polish Genebank. It combines passport
data of genotypes, phenotypic characteristics and interactive GWAS analysis visualization on the
Manhattan plots based on GWAS results and on JBrowse interface. The AgroGenome portal can be
utilized by breeders or researchers to explore diversity among investigated genomes. It is especially
important to identify markers for tracking specific traits and identify QTL. The AgroGenome portal
facilitates the exploitation and use of plant genetic resources stored in the Polish Genebank.

Keywords: AgroGenome portal; biodiversity; crop design; big data; genomic selection; genomics;
plant genetic resources; barley; wheat; soybean; pea

1. Introduction

Plant germplasm is crucial for crop genetic improvement and to achieve food security
globally. Thousands of germplasm accessions have been collected and conserved ex situ and
in situ all around the world, and the major challenge for plant scientists is how to exploit
and utilize this crucial resource. There are about 1800 genebanks worldwide, including
more than 600 in Europe [1]. About 7.4 million accessions are stored globally [2]. However,
it is estimated that only 25–30% of these accessions are genetically unique [3–5]. The Polish
Genebank (National Centre for Plant Genetic Resources—NCPGR) at the Plant Breeding
and Acclimatization Institute—National Research Institute (PBAI-NRI) has collected more
than 90,000 accessions of crops and their wild relatives. Based on the data available
on the FAO WIEWS—World Information and Early Warning System on Plant Genetic
Resources for Food and Agriculture (http://www.fao.org/wiews/map-test/en/ accessed
on 15 November 2022)—it can be concluded that the Polish Genebank ranks seventeenth
in the world among institutions collecting plant genetic resources in terms of number of
accessions. It is the third largest genebank in Europe, after Germany-IPK and Russia-VIR,
and the second in the European Union [6].

In 2010, the EGISET information system was implemented at Polish Genebank as
a central database on plant genetic resources in Polish Genebank. The system consists of
several databases. The main function of this system is to collect and store passport data
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of crops as well as their characterization and evaluation data. The information stored in
databases dates back to the 1970s based on the old documentation. The passport data
module includes about 91,000 accessions but only for about 50,000 of them specific data
are available —totaling in about 204,000 data records. EGISET is also a repository of
photos, documents and expedition data. The EGISET system has a link for studying and
ordering seed samples (https://wyszukiwarka.ihar.edu.pl/pl accessed on 15 November
2022), which allows one to obtain seeds as well as data on the phenotype characteristics of
accessions provided by curators of each species [7,8].

New intensive farming systems promoted by the green revolution have resulted in
a narrowing of the genetic diversity in the collections used in breeding programs. In many
countries, the high-yielding varieties are preferred and cultivated on large areas, while
less-yielding cultivars, though often showing high genotypic diversity and greater yield
stability, are eliminated from cultivation and often irretrievably lost from national breeding
programs [1,9–11]. This increasing genetic uniformity of crops has resulted in changes in
pathogen populations, causing them to be more virulent with increased severity of the
diseases they cause [10,12]. Therefore, breeders are looking for new sources of variation of
specific traits, especially for sources of resistance to diseases and pests. It is very important
to make genetic progress in breeding of major crops in adaptation to rapidly changing
environmental conditions. This is essential for the improvement of crops and for providing
food security in rapidly changing environmental conditions [13].

In many cases, the intensification of production in agriculture has a negative impact
on the biodiversity of the agricultural landscape. This type of agriculture needs new, more
diverse cultivars suitable for the potential use in sustainable and climate-smart agriculture.
Plant breeders in particular are focused on improving plant tolerance and resilience to
abiotic and biotic stresses connected with climate change. Because of plant breeders’
demand, there is a need for characterization of germplasms in terms of their agronomic
potential and for establishing associations between molecular markers and phenotypes.
This kind of information is necessary for the practical use of specific accessions in breeding
programs [14–21]. Because the genetic studies were conducted on a still-limited number
of accessions, the concept of creation of core subsets of crop germplasm collections was
developed. The idea behind this concept is to more efficiently utilize the genetic diversity
present within the larger collection present in genebank. The creation of core collections
has proven to be a very successful way for plant scientists representing many disciplines
(plant genetics, plant physiology, plant pathology) to help refine exploration of the larger
germplasm collection in genebanks worldwide. Recently, the study of genetic diversity for
both germplasm management and breeding has been described. These studies showed
that in practice, even the core collection approach was not sufficient to fully characterize
genetic diversity [22]. Old varieties and landraces are well-adapted to the environmental
conditions in the area where they grew and are a very important source of genetic variability
of important agronomic traits [23–25], including resistance to biotic stresses [26,27].

