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Abstract: Plant genebanks provide genetic resources for breeding and research programs world-
wide. These programs benefit from having access to high-quality, standardized phenotypic and
genotypic data. Technological advances have made it possible to collect phenomic and genomic
data for genebank collections, which, with the appropriate analytical tools, can directly inform
breeding programs. We discuss the importance of considering genebank accession homogeneity
and heterogeneity in data collection and documentation. Citing specific examples, we describe how
well-documented genomic and phenomic data have met or could meet the needs of plant genetic
resource managers and users. We explore future opportunities that may emerge from improved
documentation and data integration among plant genetic resource information systems.
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1. Introduction

Genebanks offer a broad range of plant genetic diversity for use in research and
breeding programs. For decades, crop researchers have collected phenotypic trait data
on genebank accessions. New high-throughput technologies facilitate the collection of
phenomic data (large-scale, often multi-dimensional, phenotypic datasets). Similarly,
smaller-scale DNA marker data have been eclipsed by more comprehensive genomic data
for characterizing collection genetic diversity. With these large datasets, the challenges
of digital information management are becoming as important as managing the physical
collection of germplasm. Databases that integrate data types, promote standardized
data collection and documentation methods, incorporate appropriate analytical tools and
provide user-friendly access will help curators and users of plant genetic resources (PGR) to
manage, locate and identify diversity of agronomic and horticultural importance (Figure 1).
Tanksley and McCouch [1] and, more recently, the Divseek Initiative advocate for more
effective use of genebank diversity; however, the genetic resources stored in genebanks
are still underutilized [2,3]. This largely stems from the challenge of identifying useful
accessions in large and diverse ex situ collections.
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homozygous/heterogeneous accessions are landraces of self-pollinating crops that are 
comprised of an assortment of different genotypes. Heterozygous/homogeneous acces-
sions include clonally maintained but originally outcrossing crops (e.g., ‘Granny Smith’ 
apple [Malus domestica Borkh.]). Heterozygous/heterogeneous accessions are represented 
by wild species accessions and outcrossing landraces. As wild species accessions are re-
generated, the extent of heterozygosity may decrease [4]. An understanding of the relative 
level of within-accession genetic variation is important to successfully regenerate gene-
bank accessions, collect and document phenotypic and genotypic data, and use genebank 
materials in breeding and research programs. 

 
Figure 1. Diagram of selected genebank processes. Genebank accessions range from homogeneous 
varieties to heterogeneous seedlots. Genomic and phenomic data are collected, documented and 
analyzed. With this information, improved collection management is possible and specific samples 
can be requested for breeding and research. 
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Plant breeders, geneticists, biologists, and educators have different levels of genetic 

knowledge and access to different kinds of field and laboratory facilities and software 
tools. Nevertheless, there is an overall need for a wide range of PGR, especially novel 
germplasm (i.e., materials with genetic variation that are not readily available in existing 
breeding populations or cultivars) that is viable, disease-free, and has acceptable legal 
conditions for use [5,6]. To access these resources, an easily navigated search and request 
system is necessary. Characterization and evaluation data based on standardized methods 
and rating systems help narrow down the search to materials that meet objectives. 

Improved web interfaces that provide genebank inventory identities, along with gen-
otype and phenotype data, can guide accession selection. Many users of genebank mate-
rials would find it helpful to know the allelic states of major genes (or associated molecular 

Figure 1. Diagram of selected genebank processes. Genebank accessions range from homogeneous
varieties to heterogeneous seedlots. Genomic and phenomic data are collected, documented and
analyzed. With this information, improved collection management is possible and specific samples
can be requested for breeding and research.

Genebank accessions are genetically complex, with a range of genetic profiles. Ho-
mozygous/homogeneous seed samples include inbred lines and accessions derived by sin-
gle seed descent. These include elite cultivars (e.g., wheat [Triticum aestivum L.] variety ‘Jag-
ger’ and maize [Zea mays L.] inbred line ‘B73′). An example of homozygous/heterogeneous
accessions are landraces of self-pollinating crops that are comprised of an assortment of dif-
ferent genotypes. Heterozygous/homogeneous accessions include clonally maintained but
originally outcrossing crops (e.g., ‘Granny Smith’ apple [Malus domestica Borkh.]). Heterozy-
gous/heterogeneous accessions are represented by wild species accessions and outcrossing
landraces. As wild species accessions are regenerated, the extent of heterozygosity may
decrease [4]. An understanding of the relative level of within-accession genetic variation is
important to successfully regenerate genebank accessions, collect and document pheno-
typic and genotypic data, and use genebank materials in breeding and research programs.

2. Customer and Stakeholder Needs for Plant Genetic Resources

Plant breeders, geneticists, biologists, and educators have different levels of genetic
knowledge and access to different kinds of field and laboratory facilities and software tools.
Nevertheless, there is an overall need for a wide range of PGR, especially novel germplasm
(i.e., materials with genetic variation that are not readily available in existing breeding
populations or cultivars) that is viable, disease-free, and has acceptable legal conditions
for use [5,6]. To access these resources, an easily navigated search and request system is
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necessary. Characterization and evaluation data based on standardized methods and rating
systems help narrow down the search to materials that meet objectives.

Improved web interfaces that provide genebank inventory identities, along with geno-
type and phenotype data, can guide accession selection. Many users of genebank materials
would find it helpful to know the allelic states of major genes (or associated molecular
markers) that control important crop-specific traits (e.g., Rht, Ppd, and Vrn genes for plant
stature and flowering time in wheat [7]). Plant breeders would be aided by the availability
of traits from wild or unadapted germplasm introgressed into an adapted genetic back-
ground or introduced “exotic” germplasm that has been adapted to particular locations
via recurrent selection and crosses with adapted germplasm. Examples include products
of pre-breeding/genetic enhancement programs such as the Germplasm Enhancement of
Maize project (see description below) or panels of synthetic hexaploids in wheat [8].

DNA sequence data for accessions [9], as well as a reference genome for the crop
of interest (e.g., [10,11]), are increasingly available. Whole-genome estimates of genetic
diversity and population structure of germplasm panels (e.g., [12]), and genome-wide
association study (GWAS) results for relevant traits and germplasm (e.g., [13]), can gen-
erate data for identifying the accessions best suited for particular purposes. In addition,
detailed phenotypic evaluation data for both grower-oriented and consumer-targeted traits
(e.g., unpersoned aerial vehicle (UAV) data of accessions under heat or drought stress; in-
depth data on health-promoting properties) will have a more limited number of users, but
at least a subset of customers would be able to leverage these types of datasets. Plant breed-
ers will benefit from genomics-assisted breeding software to facilitate the introgression of
desired genomic regions into breeding material and for genomic selection [5,14].

3. Genomic and Phenomic Approaches Help Meet Customer and Stakeholder Needs
for Plant Genetic Resources

While germplasm collections are extraordinarily valuable for geneticists and breeders,
there are several challenges for efficient use of these collections. For example, it is often
unclear how accessions are related genetically or how adapted they are to a given environ-
ment. Many accessions were received decades ago, sometimes with scant or contradictory
passport data (e.g., pedigree, provenance, and place of origin). Modern genomic and
phenomic tools can be applied to collections to guide germplasm choice for target traits
and environments.

3.1. Genomic Tools for Elucidating Germplasm Relationships

Genomic tools such as high-density single-nucleotide polymorphism (SNP) geno-
typing and whole-genome resequencing can describe the diversity in collections and
reveal relationships among accessions. Nearly 4400 samples representing approximately
2500 inbred maize lines known as the “Ames Panel” in the USDA collection were geno-
typed with 680,000 SNPs (using genotyping by sequencing; GBS) and evaluated for a
core set of traits in a field trial at three locations in 2010 [15,16]. Analyses revealed the
population structure within the collection: popcorn and sweet corn accessions formed
distinct subpopulations separate from the remaining temperate germplasm, as did the
tropical germplasm [16]. There was also a clear pattern based on geographic origin. Within
U.S. germplasm, genetic differentiation occurred from north to south consistent with adap-
tation to day length. Tropical lines contained the highest level of diversity in the collection,
consistent with previous reports. These data also described the diversity of various subsets,
relative to the whole collection. For example, the 282-inbred line Goodman association
panel [17] captured 75% of the diversity of the whole collection, and the founders of the
nested association mapping population [18] captured 57% of the diversity in the whole
collection, attesting to their value in exploring maize inbred diversity. Inbred lines from US
and Canadian public breeding programs represented 83% of the diversity in the collection,
while private germplasm with expired Plant Variety Protection (PVP) certificates contained
only 45% of the diversity in the collection, reflecting a focus on maintaining the three main
heterotic patterns in temperate maize. The success of these endeavors was due in part to
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the homogeneous nature of the inbred lines that were assessed. Future progress for other
crops is dependent upon having tools available for heterogeneous accession types.

