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How Can We Strengthen the Global Genetic Resources’
Conservation and Use System?

Johannes M. M. Engels 1,* and Andreas W. Ebert 2
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2 Independent Researcher, 73529 Schwäbisch Gmünd, Germany; ebert.andreas6@gmail.com
* Correspondence: j.engels@cgiar.org

Abstract: Genetic resources serve as the foundation of our food supply and are building blocks for
the development of new crop varieties that support sustainable crop production in the face of climate
change, as well as for the delivery of healthy diets to a continuously growing global population. With
the encouragement of the FAO and with technical guidance and assistance from the International
Board for Plant Genetic Resources (IBPGR), almost 2000 genebanks have been established worldwide
for the ex situ conservation of genetic resources since the middle of the last century. The global
genetic resources’ conservation and use system has evolved over several decades and presents
apparent weaknesses, without a clear blueprint. Therefore, a Special Issue (SI) of Plants on ‘A Critical
Review of the Current Approaches and Procedures of Plant Genetic Resources Conservation and
Facilitating Use: Theory and Practice’ was initiated. This SI comprises 13 review and research
papers that shed light on the history and the political dimensions of the global system; its current
strengths, weaknesses, and limitations; and how the effectiveness and efficiency of the system could
be improved to satisfy the germplasm users (plant breeders, researchers) and benefit consumers and
society at large. This SI provides insight into new approaches and technical developments that have
revolutionised ex situ conservation and the use of germplasm and related information. It also reflects
on complementary conservation approaches (in situ, on-farm, home gardens) to ex situ genebanks, as
well as how—through new forms of collaboration at national, regional, and global levels and through
stronger links between public genebanks—synergies between the private breeding sector and botanic
garden community could be achieved to strengthen the global conservation and use system. Special
attention has also been given to the governance of genetic resources and access and benefit-sharing
issues that increasingly hamper the needed access to a wide range of genetic resources that is essential
for plant breeders to fulfil their mission.

Keywords: ex situ conservation; global germplasm conservation and use systems; International
Treaty on Plant Genetic Resources; Convention on Biological Diversity; Nagoya Protocol; governance
of genetic resources; access and benefit sharing; genomics; phenomics; plant breeding

1. Introduction

Targeted and considerable conservation efforts initially focused on threatened ani-
mals and subsequently on threatened ecosystems. The establishment and management
of national parks and other forms of ‘in situ’ nature conservation were the mainstay con-
servation approach. It was only during the first half of the last century that crop genetic
resources started to receive specific attention, often connected with plant breeding activ-
ities. A more ‘systematic’ ex situ conservation of plant genetic resources was possibly
marked by the collection expeditions of Nikolai Iwanowitsch Vavilov, the publication of
the results of his collection efforts, and the subsequent genetic diversity studies that he
conducted in the 1920s/1930s [1–4]. This initial global and systematic approach was further
strengthened during the so-called Green Revolution in the 1960s/1970s [5]. This resulted
in more focused research on appropriate tools and methods, and a global coordination

Plants 2024, 13, 702. https://doi.org/10.3390/plants13050702 https://www.mdpi.com/journal/plants1
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of collection and conservation efforts was undertaken by the FAO and the International
Board for Plant Genetic Resources (IBPGR) [6]. Subsequently, many new institutional and
national genebanks were created, in situ and on-farm conservation sites were established,
and a policy and legal framework was developed and agreed upon [7,8]. Simultaneously,
increasing attention was given to access and use aspects of Plant Genetic Resources for
Food and Agriculture (PGRFA).

The resulting conservation and use framework was never purposely ‘designed’ for
efficient and effective long-term conservation; it was rather the result of a spontaneous
‘process’ based on limited available scientific knowledge and undoubtedly influenced by
political considerations [9]. Further influences resulted from the political debates and
agreements such as the Convention on Biological Diversity (CBD) and, subsequently, as
part of the coordinating efforts of the FAO Commission on Genetic Resources for Food and
Agriculture in Rome, which were loaded with many issues, often unrelated to the subject
of the effective and efficient (long-term) conservation and use of plant genetic resources,
e.g., benefit sharing and property issues [10]. Since roughly the turn of the 20th century,
many new technologies and scientific understandings have become available, including
molecular genetics and genomics, phenomics, informatics and bioinformatics, as well as
communication technologies. These technologies and the resulting scientific knowledge
have revolutionised the possibilities of better understanding crop genetic diversity and
improving conservation and have facilitated the use of PGRFA [11].