The development of crop varieties using conventional breeding methods has been
effective. However, these methods are time-consuming and labor-intensive. Recently,
new breeding approaches were developed, aiming to reduce breeding time and provide
more precise selection and more efficient use of genetic variation. Genomics-based plant
germplasm research (GPGR), or “Genoplasmics”, is a novel, cross-disciplinary research
field that seeks to apply the principles and techniques of genomics to germplasm research.
Using these new methods and obtained genomics data, plant breeders can substantially
increase the rate of genetic gains in breeding programs [15,28–31]. Especially important
for plant breeding are Next Generation Sequencing (NGS) technologies. By using them, it
was possible to substantially reduce the cost of genotyping and sequencing [31,32]. The
development of these methods has enabled plant breeders to use the high-throughput
and cost-effective high-density genotyping in practice. The low-cost genotyping platforms
were developed, and they have accelerated the use of molecular markers in the breeding
programs. In recent years, a more and more important breeding goal is not only the yield,
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but also to improve complex traits such as yield quality and adaptation to changing climatic
conditions. To improve complex traits, modern breeding approaches, such as genomic
selection (GS), are commonly used [24,32,33]. Another modern method used for breeding
purposes is the Diversity Arrays Technology (DArT) in combination with next-generation
sequencing platforms [34,35]. It is very useful for analyzing phenotypic and genotypic data
in large and very diverse germplasm collections. Using this combination of methods can
result in the low-cost identification of a relatively large number of polymorphic markers.
This advantage resulted in the use of DArTseq-derived markers in more than 400 species
(http://www.diversityarrays.com/ accessed on 15 November 2022).

Genome-Wide Association Study (GWAS) was described as an effective method to
identify alleles associated with traits of many crop species in [35]. It is used in many
economically important crops to identify genomic regions connected with yield-related
traits [20,21,36–38]. In comparison to biparental QTL mapping, the advantage of GWAS
is to capture more loci responsible for the traits [39]. The use of diverse and unstructured
germplasms in GWAS results in the accumulation of a larger number of recombination
events. This, in combination with high-resolution markers, increases the accuracy of
mapping. It is very important that, by using GWAS, candidate genes may be identi-
fied. However, for this purpose, a large association mapping population is needed to be
used. There are examples that when using NGS technology and the reference genomes,
GWAS identified many loci and candidate genes which were not been detected by QTL
linkage mapping.

Molecular platforms are becoming increasingly important for the development of
strategic germplasm resources for more effective molecular breeding of new cultivars
which are well-adapted to changing climate conditions [40]. The good examples for such
platforms are: the BRIDGE portal, developed for the collection of barley stored in the IPK
genebank [41]; the SnpHub platform for wheat [42,43]; and platforms for soybean [44]; and
SoyBase [45].

The project AGROBANK refers to the “Creation of bioinformatic management system
about national genetic resources of useful plants and development of social and economic
resources of Poland throughout the protection and use of them in the process of providing
agricultural consulting services” (1/394826/10/NCBR/2018) and was financed by the
National Center for Research and Development as part of the first round of competitive
research grants under the strategic research and development program, GOSPOSTRATEG
“Social And Economic Development Of Poland In The Context Of Globalizing Markets”.
The main objective was to develop and implement a national management system for crop
plant genetic resources at the Polish Genebank (NCPGR) and to address global trends in
the creation of molecular platforms for germplasm resources.

The aim of the AGROBANK project was to create using friendly interactive genomic-
based web server using data collected for accessions stored in Polish Genebank. Web
server was developed for the most important agronomic crops: barley, wheat, soybean
and pea. It combines passport data, phenotypic characteristics, interactive GWAS analysis
visualization on the Manhattan plots on the JBrowse interface.

2. Materials and Methods
2.1. AgroGenome Portal Application Architecture

The AgroGenome portal application architecture is visualized on the Figure 1.
The Polish Genebank EGISET database is a source of information about accessions

passport data. Large accession collections representing the population of the most impor-
tant species were selected for phenotypic and molecular studies. They were characterized
phenotypically in 2018 and 2019 and molecularly by the DArT method. Based on the GWAS
analyses, SNPs associated with the described traits were identified.

http://www.diversityarrays.com/
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Figure 1. Design schema of the AGROBANK AgroGenome portal. Once the files and information
tables are provided as indicated in the “Prepare” step, they are preprocessed for building basic
database files. Then, efficient analysis and visualization are performed interactively.