3.1.1. Germplasm Enhancement of Maize (GEM) Program for Pre-Breeding

It is difficult to introgress unadapted accessions into desirable backgrounds for target
environments. Evaluating all accessions for a crop across multiple environments can
require vast resources and time. The Germplasm Enhancement of Maize (GEM) program
is a collaboration between private industry, USDA and university partners that aims to
increase the diversity of US maize germplasm [19]. Fifty-one maize landrace accessions
with agronomic merit and high yield potential [20] were the starting materials for the GEM
Program beginning in 1995. In the GEM traditional protocol, an exotic accession is crossed
with an elite corn belt dent inbred line from a private cooperator, marked only as belonging
to the stiff stalk or non-stiff stalk heterotic group. The F1 is then crossed to a second inbred
line in the same heterotic group by either the same or different cooperator. The resulting
progeny are self-pollinated for several generations and undergo evaluation/selection each
season to eliminate disease or insect susceptibility. A moderate number of selected S2
families are testcrossed to the opposite heterotic group to make hybrids for yield trials in a
small number of locations. The best 10 families (selection intensity ~3%) are self-pollinated
and testcrossed with numerous testers for yield trials in a larger number of locations. The
GEM Program typically releases approximately 10 GEM lines per year, which are used
primarily for corn breeding by private companies. This program continues to be strongly
supported by small and large multi-national corn breeding companies, demonstrating its
value to the industry. This approach for pre-breeding could be extended to other crops
where there is a need for a broader genetic base and where public and private sectors agree
to expend resources for the common good of the crop community.

In addition to the traditional GEM breeding protocol, the Allelic Diversity project
was started in 2005 to create a resource for gene discovery, allele mining, and genomic
research beginning with ~600 maize landraces, regardless of a priori agronomic merit. Each
landrace accession was crossed and backcrossed into both a stiff stalk (PHB47) and non-stiff
stalk (PHZ51) background. Inbred lines were then produced by either doubled haploid
methods [21] or self-pollination. To date, approximately 500 inbreds have been released
to the public as a new genomic resource. The Allelic Diversity inbreds have been used to
conduct GWAS for flowering time and plant height [22], root system architecture [23], and
kernel composition traits where novel loci have been identified [24] reflecting the wide
diversity of this unique resource.

3.1.2. Subsets for Allele Mining

The origin of the core subset concept traces its roots to the 1970s and 1980s when
genebank holdings were continuing to increase from institutional exchanges and active
collecting missions for landrace and wild material [25,26]. The influx of new and diverse
accessions was vital for filling gaps in global collections, but the rise in holdings had the
unintended effect of making management decisions relating to monitoring and regeneration
more difficult. It also made the selection process more complicated for users, who had
to navigate thousands or tens of thousands of accessions with little more than a species
designation and basic passport information.

Breeding programs make use of collection subsets. For example, the Ames Panel
of maize was used for GWAS of numerous traits [27–30]. Subsets of the Ames Panel
are often created based on adaptation to a specific environment; the Wisconsin Diversity
Panel consists of lines that flower and mature within the shorter growing season of the
northern United States [31]. The Wisconsin Diversity Panel has been used for several
GWAS experiments [32–37]. Prior to the availability of genomic data, subsetting the Ames
Panel would have required either phenotypic datasets from common garden experiments
or relied on curator knowledge of the entire collection.
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It has become easier to collect genomic data for genebank collections than to perform
phenotypic evaluations. For genebank accessions that are genetically homogeneous, it is
acceptable to sample only a single or several individuals for whole-genome genotyping. In
contrast to the maize example, genotyping one or several individuals for a heterogeneous
accession is of limited utility because (1) their multi-locus genotypes cannot be retrieved
because all individuals are different, (2) small samples provide poor estimates of allele
frequencies, and (3) rare alleles will not be discovered for all loci.

For cataloging genetic variation in heterogeneous accessions, whole-genome pooled
sequencing offers a cost-effective alternative to independent sequencing of multiple indi-
viduals (e.g., [38]; Figure 2). Pooled sequencing captures whole-genome sequence diversity
segregating among the individuals of an accession. The resulting pan-genome-like data
structure can be interrogated using genomic position or sequence homology (e.g., BLAST).
With adequate sampling (~100 individuals per pool) and adequate sequencing depth
(~1x per individual), pooled sequencing allows estimation of allele frequencies genome-
wide with an accuracy equal to or better than sequencing individuals, at a lower cost [39].
As collection-wide genotyping projects commence [3], pooled sequencing data can be
accumulated one accession at a time for all accessions of a species, with each completed
dataset improving insight into the genetic structure of a collection. Allele frequencies, or
probabilities of recovering haplotypic variants, are delivered to the genebank customer
in the form of heterogeneous germplasm. Providing the means for users to query allele
frequencies at any locus of interest in advance of requesting germplasm would be of
enormous utility.
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Figure 2. Allele mining in the tertiary gene pool of sugar beet [Beta vulgaris L.]. The cyst nematode resistance gene Hs1pro−1

from Patellifolia procumbens (C. Sm.) A.J. Scott, Ford-Lloyd & J.T. Williams. is conveyed to sugar beet in a large translocation.
A promoter sequence activated by nematode feeding makes this locus a target for engineering the disease response in sugar
beet [40]. Major allele frequency differences across the genomic region containing Hs1pro−1, recovered from the pooled
sequencing pan-genomes of six wild Patellifolia spp. populations, are shown. Colors indicate different allelic variants,
shading within a color indicates variant frequency within the pool (lower = lighter). Substantial variation in the nematode
responsive region can be mined from these populations. Whole-genome pooled sequencing data from 202 cultivars, breeding
lines, wild relatives, and genebank accessions of Beta vulgaris is available under NCBI BioProject PRJNA563463.

Modern crop improvement programs augment traditional crosses and field evalu-
ations with transgenic techniques and gene editing. To enable these approaches, com-
prehensive sequence data for genebank accessions is important. Whole-genome pooled
sequencing datasets support this use by providing information on the full complement
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of sequences available for individuals in an accession, ensuring gene editing targets are
present and avoiding off-target effects [41]. Pooled sequencing data that have been pro-
cessed into genome-wide SNP or short haplotype frequencies describe accession diversity
more practically for breeding programs and correlate logically with phenotypic characteri-
zation and evaluation data held in genebank databases, which are usually measured at the
population, not individual, level [42].

3.1.3. Gene Discovery—GWAS Using Genebank Collections

Genome-wide association analysis has enabled PGR to contribute more extensively to
marker/gene discovery in most species. Diversity subsets from genebank collections are a
readily available resource to perform GWAS using a range of markers from simple sequence
repeats (SSRs) to SNPs from GBS or SNP arrays [15]. Whole-genome sequencing (WGS)
of diversity panels is underway (e.g., rice [Oryza sativa L.] [43]; soybean [Glycine max (L.)
Merr.] [44]; chickpea [Cicer arietinum L.] [45]) and perhaps in the near future WGS will
be available for an entire crop collection. Statistical approaches and their software im-
plementations are improving [46]. GWAS is becoming possible for any variable trait
that can be precisely phenotyped in genebank accessions, thus increasing the value of
genebank collections.

3.2. Phenomics in Applied Breeding

Plant breeders and researchers require an understanding of the phenotypic/phenomic
data that are available. This includes documentation about how the data were collected,
such as the numbers of individuals sampled and experimental field designs (particularly
for heterogeneous accessions), as well as the use of standardized descriptors and ontologies.
Most of the traits important to breeders exhibit significant genotype× environment interac-
tions so the full environmental context under which phenotypic measurements were made
is necessary [47,48]. High-throughput phenotyping (HTPP) in plant breeding programs
(e.g., [49]) provides a model for HTPP of large numbers of PGR accessions across multiple
environments by genebanks and cooperators in the future [50]. Efforts are underway to
improve data presentation and availability, an example is the AgBioData project, which
will harmonize data storage and interoperability across databases [51].