The developments mentioned above serve as the backdrop of this Special Issue on
‘A Critical Review of the Current Approaches and Procedures of Plant Genetic Resources
Conservation and Facilitating Use: Theory and Practice’. It aimed to include descriptions
of the current practices/state of the art of routine conservation operations, followed by a
critical review of what could or should be done (in theory) considering the newly available
technologies and scientific knowledge as well as the experiences made with the current
system. The scope and focus of this Special Issue were on the ex situ conservation of
plant agrobiodiversity. However, due attention was also expected for the broader issues
and circumstances in which the conservation efforts and the global system are embedded.
Whereas short- and medium-term conservation aspects are considered necessary, especially
to facilitate the use of conserved PGRFA, the primary focus of this Special Issue intended
to be on the long-term conservation efforts that are expected to be rational, effective, and
efficient, including the related facilitation of use efforts. It was further expected that papers
contributing to this Special Issue would include a section on moving from the current
scenario into a more rational, efficient, and effective long-term conservation and facilitated
use approach. Social, economic, and political considerations and developments were also
expected to be addressed, where relevant, to ensure a widely agreeable and supported
acceptance of the proposed way forward.

In the following section, the main ideas of the 13 papers that have been published
as part of the Special Issue are briefly presented. The grouping of the papers was based
on a logical approach. One paper that addresses policy issues regarding the availability
of PGRFA under the Plant Treaty [12], published in the section ’Plant Genetic Resources’
of Plants, was originally also scheduled to be part of this Special Issue. In Section 3, key
messages from the published papers are formulated with the primary aim of demonstrating
how these contribute to strengthening the global PGRFA conservation and use system.

2. Highlights of the Papers Published in This Special Issue

There is no concept paper on which the global plant genetic resources’ conservation
and use system was built. The system as we know it today is the result of experiences gained
with targeted ex situ conservation efforts that were triggered by massive losses of genetic
resources, particularly landraces. These losses were caused by the rapid spread of newly
bred varieties of the major food crops in the 1960s, especially in tropical and subtropical
countries as part of the Green Revolution. The global conservation and use system was
also impacted by the political debates that ensued during the late 1980s. Increasingly, the
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decisions on how best to proceed with the conservation in a technical manner were based
on targeted research results. The history of the development of the global system in the
context of the political and legal framework and the main components it eventually entailed
are addressed in the paper by Engels and Ebert [5]. In a second paper, Engels and Ebert [13]
described the role of active and base collections and the importance of linking germplasm
conservation with use. The authors reviewed the strengths and weaknesses of the current
global system and made several recommendations on how the inherent weaknesses could
be overcome and how improvements could be made.

With the encouragement of the FAO Commission on Genetic Resources for Food
and Agriculture to establish genebanks for the storage of collected genetic resources and
with technical guidance and assistance from the IBPGR, almost 2000 genebanks have
been established worldwide since the middle of the last century. Because plant genetic
resources, genebanks, and the genetic resources they contain can be threatened, Herbold
and Engels [14] analysed the different types of risks that undermine the safety and security
of the genebanks and their collections and suggested remedies for how such risks can be
reduced. Another critical aspect of the efficiency and effectiveness of genebanks is the
assessment of their quality performance. This is addressed in a paper by Lusty et al. [15]
in which the authors describe a genebank quality management system (QMS) for the
long-term conservation of genetic resources, initially adopted by the genebanks of the
CGIAR in 2014, known as the ‘Genebank QMS’. The Genebank QMS is based on the
FAO Genebank Standards, which defines performance targets, and adheres to international
regulatory policies. It is implemented along the entire genebank operation, from germplasm
acquisition to distribution, and relies on sound scientific practices that are regularly updated.
The Genebank QMS provides a transparent, trusted framework for efficient operation,
monitoring, auditing, and external review.

The development and application of new genomic tools and high-throughput phe-
notyping technologies, combined with the use of advanced information technologies to
analyse the resulting vast datasets, are essential to facilitate and strengthen the effective
and efficient conservation of PGRFA and their use in modern plant breeding. Volk et al. [11]
provided several examples of the successful integration of genomic and phenomic ap-
proaches and demonstrated how vital access to high-quality and standardised data is for
present and future PGRFA conservation and use efforts. They also indicate that advances in
statistical prediction may change how germplasm characterisation data are used for further
evaluation and breeding. Visioni et al. [16] provided an overview of the management and
exploitation practices of barley genetic resources, predominantly illustrated with exam-
ples from the international genebank of ICARDA. They explore the relationship between
genebanks and participatory plant breeding and offer insights into the diversity and utili-
sation of barley genetic resources. The authors highlight the importance of these genetic
resources for boosting barley productivity, addressing climate change impacts, and meeting
the growing food demands. They also emphasise the need for complementary genotypic
and phenotypic evaluation of genebank collections to efficiently use the existing but vastly
untapped biodiversity of barley genetic resources in future breeding programmes.