As wheat and barley occupy a particularly large area in the structure of crops, it was
decided to develop reference genomes of Polish materials additionally, based on fully
sequenced genomes or their large fragments, i.e., exomes, as the second stage of research.
Based on the results of bioinformatic analyses of genetic diversity determined by the
DArTseq method, 18 individuals were selected for the second stage of the study within
barley and 48 individuals within wheat. Sequencing of full genomes of spring barley
accessions using the NGS method and sequencing of wheat exomes (using the exome
capture method) were carried out using the newest NovaSeq600 platform (Illumina, Inc.,
5200 Illumina Way, San Diego, CA 92122, USA). The molecular data were presented by
Nathan S. Watson-Haigh (South Australian Genomics Centre (SAGC), SAHMRI, Adelaide,
SA 5000, Australia) in the form of the SNP Browser with all the functionalities of the DAWN
portal [43].

For almost all accessions, DNA samples for the DNA genebank and reference materials
in the form of seeds for the Herbarium were collected. Moreover, cereal spikes and soybean
pods were included into the Herbarium collections. Photographic documentation was
carried out.

2.2. Collecting Data to Develop AgroGenome portal
2.2.1. Plant Material

Accessions belonging to the 4 most important crop species were investigated (Table 1).
The Polish accessions were selected to cover their diversity held at the Polish Genebank,
with priority given to old varieties with key phenotypic traits in Polish breeding programs.
This was then supplemented with modern varieties and non-Polish accessions from coun-
tries where a particular trait is most frequent. Barley, common wheat and other species,
such as emmer and durum, soybean, pea and rape, were evaluated.
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Table 1. Number of genotypes evaluated under AGROBANK project.

Common Name Species
Accessions Number

Total Polish Origin

Barley Hordeum vulgare L. 461 146
Common wheat Triticum aestivum L. 428 118

Durum and dicoccum wheat T. dicoccum (Schrank) Schuebl., T. durum Desf. 75 11
Soybean Glycine max. 196 80

Pea Pisum sativum L. 184 115

Total 1344 470

2.2.2. Passport Data

In 2010, the EGISET information system was implemented at the Polish Genebank
(National Centre of Genetic Resources) at the Plant Breeding and Acclimatization Instit-
ute—National Research Institute (PBAI—NRI; Polish name: Instytut Hodowli i Aklimatyza-
cji Roślin—Państwowy Instytut Badawczy, IHAR—PIB). This system is a central database
on plant genetic resources in the Polish Genebank. For the AGROBANK portal, it is
a source of the passport data of accessions such as accessions name (ACCENAME), acces-
sion number (ACCENUMB), acquisition date (ACQDATE), country of origin (ORIGCTY),
type of storage (STORAGE) and status MLS (MLS).

2.2.3. Phenotypic Data

The phenotypic characterization of the genotypes included in the research was carried
out in-house and in field conditions as part of experiments established on PBAI-NRI plots
in 2018 and 2019. For wheat, barley and soybean, the phenotypic characterization took
into account almost the entire list of the descriptors given in the recommendations of
the IPGRI (International Plant Genetic Resources Institution), which associates most of
European countries, and the assessment methodology is respected all over the world. For
wheat and barley descriptors (traits), which are crucial for final yield, disease resistance
and agricultural traits were described. A total of sixteen agricultural traits were described:
days to plants’ heading stage (DH), days to plants’ milky-waxy stage (DMW), days to
plants’ maturity stage (DM), days to plants’ harvest stage (DPH), plants’ height (PH), plants’
lodging tendency (LT), row number (RN) for barley, spike density (SD), glume color (GGC1),
grain awn type (GAT), spike length (SL), grain per spike (NGS), grain type/covering (GT)
only for barley, grain color (pericarp) (GC) and 1000-grain weight (TGW).

For selected traits important in terms of agricultural value, some modifications were
made based on consultations with experts for evaluated species. It was mostly conducted
for disease resistance for most important pathogens.

• Descriptors used for barley:

(https://cropgenebank.sgrp.cgiar.org/index.php/learning-space-mainmenu-454/
manuals-and-handbooks-mainmenu-533/descriptors-mainmenu-547 (accessed on 29 Oc-
tober 2021));

• Descriptors used for wheat: https://old.vurv.cz/Ewdb/asp/IPGRI_descr_1985.pdf
(accessed on 29 October 2021);

• Descriptors used for soybean: https://www.bioversityinternational.org/fileadmin/
_migrated/uploads/tx_news/Descriptors_for_soyabean_252.pdf (accessed on 29 Oc-
tober 2021).

GWAS results for barley and soybean were already published [20,21,41].