Beginning in the 1990s, an evolution occurred from simple, formal phenotypic descrip-
tors to the machine-readable ontologies available today, wherein the controlled vocabulary
includes not only trait definitions but also relationship terms, so that complex phenotypic
information can be processed by computer. Phenotypic descriptors for PGR have been
published for over 100 crops under the auspices of the CGIAR centers IPGRI and Bioversity
International (now The Alliance of Bioversity International and CIAT). Bioversity used
these to develop crop ontologies and the Crop Ontology Curation Tool [52]. These on-
tologies are not available for all crops, such as pea, Pisum sativum L., and many fruits.
However, pea and other new crop ontologies are under development. Other harmonious
crop ontologies can be found on Planteome [53] and AgroPortal [54]. The goals of all
these efforts are data interoperability to assist in meeting FAIR (findability, accessibility,
interoperability, and reusability) data standards [55]. As genebanks collect data using
internationally recognized standard formats, data become more accessible and specific
accessions can be selected for use in breeding programs. This also facilitates accession
comparisons among different genebanks.

4. Genebank Curation Needs

High-quality genebank collections contain well-curated passport, phenotypic, and
genotypic data. Acquiring these data is challenging due to resource limitations and the vast
size of most genebank collections. Success depends upon partnerships between genebanks
and user communities. As they become available, genomic and phenomic data can help
guide collection management and improve the value of the collection. These data permit
the identification of collection gaps, which can be filled with new acquisitions [56]. They
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also can help curators maintain the genetic integrity of accessions. Knowledge of within-
accession variation helps define optimal regeneration and storage strategies to minimize
the effects of genetic drift [4].

Genomic and phenomic data can provide knowledge applicable to curation, such as
whether accessions are correctly assigned to taxon, whether they are redundant, or whether
they differ when they should not [56]. They can help quantify changes accumulated during
ex situ conservation or changes occurring in situ, in the wild, since the accession was
collected. Genomic and phenomic data can be used to ensure that cultivar identities are
consistent with names used in other genebanks and user communities. At times, curators
and their advisory groups must make difficult management decisions because resources
are insufficient to accommodate ever-expanding collections. Genomic and phenomic data
can help guide decisions to ensure that the purpose and goals of genebank collections are
met, even if some accessions must be eliminated. Finally, genomic and phenomic data can
help guide users in selecting the best genebank materials for their purposes.

5. Genomic and Phenomic Approaches Help Meet Curation Needs
5.1. Genomic Data Improve Collection Management

Availability of accession-level genomic data for genebank collections has facilitated
taxonomic identification of unusual or hybrid species. Lentils, which include Lens species and
Lens culinaris Medik. sub-species, are difficult for non-taxonomists to identify. Wong et al. [57]
used sequence data from GBS to correct species and sub-species identifications and identify
interspecific hybrids of wild accessions of lentil.

Genotyping the maize Ames Panel revealed several interesting findings related to
curation [16]. First, to assess intra-accession variability, approximately 2200 duplicate
inbreds (as determined by accession name) were genotyped. Of these, 98% were determined
to be at least 0.99 identical by state (IBS), the threshold used to determine that two accessions
were “identical”. Redundant accessions could be removed in order to simplify curation
efforts. Numerous accessions were determined to be isogenic or nearly isogenic (>0.97 IBS).
For example, 50 inbreds had IBD > 0.97 with B73, a historically important inbred line.
Genebank managers and stakeholders can weigh costs and benefits when determining
which collections of near isogenic lines should be maintained.

Genomic data have provided useful information about genetic gaps in collections. Pre-
viously, geographic coverage was the primary criterion for targeting plant acquisitions and
assembling core collections. Correlation of geographic gap-filling and genomic gap-filling
has shown the advantage of using genomic data. The IPK genebank analyzed GBS data
for 21,405 barley accessions to identify gaps in the collection. They found “a pronounced
under-representation of some regions of the world in IPK’s wild barley (Hordeum vulgare
subsp. spontaneum C. Koch.) collection” [58]. Duplicates were also identified, most likely
from merger of former East and West German collections. The International Potato Center
genebank genotyped 250 potato (Solanum tuberosum L.) accessions with a 12K SNP array
and identified putative misclassified accessions [59]. GBS data for 441 lettuce accessions
showed that crisp head lettuce (Lactuca sativa L.) PGR in the USDA collection lack genetic
diversity, hindering genetic advances in this important crop [60].

5.2. Phenomic Data Improve Collection Use

Access to phenotypic/phenomic data allows users to select specific materials based on
traits of interest, such as resistance to specific diseases, resistance to abiotic stress, or quality
components. Replicated, multi-year trials using standardized methods are preferred [61],
although often a single data point for a single year may be all that is available. Uploaded
images of fruits, seeds or other parts of interest, with scale bars and color standards,
provide valuable information to determine accession heterogeneity, trueness-to-type (at
the accession or species level; Figure 3), and value to breeding programs [62]. Comparison
of images can determine if accession phenotypes are consistent with original submission
descriptions or other historical records.
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be confirmed using genotyping by sequencing [63].

The traits addressed by HTPP technologies are broad, from well-established disease
assessment [64,65], to tree and plant architecture [66,67], to protein content in wheat [49].
Satellite images of wheat [68], UAVs [69], tractor mounted (e.g., [70]) and handheld de-
tectors (e.g., [71,72]), and between-row ultracompact robots [73] comprise a set of new
technologies potentially valuable for HTPP of genebank accessions.

Although genebank HTPP is in early stages, examples of completed studies are emerg-
ing that efficiently provide needed evaluation data to the user community. A diversity
panel of lentil was phenotyped in seven countries for three years, providing insight into
photothermal interactions to guide future production expansions [74]. HTPP deployed
in the Canadian lentil trials (six environments) contributed to a data depth that was not
possible in the non-HTPP sites [71]. This type of data analysis could be adapted for other
genebank tasks such as seed germination scans. The International Potato Center deployed
a UAV remote sensing and multi-spectral camera to accurately predict maturity and pro-
ductivity of potatoes [75]. In the future, UAV and robots could collect field data for large
collections at multiple timepoints in the growing season [76].

Several examples are available for HTPP of seeds. A true HTPP seed imaging platform
with a conveyor belt and barcode reader was developed to record the color, size and
shape dimensions of the small-seeded lentil [77]. A similar approach for soybean lacks
the third dimension and automation aspects [78]. A mobile application was developed
for grain width and length HTPP in the field [79]. Maize ear/kernel HTPP has two
published platforms [80,81]. Commercial software was used to scan pulse crop PGR seed
images, but throughput is limited as seed must be manually separated [82]. SmartGrain
software developed for rice eliminates this impediment by excluding overlapping grains
and removes awns and pedicels [83].
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6. Data Integration for Plant Genetic Resource Curation and Use

Genebanks have implemented inventory management databases that associate acces-
sions with passport, image, phenotypic and genotypic data. Resource limitations have
resulted in phenotypic and genotypic data that are not comprehensive within or across
crops. There are also a number of challenges in associating and retrieving heterogeneous
accessions with their corresponding phenotypic/phenomic and genotypic/genomic data
within databases. These challenges must be overcome to ensure well-documented, stan-
dardized data are available for improving genebank management and utility.

To efficiently exploit the variation contained in genebank collections, there have been
efforts to develop sophisticated information management systems. These systems primarily
provide database, analytical and decision support capabilities to genomics driven breeding
projects. Capabilities include managing and tracking physical and digital descriptor data
and, increasingly, integrating genomic sequence data, field observations of phenotypic data,
including digital image and spectral data. Platforms include the Genomic Open-source
Breeding Informatics Initiative [84], Breeding Insight [85], Excellence in Breeding [86], and
Breedbase [87–89]. A common API (application programming interface) defines protocols
for interoperability among breeding applications and databases (BrAPI, [90]). Informatics
projects focused on defined sets of crops such as Seeds of Discovery [91,92] and Agent [93]
provide important data integration among genomic and phenotypic projects. These projects
also promote collaborative networks to connect genebank collection information with popu-
lations from breeding and pre-breeding projects. Software platforms such as Germinate [94]
and the IPK’s Bridge web portal [95] focus on data visualization and integrating gene bank
genomic and phenotypic data.