2.2.4. Molecular Data Using DArTseq and GWAS Analysis

A. DNA extraction and quantification

One g of young leaf tissue from the 3rd to 4th node of each seedling was excised,
frozen in liquid nitrogen and stored at − 80 ◦C. Genomic DNA was extracted from frozen

https://cropgenebank.sgrp.cgiar.org/index.php/learning-space-mainmenu-454/
manuals-and-handbooks-mainmenu-533/descriptors-mainmenu-547
https://old.vurv.cz/Ewdb/asp/IPGRI_descr_1985.pdf
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Descriptors_for_soyabean_252.pdf
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Descriptors_for_soyabean_252.pdf
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leaves using a modified cetyltrimethylammonium bromide (CTA B)/chloroform/isoamyl
alcohol method [46]. DNA quantification was performed by agarose gel electrophoresis
(0.8%), and it was adjusted to 50 ng/µL for genotyping using DArTseq.

B. Genotyping using DArTseq and GWAS analysis

B.1. Data Filtering Process

Genotypes were genotyped by Diversity Arrays Technology Pty Ltd, Building 3, Level
D, University of Canberra, Monana Street, Bruce, ACT, 2617, Australia, using DArTseq [30].
SNP calls were made against: Hordeum vulgare Morex v2, T. aestivum Chinese Spring (CS)
IWGSC RefSeq v1.0 (https://wheat-urgi.versailles.inra.fr/Seq-Repository/Assemblies -
accessed on 8 September 2021) and soybean available in phytozome (https://phytozome-
next.jgi.doe.gov/- acessed on 10 October 2021) [47]. DArT data were handled in the same
manner for all crops. That is, we used the DArTR v1.1.11 package [47] in the R pro-
gramming language. SNPs and genotypes were removed if SNP markers contained > 5%
missing data and genotypes contained > 10% missing data. SNPs with a reproducibility
score of (RepAvg) < 100% were removed. Where SNPs originated from the same fragment,
a random SNP was retained while the others were discarded. Noninformative monomor-
phic SNPs were removed, as were rare SNPs with a minor allele frequency of <1%.

B.2. Genome-wide association studies (GWAS)

GWAS analysis was conducted using the GAPIT v2018.08.18 R package [48,49]. We
used the recently developed Bayesian-information and Linkage-disequilibrium Iteratively
Nested Keyway (BLINK) model, which has been shown to produce fewer false positives,
identify more true positives and scale to very large data sets [50]. Physical genome positions
of markers were derived from the DArTseq SNP genotype file. Since GAPIT can only handle
complete data, only markers with a physical position on one of the chromosomes and zero
missing data were used as input to the GWAS analysis. Bonferroni and FDR thresholds
were used. DArTseq markers with FDR and Bonferroni p = 0.01 thresholds were taken
as significantly associated with the evaluated trait. In order to show the distribution of
SNPs over the chromosome, Manhattan plots were also generated. The significance levels
for GWAS analysis on the Manhattan plots were as follows: solid line represented the
Bonferroni FDR multiple test threshold (p = 0.01), and dashed green line represented the
FDR threshold (FDR adjusted ≤ 0.05). In order to show the distribution of SNPs over the
chromosome, Manhattan plots were also generated.

2.3. SNP Browser
2.3.1. Barley SNP Browser

Based on the results of bioinformatic analyses of genetic diversity determined by the
DArTseq method, 18 individuals were selected for the second stage of the study within
barley. Sequencing of full genomes of spring barley genotypes using the NGS method and
sequencing were carried out using the newest NovaSeq600 platform (Illumina), generating
2 × 150 PE reads. DNA extraction and quantification was as for the DArTseq method.

A. Barley Genotype Selection for WGS

Distance matrices, provided by Diversity Arrays, were partitioned (clustered) into k
clusters around medoids using the pam () method available in the cluster package [51,52]
and performed in the R statistical programming language [53]. The pam-algorithm
searchers for k representative genotypes/clusters were used such that the sum of dis-
similarities between genotypes in a cluster and its representative genotype was minimized.
Therefore, the number of clusters, k, was set to 18, the number of genotypes to be selected
for whole-genome sequencing (WGS). Some selections were made to ensure a preference
for Polish genotypes if one was close to the medoid genotype.

B. Sequencing and read processing

https://wheat-urgi.versailles.inra.fr/Seq-Repository/Assemblies
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
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Sequencing of full genomes of 18 spring barley accessions using the NGS method
was carried out using the newest NovaSeq600 platform (Illumina), generating 2 × 150 PE
reads. Raw reads were preprocessed through trimmomatic v0.39 (http://www.usadellab.
org/cms/?page=trimmomatica, accessed on 10 October 2021) to remove adapters, low-
quality bases and short reads. Specifically, the following command line argument was
used: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:3:true LEADING:2 TRAILING:2 SLIDING-
WINDOW:4:15 MINLEN:36. Reads were processed using the approach described in
Watson-Haigh et al. [43]. Briefly, QC reads were aligned to the Barley Morex v2 genome
assembly [54] using Minimap v2.17 [55], and variants were called using a SAMtools
v1.9 [56] and BCFtool v1.9 calling pipeline, which required a minimum mapping qual-
ity of 20 and minimum base call quality of 30. Processing was parallelized per chro-
mosome to facilitate timely completion of the analysis. Read alignment coverage and
variant density (variants per 10 kbp) files were generated in BigWig format. All data
have been made available as visualization tracks within a JBrowse [57] instance (http:
//62.3.171.115/jbrowse/?data=data%2Fbarley_morex_v2, accessed on 10 October 2021).