Crop-specific or clade-oriented genomic databases (e.g., MaizeGDB) offer numerous
visualizations and capabilities connected to genebank accessions. Maize SNP data were
used to establish an IBS relationship matrix among 2800 inbred lines, and this matrix was
used to populate a tool called “TYPSimSelector” [96,97], where the user can query for
inbred lines that are most closely related or most diverged from the inbred line of interest.
Users can search for a replacement for an accession because of a defect in a trait, such as
disease or insect susceptibility.

Looking forward, data curation will likely involve the use of persistent identifiers
(PIDs) such as Plant Introduction (PI) numbers or Digital Object Identifiers (DOI) for sample
identification. Through the adoption of BrAPI, the GRIN-Global information management
system can become interoperable with Breeding Insight and crop-specific databases. Several
databases, including Bridge IPK [98] and Germinate [99], have already successfully merged
some components of genebank and breeding information management.

7. Future Prospects

Current and future genebank users, as well as curation teams, will increasingly require
access to high-quality genomic and phenomic data. Access to genetic diversity information
could help ensure phenotypic data are collected from an adequate number of individuals.
Integration of genomic and phenomic data for heterogeneous accessions requires special
attention to DNA polymorphism and elevated or complex patterns of phenotypic variance.
Technological advances in information management systems have focused primarily on
specific crops. Future efforts should consider the relative heterogeneity of genebank
accessions and how it can be effectively managed when data are collected. Systems must
be user-friendly and widely applicable to diverse customers. In addition, they must be
adaptable and scalable, to support new genomic and phenomic technologies. Future
research should focus on ensuring that tools are available to effectively use genomic and
phenomic data for informed curation decisions.

Increasingly sophisticated artificial intelligence methods and sequence data lead to the
question of whether every accession must be phenotyped to choose accessions for gene(s) or
trait(s) of interest. Advances in statistical prediction may change how characterization data
can select germplasm for further evaluation. FIGS (Focused Identification of Germplasm
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Strategy) applies machine learning (ML) algorithms and environmental data to identify
candidate accessions associated with a trait of interest [100]. In Bari et al. [100], non-
phenotyped wheat accessions carrying rust resistance were predicted based on the trait-
environment relationship in other accessions. Similarly, ML approaches can be used
to assemble germplasm subsets that maximize variation of haplotype blocks associated
with phenotypic variation [101–103]. Genomic prediction is an increasingly useful tool in
specialty crops such as pea [104] and well-resourced collections such as barley [105]. A
training population with both genotypic and phenotypic values is the basis for developing
a statistical model. The model then predicts the phenotypic values of lines using only
genotypic data. A genomic selection application in sorghum (Sorghum bicolor (L.) Moench)
demonstrated the power of this approach for selecting accessions for high biomass from a
large PGR collection [64]. Improvement of genomic prediction algorithms and increasing
genomic data coverage across PGR accessions will advance their use by genebank managers
and genebank users alike [106,107].

Funding: This research was funded in part by USDA-NIFA Higher Education Challenge Program
grant 2020-70003-30930, USDA-ARS, and a Griffin Foundation grant to Colorado State University.

Acknowledgments: The authors appreciate Katheryn Chen for providing Figure 1 illustrations. We
thank Moira Sheehan, Peter Bretting, Jan Engels, and Andreas Ebert for pre-submission reviews.
USDA is an equal opportunity provider and employer. Mention of trade names or commercial
products in this article is solely for the purpose of providing specific information and does not imply
recommendation or endorsement by the US Department of Agriculture.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tanksley, S.D.; McCouch, S.R. Seed banks and molecular maps: Unlocking genetic potential from the wild. Science 1997, 277, 1063–1066.

[CrossRef]
2. McCouch, S.; Baute, G.J.; Bradeen, J.; Bramel, P.; Bretting, P.K.; Buckler, E.; Burke, J.M.; Charest, D.; Cloutier, S.; Cole, G.; et al.

Feeding the future. Nature 2013, 499, 23–24. [CrossRef]
3. McCouch, S.; Navabi, K.; Abberton, M.; Anglin, N.L.; Barbieri, R.L.; Baum, M.; Bett, K.; Booker, H.; Brown, G.L.; Bryan, G.J.; et al.

Mobilizing crop biodiversity. Mol. Plant. 2020, 13, 1341–1344. [CrossRef]
4. Richards, C.M.; Lockwood, D.R.; Volk, G.M.; Walters, C. Modeling demographics and genetic diversity in ex situ collections

during seed storage and regeneration. Crop Sci. 2010, 50, 2440–2447. [CrossRef]
5. Ebert, A.W. The role of vegetable genetic resources in nutrition security and vegetable breeding. Plants 2020, 9, 736. [CrossRef]

[PubMed]
6. Smith, S.; Nickson, T.E.; Challender, M. Germplasm exchange is critical to conservation of biodiversity and global food security.

Agron. J. 2021, 113, 2969–2979. [CrossRef]
7. Grogan, S.M.; Brown-Guedira, G.; Haley, S.D.; McMaster, G.S.; Reid, S.D.; Smith, J.; Byrne, P.F. Allelic variation in developmental

genes and effects on winter wheat heading date in the U.S. Great Plains. PLoS ONE 2016, 11, e0152852. [CrossRef] [PubMed]
8. Rosyara, U.; Kishii, M.; Payne, T.; Sansaloni, C.P.; Singh, R.P.; Braun, H.J.; Dreisigacker, S. Genetic contribution of synthetic

hexaploid wheat to CIMMYT’s spring bread wheat breeding germplasm. Sci. Rep. 2019, 9, 12355. [CrossRef] [PubMed]
9. Gaffney, J.; Tibebu, R.; Bart, R.; Beyene, G.; Girma, D.; Ardo Kane, N.; Mace, E.S.; Mockler, T.; Nickson, T.E.; Taylor, N.; et al. Open

access to genetic sequence data maximizes value to scientists, farmers, and society. Global Food Secur. 2020, 26, 100411. [CrossRef]
10. Tao, Y.; Luo, H.; Xu, J.; Cruickshank, A.; Zhao, X.; Teng, F.; Hathorn, A.; Wu, X.; Liu, Y.; Shatte, T.; et al. Extensive variation within

the pan-genome of cultivated and wild sorghum. Nat. Plants 2021, 7, 766–773. [CrossRef] [PubMed]
11. Torkamaneh, D.; Lemay, M.-A.; Belzile, F. The pan-genome of the cultivated soybean (PanSoy) reveals an extraordinarily

conserved gene content. Plant Biotechnol. J. 2021, 19, 1852–1862. [CrossRef]
12. Faye, J.M.; Maina, F.; Akata, E.A.; Sine, B.; Diatta, C.; Mamadou, A.; Marla, S.; Bouchet, S.; Teme, N.; Rami, J.F.; et al. A genomics

resource for genetics, physiology, and breeding of West African sorghum. Plant Genome 2021, 14, e20075. [CrossRef] [PubMed]
13. Bassett, A.; Kamfwa, K.; Ambachew, D.; Cichy, K. Genetic variability and genome-wide association analysis of flavor and texture

in cooked beans (Phaseolus vulgaris L.). Theor. Appl. Genet. 2021, 134, 959–978. [CrossRef] [PubMed]
14. Marsh, J.I.; Hu, H.; Gill, M.; Batley, J.; Edwards, D. Crop breeding for a changing climate: Integrating phenomics and genomics

with bioinformatics. Theor. Appl. Genet. 2021, 134, 1677–1690. [CrossRef] [PubMed]
15. Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A robust, simple Genotyping-by-

Sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, e19379. [CrossRef] [PubMed]

http://doi.org/10.1126/science.277.5329.1063
http://doi.org/10.1038/499023a
http://doi.org/10.1016/j.molp.2020.08.011
http://doi.org/10.2135/cropsci2010.04.0236
http://doi.org/10.3390/plants9060736
http://www.ncbi.nlm.nih.gov/pubmed/32545299
http://doi.org/10.1002/agj2.20761
http://doi.org/10.1371/journal.pone.0152852
http://www.ncbi.nlm.nih.gov/pubmed/27058239
http://doi.org/10.1038/s41598-019-47936-5
http://www.ncbi.nlm.nih.gov/pubmed/31451719
http://doi.org/10.1016/j.gfs.2020.100411
http://doi.org/10.1038/s41477-021-00925-x
http://www.ncbi.nlm.nih.gov/pubmed/34017083
http://doi.org/10.1111/pbi.13600
http://doi.org/10.1002/tpg2.20075
http://www.ncbi.nlm.nih.gov/pubmed/33818011
http://doi.org/10.1007/s00122-020-03745-3
http://www.ncbi.nlm.nih.gov/pubmed/33388888
http://doi.org/10.1007/s00122-021-03820-3
http://www.ncbi.nlm.nih.gov/pubmed/33852055
http://doi.org/10.1371/journal.pone.0019379
http://www.ncbi.nlm.nih.gov/pubmed/21573248