2.3.2. Wheat SNP Browser

Based on the results of bioinformatic analyses of genetic diversity determined by the
DArTseq method, 48 individuals were selected for the second stage of the study within
wheat. Sequencing of wheat exomes (using the exome capture method) were carried out
using the newest NovaSeq600 platform (Illumina). DNA extraction and quantification was
the same as in the DArTseq method.

A. Genotype Selection for WES

Distance matrices, provided by Diversity Arrays, were partitioned (clustered) into k
clusters around medoids using the pam () method available in the cluster package [51,52]
and performed in the R statistical programming language [55]. The pam-algorithm
searchers for k representative genotypes/clusters were used such that the sum of dis-
similarities between genotypes in a cluster and its representative genotype was minimized.
Therefore, the number of clusters, k, was set to 48, the number of genotypes to be selected
for whole-exome sequencing (WES). Some selections were made to ensure a preference for
Polish genotypes if one was close to the medoid genotype.

B. Sequencing and read processing

The selected genotypes based on the DArTseq data accessions were sequenced on an
Illumina NovaSeq, generating 2 × 150 PE reads. Raw reads were preprocessed through
trimmomatic v0.39 to remove adapters, low-quality bases and short reads. Specifically, the
following command line argument was used: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:3:true
LEADING:2 TRAILING:2 SLIDINGWINDOW:4:15 MINLEN:36. Reads were processed
using the approach described in Watson-Haigh et al. [43]. Briefly, QC reads were aligned
to the IWGSC RefSeq v1.0 genome assembly [58] using Minimap v2.17 [55], and vari-
ants were called using a SAMtools v1.9 [58] and BCFtool v1.9 calling pipeline, which
required a minimum mapping quality of 20 and minimum base call quality of 30. Pro-
cessing was parallelized per chromosome to facilitate timely completion of the analy-
sis. Read alignment coverage and variant density (variants per 10 kbp) files were gener-
ated in BigWig format. All data have been made available as visualization tracks within
a JBrowse [57] instance (http://62.3.171.115/jbrowse/?data=data%2Fwheat_CS_v1.0, ac-
cessed on 10 October 2021).

2.4. Collecting DNA Samples for Genebank

DNA samples were collected for all genotypes tested in the project. They were the
basis for establishing the DNA bank and developing the data flow on the platform. A list
of descriptors for the DNA samples was developed.

http://www.usadellab.org/cms/?page=trimmomatica
http://www.usadellab.org/cms/?page=trimmomatica
http://62.3.171.115/jbrowse/?data=data%2Fbarley_morex_v2
http://62.3.171.115/jbrowse/?data=data%2Fbarley_morex_v2
http://62.3.171.115/jbrowse/?data=data%2Fwheat_CS_v1.0
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2.5. Collecting Reference Materials for Herbarium and Photo Documentation

Ear or pod samples were collected from the field trials and included with the seeds’
samples in the Herbarium collection as reference material. Photographic documentation
was kept and described in accordance with generally accepted rules in genebanks.

3. Results
3.1. AgroGenome Portal Summary Presentations

On the start page of the AgroGenome portal, the user can find information about
what kind of data were collected to develop the interactive AgroGenome portal. This
information is: species, number of accessions for which passport data are available, number
of traits for which MTAs are collected based on GWAS analysis of the DArTseq data and
phenotypic data and visualized on the Manhattan plots, number of the whole genomes
for barley and common wheat number associated with reference of whole genomes as
JBrowe interface, and number of photos and reference samples in the Herbarium (Figure 2).
A password-protected system for data entry will be included in the next stage of portal
development. Data collected during the project after publishing have the status “Open
Access: Creative Commons (CC-BY-SA)”, and before publishing, they will be available
under the prepublication data sharing principle of the Toronto Agreement (https://www.
nature.com/articles/461168a, accessed on 10 October 2021).
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Figure 2. Visualization of the start page of the AgroGenome portal created based on phenotypic
and genotypic data collected for 1344 accessions of barley, common wheat, durum wheat, emmer
wheat, spelt wheat, polonicum wheat, soybean and pea with special emphasis to cover diversity of
old cultivars collected in Poland and other European countries [47].