Plants 2021, 10, 2260 11 of 14

16. Romay, M.C.; Millard, M.J.; Glaubitz, J.C.; Peiffer, J.A.; Swarts, K.L.; Casstevens, T.M.; Elshire, R.J.; Acharya, C.B.; Mitchell, S.E.;
Flint-Garcia, S.A.; et al. Comprehensive genotyping of the USA national maize inbred seed bank. Genome Biol. 2013, 14, R55.
[CrossRef]

17. Flint-Garcia, S.; Thuillet, A.-C.; Yu, J.; Pressoir, G.; Romero, S.M.; Mitchell, S.E.; Doebley, J.; Kresovich, S.; Goodman, M.M.; Buckler,
E.S. Maize association population: A high-resolution platform for quantitative trait locus dissection. Plant J. 2005, 44, 1054–1064.
[CrossRef]

18. McMullen, M.D.; Kresovich, S.; Villeda, H.S.; Bradbury, P.; Li, H.; Sun, Q.; Flint- Garcia, S.; Thornsberry, J.; Acharya, C.;
Bottoms, C.; et al. Genetic properties of the maize nested association mapping population. Science 2009, 325, 737–740. [CrossRef]

19. Pollak, L.M. The history and success of the public-private project on Germplasm Enhancement of Maize (GEM). Adv. Agron. 2003,
78, 45–87.

20. Salhuana, W.; Pollak, L. Latin American Maize Project (LAMP) and Germplasm Enhancement of Maize (GEM) project: Generating
useful breeding germplasm. Maydica 2006, 51, 339–355.

21. Brenner, E.A.; Blanco, M.; Gardner, C.; Lübberstedt, T. Genotypic and phenotypic characterization of isogenic doubled haploid
exotic introgression lines in maize. Mol Breed. 2012, 30, 1001–1016. [CrossRef]

22. Vanous, A.; Gardner, C.; Blanco, M.; Martin-Schwarze, A.; Lipka, A.E.; Flint-Garcia, S.; Bohn, M.; Edwards, J.; Lübberstedt, T.
Association mapping of flowering and height traits in Germplasm Enhancement of Maize Doubled Haploid (GEM-DH) lines.
Plant Genome 2018, 11, 1–14. [CrossRef]

23. Ma, L.; Qing, C.; Frei, U.; Shen, Y.; Lübberstedt, T. Association mapping for root system architecture traits under two nitrogen
conditions in germplasm enhancement of maize doubled haploid lines. Crop J. 2020, 8, 213–226. [CrossRef]

24. Vanous, A.; Gardner, C.; Blanco, M.; Martin-Schwarze, A.; Wang, J.; Li, X.; Lipka, A.E.; Flint-Garcia, S.; Bohn, M.; Edwards, J.; et al.
Stability analysis of kernel quality traits in exotic-derived doubled haploid maize lines. Plant Genome 2019, 12, 1–14. [CrossRef]

25. Frankel, O.H. Genetic perspectives of germplasm conservation. In Genetic Manipulation: Impact on Man and Society; Arber, W.,
Illemensee, K., Peacock, W.J., Starlinger, P., Eds.; Cambridge University Press: Cambridge, UK, 1984; pp. 161–170.

26. Brown, A. The case for core collections. In The Use of Plant Genetic Resources; Brown, A.H.D., Frankel, O.H., Marshall, D.R.,
Williams, J.T., Eds.; Cambridge University Press: Cambridge, UK, 1989; pp. 136–156.

27. Zila, C.T.; Samayoa, L.F.; Santiago, R.; Butrón, A.; Holland, J.B. A genome-wide association study reveals genes associated with
Fusarium ear rot resistance in a Maize Core Diversity Panel. G3 Genes|Genomes|Genetics 2013, 3, 2095–2104. [CrossRef]

28. Peiffer, J.A.; Romay, M.C.; Gore, M.A.; Flint-Garcia, S.A.; Zhang, Z.; Millard, M.J.; Gardner, C.A.C.; McMullen, M.D.; Holland, J.B.;
Bradbury, P.J.; et al. The genetic architecture of maize height. Genetics 2014, 196, 1337–1356. [CrossRef]

29. Lu, F.; Romay, M.C.; Glaubitz, J.C.; Bradbury, P.J.; Elshire, R.J.; Wang, T.; Li, Y.; Li, Y.; Semagn, K.; Zhang, X.; et al. High-resolution
genetic mapping of maize pan-genome sequence anchors. Nat. Commun. 2015, 6, 6914. [CrossRef] [PubMed]

30. Xue, S.; Bradbury, P.J.; Casstevens, T.; Holland, J.B. Genetic architecture of domestication-related traits in maize. Genetics 2016,
204, 99–113. [CrossRef] [PubMed]

31. Hansey, C.N.; Johnson, J.M.; Sekhon, R.S.; Kaeppler, S.M.; de Leon, N. Genetic diversity of a maize association population with
restricted phenology. Crop Sci. 2011, 51, 704–715. [CrossRef]

32. Gage, J.L.; White, M.R.; Edwards, J.W.; Kaeppler, S.; de Leon, N. Selection signatures underlying dramatic male inflorescence
transformation during modern hybrid maize breeding. Genetics 2018, 210, 1125–1138. [CrossRef]

33. Gustafson, T.; Leon, N.; Kaeppler, S.; Tracy, W. Genetic analysis of resistance in the Wisconsin Diversity Panel of maize. Crop Sci.
2018, 58, 1853–1865. [CrossRef]

34. Mazaheri, M.; Heckwolf, M.; Vaillancourt, B.; Gage, J.L.; Burdo, B.; Heckwolf, S.; Barry, K.; Lipzen, A.; Ribeiro, C.B.;
Kono, T.J.Y.; et al. Genome-wide association analysis of stalk biomass and anatomical traits in maize. BMC Plant Biol. 2019, 19, 45.
[CrossRef] [PubMed]

35. O’Connor, C.H.; Qiu, Y.; Coletta, R.D.; Renk, J.S.; Monnahan, P.J.; Noshay, J.M.; Gilbert, A.; Anderson, A.N.; McGaugh, S.E.;
Springer, N.M.; et al. Population level variation of transposable elements in a Maize Diversity Panel. bioRxiv 2020. [CrossRef]

36. Renk, J.S.; Gilbert, A.M.; Hattery, T.J.; O’Connor, C.H.; Monnahan, P.J.; Anderson, N.; Waters, A.J.; Eickholt, D.; Flint-Garcia, S.A.;
Yandeau-Nelson, M.D.; et al. Genetic architecture of kernel compositional variation in a maize diversity panel. Plant Genome 2021,
in press. Available online: https://www.biorxiv.org/content/10.1101/2021.03.29.436703v1.full (accessed on 20 October 2021).
[CrossRef]

37. Burns, M.J.; Renk, J.S.; Eickholt, D.P.; Gilbert, A.M.; Hattery, T.J.; Holmes, M.; Anderson, N.; Waters, A.J.; Kalambur, S.;
Flint-Garcia, S.A.; et al. Predicting moisture content during maize nixtamalization using machine learning with NIR spectroscopy.
Theor. Appl. Genet. 2021, 134, 3743–3757. [CrossRef] [PubMed]

38. Rubinstein, M.; Eshed, R.; Rozen, A.; Zviran, T.; Kuhn, D.N.; Irihimivitch, V.; Sherman, A.; Ophir, R. Genetic diversity of avocado
(Persea americana Mill.) germplasm using pooled sequencing. BMC Genom. 2019, 20, 379. [CrossRef]

39. Schlötterer, C.; Tobler, R.; Kofler, R.; Nolte, V. Sequencing pools of individuals—Mining genome wide polymorphism data without
big funding. Nat. Genet. 2014, 15, 749–763. [CrossRef] [PubMed]

40. Kumar, A.; Harloff, H.J.; Melzer, S.; Leineweber, J.; Defant, B.; Jung, C. A rhomboid like protease gene from an interspecies
translocation confers resistance to cyst nematodes. New Phytol. 2021, 231, 801–813. [CrossRef]

41. Danilevicz, M.F.; Fernandez, C.G.T.; Marsh, J.I.; Bayer, P.E.; Edwards, D. Plant pangenomics: Approaches, applications and
advancements. Curr. Opin. Plant Biol. 2020, 54, 18–25. [CrossRef]

http://doi.org/10.1186/gb-2013-14-6-r55
http://doi.org/10.1111/j.1365-313X.2005.02591.x
http://doi.org/10.1126/science.1174320
http://doi.org/10.1007/s11032-011-9684-5
http://doi.org/10.3835/plantgenome2017.09.0083
http://doi.org/10.1016/j.cj.2019.11.004
http://doi.org/10.3835/plantgenome2017.12.0114
http://doi.org/10.1534/g3.113.007328
http://doi.org/10.1534/genetics.113.159152
http://doi.org/10.1038/ncomms7914
http://www.ncbi.nlm.nih.gov/pubmed/25881062
http://doi.org/10.1534/genetics.116.191106
http://www.ncbi.nlm.nih.gov/pubmed/27412713
http://doi.org/10.2135/cropsci2010.03.0178
http://doi.org/10.1534/genetics.118.301487
http://doi.org/10.2135/cropsci2017.11.0675
http://doi.org/10.1186/s12870-019-1653-x
http://www.ncbi.nlm.nih.gov/pubmed/30704393
http://doi.org/10.1101/2020.09.25.31440
https://www.biorxiv.org/content/10.1101/2021.03.29.436703v1.full
http://doi.org/10.1002/tpg2.20115
http://doi.org/10.1007/s00122-021-03926-8
http://www.ncbi.nlm.nih.gov/pubmed/34345971
http://doi.org/10.1186/s12864-019-5672-7
http://doi.org/10.1038/nrg3803
http://www.ncbi.nlm.nih.gov/pubmed/25246196
http://doi.org/10.1111/nph.17394
http://doi.org/10.1016/j.pbi.2019.12.005


Plants 2021, 10, 2260 12 of 14

42. Galewski, P.; McGrath, J.M. Genetic diversity among cultivated beets (Beta vulgaris) assessed via population based whole genome
sequences. BMC Genom. 2020, 21, 189. [CrossRef]

43. Lv, Q.; Li, W.; Sun, Z.; Ouyang, N.; Jing, X.; He, Q.; Wu, J.; Zheng, J.; Zheng, J.; Tang, S.; et al. Resequencing of 1,143 indica
rice accessions reveals important genetic variations and different heterosis patterns. Nat. Commun. 2020, 11, 4778. [CrossRef]
[PubMed]

44. Torkamaneh, D.; Laroche, J.; Valliyodan, B.; O’Donoughue, L.; Cober, E.; Rajcan, I.; Vilela Abdelnoor, R.; Sreedasyam, A.;
Schmutz, J.; Nguyen, H.T.; et al. Soybean (Glycine max) Haplotype Map (GmHapMap): A universal resource for soybean
translational and functional genomics. Plant Biotechnol. J. 2021, 19, 324–334. [CrossRef]

45. Varshney, R.K.; Thudi, M.; Roorkiwal, M.; He, W.; Upadhyaya, H.D.; Yang, W.; Bajaj, P.; Cubry, P.; Rathore, A.; Jian, J.; et al.
Resequencing of 429 chickpea accessions from 45 countries provides insights into genome diversity, domestication and agronomic
traits. Nat. Genet. 2019, 51, 857–864. [CrossRef]

46. Tibbs Cortes, L.; Zhang, Z.; Yu, J. Status and prospects of genome-wide association studies in plants. Plant Genome 2021, 14, e20077.
[CrossRef] [PubMed]

47. Crossa, J. From genotype × environment interaction to gene × environment interaction. Curr. Genom. 2012, 13, 225–244.
[CrossRef]

48. Kang, M.S. Using genotype-by-environment interaction for crop cultivar development. Adv. Agron. 1997, 62, 199–252. [CrossRef]
49. Sandhu, K.S.; Mihalyov, P.D.; Lewien, M.J.; Pumphrey, M.O.; Carter, A.H. Combining genomic and phenomic information for

predicting grain protein content and grain yield in spring wheat. Front. Plant Sci. 2021, 12, 170. [CrossRef]
50. Rebetzke, G.J.; Jimenez-Berni, J.; Fischer, R.A.; Deery, D.M.; Smith, D.J. High-throughput phenotyping to enhance the use of crop

genetic resources. Plant Sci. 2019, 282, 40–48. [CrossRef] [PubMed]
51. Harper, L.; Campbell, J.; Cannon, E.K.; Jung, S.; Poelchau, M.; Walls, R.; Andorf, C.; Arnaud, E.; Berardini, T.Z.; Birkett, C.; et al.

AgBioData consortium recommendations for sustainable genomics and genetics databases for agriculture. Database 2018, 2018, bay088.
[CrossRef]

52. Shrestha, R.; Matteis, L.; Skofic, M.; Portugal, A.; McLaren, G.; Hyman, G.; Arnaud, E. Bridging the phenotypic and genetic
data useful for integrated breeding through a data annotation using the Crop Ontology developed by the crop communities of
practice. Front. Physiol. 2012, 3, 326. [CrossRef]

53. Cooper, L.; Meier, A.; Laporte, M.A.; Elser, J.L.; Mungall, C.; Sinn, B.T.; Cavaliere, D.; Carbon, S.; Dunn, N.A.; Smith, B.; et al. The
Planteome database: An integrated resource for reference ontologies, plant genomics and phenomics. Nucleic Acids Res. 2018, 46,
D1168–D1180. [CrossRef]

54. Jonquet, C.; Toulet, A.; Arnaud, E.; Aubin, S.; Yeumo, E.D.; Emonet, V.; Graybeal, J.; Laporte, M.A.; Musen, M.A.; Pesce, V.; et al.
AgroPortal: A vocabulary and ontology repository for agronomy. Comput. Electron. Agric. 2018, 144, 126–143. [CrossRef]

55. Wilkinson, M.D.; Dumontier, M.; Aalbersberg, I.J.; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.W.;
da Silva Santos, L.B.; Bourne, P.E.; et al. The FAIR Guiding Principles for scientific data management and stewardship.
Sci. Data 2016, 3, 10018. [CrossRef]

56. Bretting, P.K.; Widrlechner, M. Genetic markers and plant genetic resource management. Plant Breed. Rev. 1995, 13, 11–86.
[CrossRef]

57. Wong, M.M.; Gujaria-Verma, N.; Ramsay, L.; Yuan, H.Y.; Caron, C.; Diapari, M.; Vandenberg, A.; Bett, K.E. Classification
and characterization of species within the genus Lens using genotyping-by-sequencing (GBS). PLoS ONE 2015, 10, e0122025.
[CrossRef] [PubMed]

58. Milner, S.G.; Jost, M.; Taketa, S.; Mazón, E.R.; Himmelbach, A.; Oppermann, M.; Weise, S.; Knüpffer, H.; Basterrechea, M.;
König, P.; et al. Genebank genomics highlights the diversity of a global barley collection. Nat. Genet. 2019, 51, 319–326. [CrossRef]
[PubMed]

59. Ellis, D.; Chavez, O.; Coombs, J.; Soto, J.; Gomez, R.; Douches, D.; Panta, A.; Silvestre, R.; Anglin, N.L. Genetic identity in
genebanks: Application of the SolCAP 12K SNP array in fingerprinting and diversity analysis in the global in trust potato
collection. Genome 2018, 61, 523–537. [CrossRef] [PubMed]

60. Park, S.; Kumar, P.; Shi, A.; Mou, B. Population genetics and genome-wide association studies provide insights into the influence
of selective breeding on genetic variation in lettuce. Plant Genome 2021, e20086. [CrossRef]

61. Watts, S.; Migicovsky, Z.; McClure, K.A.; Yu, C.H.J.; Amyotte, B.; Baker, T.; Bowlby, D.; Burgher-MacLellan, K.; Butler, L.;
Donald, R.; et al. Quantifying apple diversity: A phenomic characterization of Canada’s Apple Biodiversity Collection. Plants
People Planet 2021. [CrossRef]

62. Gross, B.L.; Volk, G.M.; Richards, C.M.; Forsline, P.L.; Fazio, G.; Thomas, C.T. Identification of “duplicate” accessions within the
USDA-ARS National Plant Germplasm System Malus collection. J. Am. Soc. Hort. Sci. 2012. 137, 333–342. [CrossRef]

63. Gottschalk, C.; (USDA-ARS, Kearneysville, WV, USA). Personal communication, 2021.
64. Yu, X.; Li, X.; Guo, T.; Zhu, C.; Wu, Y.; Mitchell, S.E.; Roozeboom, K.L.; Wang, D.; Wang, M.L.; Pederson, G.A.; et al. Genomic

prediction contributing to a promising global strategy to turbocharge gene banks. Nat. Plants 2016. 2, 16150. [CrossRef]
65. Sankaran, S.; Mishra, A.; Ehsani, R.; Davis, C. A review of advanced techniques for detecting plant diseases. Comput. Electron.