The application was implemented based on the requirements and design proposed by
the authors. It is based on the client server architecture. The client’s web interface was built
with the use of RactJS framework and is accessible with any web browser application. The
server side is based on the Elastic Search service, which provides data storage capabilities
as well as convenient API for searching and retrieving data.

3.2. AgroGenome Passport Data Presentation

To obtain information about passport data as general filters, users will use species
(SPECIES), accession number (ACCENUMB), EGISET, country of origin (ORIGCTY), ac-
quisition date (ACQDATE) or type of storage (STORAGE). Based on this, users have
presentations of accessions and may observe morphology visualization as a photography
documentation with additional information if the phenotypic data are available, as status
MLS, and if reference materials are in the Herbarium (Figure 3).

https://www.nature.com/articles/461168a
https://www.nature.com/articles/461168a
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Figure 3. Visualization of passport data evaluated under AGROBANK project accessions, such as
accession number (ACCENUMB), country of origin (ORIGCTY), acquisition date (ACQDATE), type
of storage (STORAGE) status MLS, photographic documentation, and if accession is in the Herbarium
as a reference sample. Data ACCENUMB, ORIGCTY, ACQDATE, STORAGE and status MLS are
collected from the EGISET Polish Genebank data base. Photographic documentation and sample
DNA were collected under the AGROBANK project.

In addition, the collection of DNA samples was used for the development of a data
flow diagram related to them and connected with the Polish Genebank EGISET database.
The compiled descriptor list was adapted from that used by the United Kingdom National
DNA Database. The portal is open and can be developed for new data of tested accessions.

3.3. AgroGenome GWAS Results Presentation

Interactive Manhattan Plots of Genome-Wide Association Studies (GWAS) were de-
veloped with Quantile–Quantile (QQ) plots observed against expected probability values
(p-values) from the GWAS analysis. The significance line is presented. As a filter, the
user may use species and trait. On the Manhattan interactive plot, it is possible to find
information about SNP ID and p-value (Figure 4).

By clicking on a data point of a variant p-value, the application automatically jumps
to that variant position in the embedded SNP Browser developed for common wheat and
barley. The trait to be displayed can be switched by a select box. The portal gives users the
opportunity to observe GWAS results with QQ plots and to visualize indicated marker-trait
associations (MTAs) with traits used as general filters for selected species. The BRIDGE
portal, which was developed for barley, does not have these functions. It is visualized on
the Manhattan figure SNP’s ID position and p-value and, next, on the browse server [43].

On the AgroGenome portal under Manhattan plots, the user can find information
about allele ID, chromosome number, chromosome position, SNP localization and trimmed
sequence. It is important that evaluated accessions will be divided for two groups—one
with a reference allele for the evaluated trait and one without it. The user may compare the
average value phenotypic data described for the first and second group and conclude which
group is more valuable for his project or breeding program according to the evaluated trait.
Moreover, users have access to phenotypic data of each genotype separately.
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Figure 4. Visualization of the GWAS analysis results on the AgroGenome portal developed for barley,
common wheat, durum wheat, emmer wheat, soybean and pea. Results are presented in the form
of interactive Manhattan plots, QQ plots, SNP ID, p-value, SNP localization, chromosome number,
trimmed sequence and DArT data. Accessions are divided for two groups: with reference allele and
without it.

3.4. AgroGenome SNP Browser Presentation

SNP Browser integrates data for wheat from the T. aestivum Chinese Spring (CS)
IWGSC RefSeq v1.0 genome with exome data from 48 accessions and for barley from Morex
v2 genome with Whole Genome Shotgun (WGS) from 18 accessions (Figure 5). It was
developed in cooperation with the main author of DAWN portal, Nathan S. Watson-Haigh,
South Australian Genomics Centre (SAGC), SAHMRI, Adelaide, SA 5000, Australia. The
broad structure of the data flow and the features of AgroGenome web server was created
based on structure developed for DWAN interface and it is described in details [43].
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mismatches between the read alignments and the CS reference (SNP coverage), variant call density
and variant calls. Read coverage depth patterns show the mean coverage (yellow line) as well as 1 and
2 standard deviations (grey background shading). Vertical lines within the read coverage plot indicate
the proportion of reads with mismatches to the CS reference, and teardrops shown below the coverage
track indicate those positions exceeding 90% alternative bases and at ≥3 reads coverage. Colored
drops hanging off the read coverage profile indicate the presence of putative SNPs/indels to the
reference, A-green, T-red, C-blue, G-yellow, indel-grey. (Interface JBrowse developed in cooperation
with Nathan S. Watson-Haigh, Genome Informatics and Bioinformatics Training, Flagstaff Hill,
SA 5159, Australia, based on the DAWN structure [43]).