Agric. 2010, 72, 1–13. [CrossRef]
66. Sangjan, W.; Sankaran, S. Phenotyping architecture traits of tree species using remote sensing techniques. Trans. ASABE 2021,

in press. [CrossRef]

http://doi.org/10.1186/s12864-020-6451-1
http://doi.org/10.1038/s41467-020-18608-0
http://www.ncbi.nlm.nih.gov/pubmed/32963241
http://doi.org/10.1111/pbi.13466
http://doi.org/10.1038/s41588-019-0401-3
http://doi.org/10.1002/tpg2.20077
http://www.ncbi.nlm.nih.gov/pubmed/33442955
http://doi.org/10.2174/138920212800543066
http://doi.org/10.1016/S0065-211360569-6
http://doi.org/10.3389/fpls.2021.613300
http://doi.org/10.1016/j.plantsci.2018.06.017
http://www.ncbi.nlm.nih.gov/pubmed/31003610
http://doi.org/10.1093/database/bay088
http://doi.org/10.3389/fphys.2012.00326
http://doi.org/10.1093/nar/gkx1152
http://doi.org/10.1016/j.compag.2017.10.012
http://doi.org/10.1038/sdata.2016.18
http://doi.org/10.1002/9780470650059.ch2
http://doi.org/10.1371/journal.pone.0122025
http://www.ncbi.nlm.nih.gov/pubmed/25815480
http://doi.org/10.1038/s41588-018-0266-x
http://www.ncbi.nlm.nih.gov/pubmed/30420647
http://doi.org/10.1139/gen-2017-0201
http://www.ncbi.nlm.nih.gov/pubmed/29792822
http://doi.org/10.1002/tpg2.20086
http://doi.org/10.1002/ppp3.10211
http://doi.org/10.21273/JASHS.137.5.333
http://doi.org/10.1038/nplants.2016.150
http://doi.org/10.1016/j.compag.2010.02.007
http://doi.org/10.13031/trans.14419


Plants 2021, 10, 2260 13 of 14

67. Zhang, C.; Craine, W.A.; McGee, R.J.; Vandemark, G.J.; Davis, J.B.; Brown, J.; Hulbert, S.H.; Sankaran, S. High-throughput
phenotyping of canopy height in cool-season crops using sensing techniques. Agron. J. 2021, 113, 3269–3280. [CrossRef]

68. Zhang, Z.; (Department of Crop and Soil Science, Washington State University, Pullman, WA, USA). Personal communication, 2021.
69. Sankaran, S.; Khot, L.R.; Espinoza, C.Z.; Jarolmasjed, S.; Sathuvalli, V.R.; Vandemark, G.J.; Miklas, P.N.; Carter, A.H.;

Pumphrey, M.O.; Knowles, N.R.; et al. Low-altitude, high-resolution aerial imaging systems for row and field crop phenotyping:
A review. Eur. J. Agron. 2015, 70, 112–123. [CrossRef]

70. Andrade-Sanchez, P.; Gore, M.A.; Heun, J.T.; Thorp, K.R.; Carmo-Silva, A.E.; French, A.N.; Salvucci, M.E.; White, J.W. Develop-
ment and evaluation of a field-based high-throughput phenotyping platform. Funct. Plant Biol. 2013, 41, 68–79. [CrossRef]

71. Nielsen, K.M. Using UAV-Based Imagery to Determine Volume, Groundcover, and Growth Rate Characteristics of Lentil (Lens
culinaris Medik.). Ph.D. Thesis, University of Saskatchewan, Saskatoon, Saskatchewan, 2020.

72. Crain, J.L.; Wei, Y.; Barker III, J.; Thompson, S.M.; Alderman, P.D.; Reynolds, M.; Zhang, N.; Poland, J. Development and
deployment of a portable field phenotyping platform. Crop Sci. 2016, 56, 965–975. [CrossRef]

73. Zhang, Z.; Kayacan, E.; Thompson, B.; Chowdhary, G. High precision control and deep learning-based corn stand counting
algorithms for agricultural robot. Auton. Robot. 2020, 44, 1289–1302. [CrossRef]

74. Wright, D.M.; Neupane, S.; Heidecker, T.; Haile, T.A.; Chan, C.; Coyne, C.J.; McGee, R.J.; Udupa, S.; Henkrar, F.; Barilli, E.; et al.
Understanding photothermal interactions will help expand production range and increase genetic diversity of lentil (Lens culinaris
Medik.). Plants People Planet 2021, 3, 171–181. [CrossRef]

75. Silva-Díaz, C.; Ramírez, D.A.; Rinza, J.; Ninanya, J.; Loayza, H.; Gómez, R.; Anglin, N.L.; Eyzaguirre, R.; Quiroz, R. Radiation
interception, conversion and partitioning efficiency in potato landraces: How far are we from the optimum? Plants 2020, 9, 787.
[CrossRef]

76. Nguyen, G.N.; Norton, S.L. Genebank phenomics: A strategic approach to enhance value and utilization of crop germplasm.
Plants 2020, 9, 817. [CrossRef] [PubMed]

77. Halcro, K.; McNabb, K.; Lockinger, A.; Socquet-Juglard, D.; Bett, K.E.; Noble, S.D. The BELT and phenoSEED platforms: Shape
and colour phenotyping of seed samples. Plant Methods 2020, 16, 49. [CrossRef] [PubMed]

78. Baek, J.; Lee, E.; Kim, N.; Kim, S.L.; Choi, I.; Ji, H.; Chung, Y.S.; Choi, M.S.; Moon, J.K.; Kim, K.H. High throughput phenotyping
for various traits on soybean seeds using image analysis. Sensors 2020, 20, 248. [CrossRef] [PubMed]

79. Komyshev, E.; Genaev, M.; Afonnikov, D. Evaluation of the SeedCounter, a mobile application for grain phenotyping. Front. Plant
Sci. 2017, 7, 1990. [CrossRef]

80. Makanza, R.; Zaman-Allah, M.; Cairns, J.E.; Eyre, J.; Burgueño, J.; Pacheco, Á.; Diepenbrock, C.; Magorokosho, C.; Tarekegne, A.;
Olsen, M.; et al. High-throughput method for ear phenotyping and kernel weight estimation in maize using ear digital imaging.
Plant Methods 2018, 14, 1–13. [CrossRef] [PubMed]

81. Miller, N.D.; Haase, N.J.; Lee, J.; Kaeppler, S.M.; de Leon, N.; Spalding, E.P. A robust, high-throughput method for computing
maize ear, cob, and kernel attributes automatically from images. Plant J. 2017, 89, 169–178. [CrossRef]

82. Eizenga, G.C.; McClung, A.M.; Huggins, T.D. Registration of two Oryza sativa tropical japonica germplasm lines selected for
panicle architecture and grain size traits. J. Plant Regist. 2021, 15, 573–582. [CrossRef]

83. Tanabata, T.; Shibaya, T.; Hori, K.; Ebana, K.; Yano, M. SmartGrain: High-throughput phenotyping software for measuring seed
shape through image analysis. Plant Physiol. 2012, 160, 1871–1880. [CrossRef]

84. Genomics Open-Source Breeding Informatics Initiative. Available online: http://cbsugobii05.biohpc.cornell.edu/wordpress/
(accessed on 28 September 2021).

85. Breeding Insight. Available online: https://breedinginsight.org/ (accessed on 29 September 2021).
86. Excellence in Breeding Platform. Available online: https://excellenceinbreeding.org/ (accessed on 29 September 2021).
87. Breedbase. Available online: https://breedbase.org (accessed on 29 September 2021).
88. Hershberger, J.; Morales, N.; Simoes, C.C.; Ellerbrock, B.; Bauchet, G.; Mueller, L.A.; Gore, M.A. Making waves in Breedbase: An

integrated spectral data storage and analysis pipeline for plant breeding programs. Plant Phenome J. 2021, 4, e20012. [CrossRef]
89. Morales, N.; Bauchet, G.J.; Tantikanjana, T.; Powell, A.F.; Ellerbrock, B.J.; Tecle, I.Y.; Mueller, L.A. High density genotype storage

for plant breeding in the Chado schema of Breedbase. PLoS ONE 2020, 15, e0240059. [CrossRef]
90. BrAPI. The Breeding API. Available online: https://brapi.org/ (accessed on 29 September 2021).
91. Pixley, K.V.; Salinas-Garcia, G.E.; Hall, A.; Kropff, M.; Ortiz, C.; Bouvet, L.; Suhalia, A.; Vikram, P.; Singh, S. CIMMYT’s Seeds of

Discovery Initiative: Harnessing Biodiversity for Food Security and Sustainable Development. Indian J. Plant Genet. Resour. 2018,
31, 1–10. [CrossRef]

92. Seeds of Discovery. Available online: https://seedsofdiscovery.org/ (accessed on 29 September 2021).
93. Agent. Global access to plant genetic resources. Available online: https://agent-project.eu/ (accessed on 29 September 2021).
94. Germinate. Available online: https://germinateplatform.github.io/get-germinate/ (accessed on 29 September 2021).
95. BRIDGE web portal. Available online: https://bridge.ipk-gatersleben.de/ (accessed on 29 September 2021).
96. Andorf, C.M.; Cannon, E.K.; Portwood, J.L.; Gardiner, J.M.; Harper, L.C.; Schaeffer, M.L.; Braun, B.L.; Campbell, D.A.;

Vinnakota, A.G.; Sribalusu, V.V.; et al. MaizeGDB update: New tools, data and interface for the maize model organism database.
Nucleic Acids Res. 2016, 44, D1195–D1201. [CrossRef] [PubMed]

97. MaizeGDB TypSimSelector. Available online: https://www.maizegdb.org/TYPSimSelector (accessed on 29 September 2021).

http://doi.org/10.1002/agj2.20632
http://doi.org/10.1016/j.eja.2015.07.004
http://doi.org/10.1071/FP13126
http://doi.org/10.2135/cropsci2015.05.0290
http://doi.org/10.1007/s10514-020-09915-y
http://doi.org/10.1002/ppp3.10158
http://doi.org/10.3390/plants9060787
http://doi.org/10.3390/plants9070817
http://www.ncbi.nlm.nih.gov/pubmed/32610615
http://doi.org/10.1186/s13007-020-00591-8
http://www.ncbi.nlm.nih.gov/pubmed/32308727
http://doi.org/10.3390/s20010248
http://www.ncbi.nlm.nih.gov/pubmed/31906262
http://doi.org/10.3389/fpls.2016.01990
http://doi.org/10.1186/s13007-018-0317-4
http://www.ncbi.nlm.nih.gov/pubmed/29946344
http://doi.org/10.1111/tpj.13320
http://doi.org/10.1002/plr2.20145
http://doi.org/10.1104/pp.112.205120
http://cbsugobii05.biohpc.cornell.edu/wordpress/
https://breedinginsight.org/
https://excellenceinbreeding.org/
https://breedbase.org
http://doi.org/10.1002/ppj2.20012
http://doi.org/10.1371/journal.pone.0240059
https://brapi.org/
http://doi.org/10.5958/0976-1926.2018.00001.3
https://seedsofdiscovery.org/
https://agent-project.eu/
https://germinateplatform.github.io/get-germinate/
https://bridge.ipk-gatersleben.de/
http://doi.org/10.1093/nar/gkv1007
http://www.ncbi.nlm.nih.gov/pubmed/26432828
https://www.maizegdb.org/TYPSimSelector


Plants 2021, 10, 2260 14 of 14

98. König, P.; Beier, S.; Basterrechea, M.; Schüler, D.; Arend, D.; Mascher, M.; Stein, N.; Scholz, U.; Lange, M. BRIDGE–a visual
analytics web tool for barley genebank genomics. Front. Plant Sci. 2020, 11, 701. [CrossRef] [PubMed]

99. Raubach, S.; Kilian, B.; Dreher, K.; Amri, A.; Bassi, F.M.; Boukar, O.; Cook, D.; Cruickshank, A.; Fatokun, C.; El Haddad, N.; et al.
From bits to bites: Advancement of the Germinate platform to support prebreeding informatics for crop wild relatives. Crop Sci.
2021, 61, 1538–1566. [CrossRef]

100. Bari, A.; Street, K.; Mackay, M.; Endresen, D.T.F.; De Pauw, E.; Amri, A. Focused identification of germplasm strategy (FIGS)
detects wheat stem rust resistance linked to environmental variables. Genetic Resources Crop Evol. 2012, 59, 1465–1481. [CrossRef]

101. Thachuk, C.; Crossa, L.; Franco, J.; Dreisigacker, S.; Warburton, M.; Davenport, G.F. Core Hunter: An algorithm for sampling
genetic resources based on multiple genetic measures. BMC Bioinform. 2009, 10, 243. [CrossRef] [PubMed]

102. Belzile, F.; Abed, A.; Torkamaneh, D. Time for a paradigm shift in the use of plant genetic resources. Genome 2020, 63, 189–194.
[CrossRef]

103. Reeves, P.A.; Tetreault, H.M.; Richards, C.M. Bioinformatic extraction of functional genetic diversity from heterogeneous
germplasm collections for crop improvement. Agronomy 2020, 10, 593. [CrossRef]

104. Al Bari, M.A.; Zheng, P.; Viera, I.; Worral, H.; Szwiec, S.; Ma, Y.; Main, D.; Coyne, C.J.; McGee, R.; Bandillo, N. Harnessing genetic
diversity in the USDA pea (Pisum sativum L.) germplasm collection through genomic prediction. bioRxiv 2021.

105. Jiang, Y.; Weise, S.; Graner, A.; Reif, J.C. Using genome-wide predictions to assess the phenotypic variation of a barley
(Hordeum sp.) gene bank collection for important agronomic traits and passport information. Front. Plant Sci. 2021, 11, 2180.
[CrossRef]

106. Allier, A.; Teyssèdre, S.; Lehermeier, C.; Moreau, L.; Charcosset, A. Optimized breeding strategies to harness genetic resources
with different performance levels. BMC Genom. 2020, 21, 349. [CrossRef] [PubMed]

107. Bayer, P.E.; Petereit, J.; Danilevicz, M.F.; Anderson, R.; Batley, J.; Edwards, D. The application of pangenomics and machine
learning in genomic selection in plants. Plant Genome 2021, e20112. [CrossRef]

http://doi.org/10.3389/fpls.2020.00701
http://www.ncbi.nlm.nih.gov/pubmed/32595658
http://doi.org/10.1002/csc2.20248
http://doi.org/10.1007/s10722-011-9775-5
http://doi.org/10.1186/1471-2105-10-243
http://www.ncbi.nlm.nih.gov/pubmed/19660135
http://doi.org/10.1139/gen-2019-0141
http://doi.org/10.3390/agronomy10040593
http://doi.org/10.3389/fpls.2020.604781
http://doi.org/10.1186/s12864-020-6756-0
http://www.ncbi.nlm.nih.gov/pubmed/32393177
http://doi.org/10.1002/tpg2.20112

	Introduction 
	Customer and Stakeholder Needs for Plant Genetic Resources 
	Genomic and Phenomic Approaches Help Meet Customer and Stakeholder Needs for Plant Genetic Resources 
	Genomic Tools for Elucidating Germplasm Relationships 
	Germplasm Enhancement of Maize (GEM) Program for Pre-Breeding 
	Subsets for Allele Mining 
	Gene Discovery—GWAS Using Genebank Collections 

	Phenomics in Applied Breeding 

	Genebank Curation Needs 
	Genomic and Phenomic Approaches Help Meet Curation Needs 
	Genomic Data Improve Collection Management 
	Phenomic Data Improve Collection Use 

	Data Integration for Plant Genetic Resource Curation and Use 
	Future Prospects 
	References