For each wheat and barley accession the user can access: (1) “Coverage” tracks for
simple visualizing read coverage depth patterns at Kbp to Mbp scales. These show the
mean coverage (yellow line) as well as 1 and 2 standard deviations (grey background
shading). Regions with read coverage > 2 * SD from the mean were extracted, then merged
if ≤500 bp apart and reported if ≥5 kbp (above the mean) or ≥50 kbp (below the mean)
in length. (2) “Read Alignment” tracks for visualizing individual read alignments (when
viewing a sufficiently small region) or read coverage depth (when viewing a larger region)
and alignment mismatches at the 100’s of bp scale. (3) “SNP Coverage” tracks display
of read coverage depth together with the proportion of reads containing mismatches vs.
the reference sequence. (4) “Variant Call Density” track display the density of variants
in 10 kbp nonoverlapping windows. (5) “Variant Calls” tracks display the variant calls
themselves. Vertical lines within the read coverage plot indicate the proportion of reads
with mismatches to the CS reference and teardrops shown below the coverage track indicate
those positions exceeding 90% alternative bases and at ≥3 reads coverage. This track is
particularly useful for identifying haplotype blocks at the Kbp scale. Most tracks transition
to a read coverage depth or variant density plots at the Kbp-Mbp scale when the density of
information is too high to be visually meaningful (Figure 5) [43].

Read Alignment tracks for visualizing individual read alignments or read coverage
depth and alignment mismatches at the 100′s of bp scale give opportunity: view de-
tails, zoom this match, highlight this match, quick-view mate/next location and open
mate/next location.

Moreover, single nucleotide polymorphisms (SNPs) detected using the DArTseq
method associated with yield traits and phenological or morphological features in barley,
wheat, soybean and pea are visualized on the JBrowse interface based on the GWAS results
such as chromosome number, chromosome position and SNP localization.

The SNP Browser gives the opportunity to estimate the diversity of accessions at the
population level from SNP data and provides information on the amount of genetic diver-
sity between accessions at the whole-genome level but not on its distribution within the
genome. However, genetic diversity goes beyond SNPs and includes indels, introgressions
and other structural variations such as copy number variation (CNV). These are all known
to be important drivers of diversity. The ability to access and visualize genetic diversity in
detail, from whole chromosomes to individual genes, will enable a better understanding
and utilization of the available diversity in a region of interest, irrespective of scale.

4. Discussion

Currently, the role of the genebank should not only be the storage of germplasm.
Until now, in many genebanks, as in the Polish Genebank, information on the phenotypic
characteristics of genotypes is often available, but they are in many cases incomplete
and outdated due to changing climatic conditions. There is an urgent need for genebank
basic works concerning the preservation of plant genetic resources to be carried out with
simultaneous, properly conducted phenotypic characterization, considering the applicable
descriptors, which at the same time correspond to economically important morphological
and physiological traits. Reference exponents in the Herbarium are an additional safeguard
for the loss of variability represented by the genotype. With the development of molecular
techniques, genebanks should strive to make molecular data available for stored collections.
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Genetic diversity analysis, linkage mapping, and association mapping, especially at the
whole-genome level, are crucial for modern molecular breeding [15,17–21].

The agriculture sector is of great economic and strategic importance for the European
Union. Breeders play a very important role in the practical use of plant genetic resources to
meet food security goals in the time of climate change. Due to the complexity of breeding
programs, breeders must manage many different and heterogeneous sources of information.
Advanced analytics and visualization technologies in the form of portals help bring them
benefits of all available data-based solutions, mostly for the results of whole genomics-
based plant germplasm research (GPGR) or whole-exome capture (WEC). Whole-genome
sequencing is used for mid-sized genomes, such as soybean, to accomplish genotyping-by-
sequencing (GBS) [59]. The whole-exome capture (WEC) technologies are used for large-
genome species such as wheat [60]. Recent studies showed wheat profile genomic variations
on a scale of hundreds or thousands of accessions through WEC [61] or whole-genome
resequencing (WGS) [62]. There are many examples of “Genoplasmics” studies which seek
to apply the principles and techniques of genomics to the characterization of germplasm
available in genebanks. Decreasing sequencing costs are resulting in increased numbers of
samples and species which can be sequenced. Using these new methods and vast genomics
data, plant breeders can substantially increase the rate of genetic gains in breeding programs
and will help to meet food security in many areas of the globe [3,15,21,29].

To address this issue, the AgroGenome portal was created to support genebanks and
breeding research of the most important agricultural crops such as barley, wheat, soybean
and pea. The accessions number in each collection was representative to evaluate genetic
diversity, with a minimum of 180 accessions for pea and soybean and more than 450 for
wheat and barley. It is important for portal users such as breeders or scientists that there are
well-provided passport data from the Polish Genebank EGISET database and AGROBANK
project results, such as photography documentation; proper phenotyping characterization,
taking into account almost the entire list of the descriptors given in the recommendations of
the IPGRI (International Plant Genetic Resources Institution); and interactive visualization
of the DArTseq and GWAS results. Based on the results of bioinformatic analyses of genetic
diversity determined by the DArTseq method, 48 individuals for wheat and 18 individuals
for barley were selected for the second stage to develop the SNP Browser. For wheat
sequencing, exomes (using the Exome Capture method), and for barley sequencing, whole
genomes were carried out using the newest NovaSeq600 platform (Illumina).

The AgroGenome structure is universal and may be used for many crops. Currently,
it was developed for barley, common wheat, durum wheat, emmer wheat, spelt wheat,
polonicum wheat, soybean and pea. Moreover, it is as the first portal in which visualized
MTAs for yield and associated traits are presented. As described by Wang et al. [42], the
SnpHub, Gigwa v2, CanvasDB portals are universal and can be used for many species.
However, they do not have the option to present MTAs for evaluated traits such as GWAS
results, which are cheap; they are not as efficient as the DArTseq method and phenotypic
data; and they cannot be presented on the Jbrowse interface. The AgroGenome portal
structure is open and can be developed for new data of evaluated accessions. On the
AgroGenome portal under Manhattan plots, the user can find information about allele ID,
chromosome number, chromosome position, SNP localization and trimmed sequence.

The AgroGenome portal is end-user friendly and relatively easy to learn. The user
may compare the average value phenotypic data described for the first and second group
and conclude which group is more valuable for his project or breeding program. Other
portals do not have such functionality. Moreover, user have access to phenotypic data of
each genotype separately.

5. Future Prospects

The functionality of the AgroGenome portal corresponds to most species of crops.
Depend on the financial resources’ availability, in the future, the portal will be developed
also for species and accessions currently not present. Phenotypic characteristics are very
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important for germplasm users such as scientists and breeders, and providing such data
is a prime responsibility of genebanks. This kind of work in genebanks is the most time-
and cost-consuming. However, because of climate change, for accessions evaluated under
the AGROBANK project, it requires periodical data updating for many environments,
especially for GWAS analysis. At this stage of the project, the so-called core collections
representing the total genetic variation of the collection were developed. The authors plan
to create core-collection for traits, which is very important for breeders. The next stage
of the portal expansion will be the development of trait-specific core collections. In the
AgroGenome portal, more accessions will be included to the available collections of the
evaluated species, and new economically important crops will be included. Based on the
demand of breeders, a larger spectrum of the traits, such as quality characteristics, will be
described. An example of this kind of data are markers for physiological traits, such as
photosynthesis parameters measured using a PSI II camera (Fo, Fm, Fv, Ft_Lss, QY_max,
QY_Lss, NPQ,_Lss) and chlorophyll content, which are already available for visualization
on the SNP Browser.

The portal is open to the public, and data for genetic resources generated by different
teams from Polish Genebank or other national and international institutions can be included
and visualized. Currently, genebanks are establishing more and more close cooperation
regarding the exchange of information regarding their collections, removing duplicates
and creating base collections. Currently, genebanks are not only “living musuems” con-
centrating mainly on storage of alive plant samples, but more and more are working as
specific data repositories on available genetic resources. The Polish Genebank is one of the
largest in Europe and in the world; therefore, the use of more and more molecular methods
for the characterization of collections will ensure significant progress in field germplasm
management and characteristics on more than a national scale.

Creating the AgroGenome platform is a first step for building a global genebanks part-
nership in the next years and strengthening a rational, efficient and effective global system
of ex situ crop diversity. In project AGROBANK and on the AgroGenome portal, plant
material, mostly landraces and old cultivars, were included. The number of subcollections
from different regions of Europe was sufficient to make them a representative group for the
region. This corresponds to the goal of the European Green Deal Programme to increase
agrobiodiversity in the EU agricultural system. It helps to develop a new partnership for
broader international collaboration and support the essential genebank operations and
increase system performance, efficiency and effectives.
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6. Czembor, J.H.; Gryziak, G.; Zaczyński, M.; Wlodarczyk, S.; Podyma, W. Gromadzenie i zachowanie zasobów genowych roślin
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