As is widely known, much of the world’s genetic diversity of domesticated crops can
still be found in farmers’ fields as well as in gardens around homesteads or in garden plots
in urban areas. The paper by Korpelainen [17] describes the importance of home gardens as
an ‘ecosystem’ that harbours important and unique diversity that has sometimes developed
over centuries, making a significant contribution to food and nutrition security at the local
level. Home gardens have facilitated the adaptation and domestication of plants, including
to extreme or specific ecological conditions, and have thus contributed to the diversification
of cultivated plants. It is well known that genetic resources of public interest, not directly
linked with the agricultural sector, are also conserved ex situ in genebanks. One, and
possibly the most important example of such conservation efforts, is provided by botanic
gardens that have increasingly established seed and field genebanks for the long-term
conservation of plant genetic resources, including those of crop wild relatives and wild
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food plants. Unfortunately, the cooperation between the agricultural and botanic sectors
is still relatively weak, and a paper by Breman and colleagues [18] from the Millennium
Seed Bank at Kew Gardens, UK, intends to provide arguments and reasons to establish
or strengthen such cooperation. The authors highlight the importance of networking and
facilitating access to the conserved materials as well as the need to combine in situ and ex
situ conservation approaches.

Whereas the initial focus of the ex situ conservation of PGRFA has been predomi-
nantly on the establishment and operation of ex situ conservation facilities, i.e., genebanks,
over time, it was realised that effective and efficient conservation could only be achieved
through adequate cooperation between genebanks at the national, regional, and global
level. Taking into account the establishment of growing conservation activities of wild
and cultivated plants, the increasing research efforts to improve conservation efforts and
to facilitate use, as well as the increasing importance of coordinating the participation of
national researchers in regional and global conservation programmes, the establishment of
national conservation programmes and facilities was recognised. Against this backdrop,
the paper of Begemann et al. [19] provides insight into the complexity of coordinating and
governing such a national system in Germany, a federal state with active conservation,
research, and use programmes for food and forestry plants, animals, and aquatic resources.
A more specific case of collaboration between genebanks established by private plant
breeding companies and publicly funded genebanks has been reviewed by Engels et al. [20].
The authors interviewed private plant breeders, assessed the published literature, and
analysed specific existing cooperation arrangements to allow a more informed decision
when seeking to strengthen such collaboration at the national, regional, and global level.
The regional level represents yet another dimension of network coordination between
the conservation of PGRFA and the facilitation of their use by genebanks and national
programmes. The paper by van Hintum et al. [21] explored the establishment and operation
of a decentralised regional virtual genebank in Europe, i.e., AEGIS, containing unique and
important germplasm that has been designated by the respective national coordinators
of the regional collaboration programme ECPGR. To further strengthen AEGIS, a sys-
tem of certified genebanks with proper quality management, guaranteeing the long-term
conservation of, and immediate access to, the conserved germplasm materials, is being
proposed. Considering the current changes, challenges, and opportunities that impact
the conservation and use of PGRFA, Lusty et al. [22] presented their views of an effective
global long-term agrobiodiversity conservation system that promotes and facilitates the
use of PGRFA. They argued that the rapid expansion of the applications and uses of mod-
ern genomic and phenomic technologies and approaches had a transformational impact
on breeding, research, and the demand for certain genetic resources and associated data.
Genebanks need to be responsive and must adapt to these changing conditions. These
trends also provide important opportunities for genebanks to reorganise themselves and
become more efficient individually and as a community. Ultimately, future challenges and
opportunities will drive more demand for specific and well-documented genetic diversity
and provide an important basis for genebanks to gear up.

Over the years, policy issues have gradually gained significant importance. At present,
it is difficult to manage genebanks or breed new crop varieties without good knowledge of
national, regional, and global policies and legal issues. Under the Convention on Biologi-
cal Diversity (CBD) and its related Nagoya Protocol, access to PGR became increasingly
restricted and cumbersome, resulting in a decrease in germplasm exchange, potentially
threatening the future of plant breeding. After a critical review of current access and
benefit-sharing regulations regarding PGRFA, Ebert et al. [23] recommended, among oth-
ers, expanding the scope of the International Treaty on Plant Genetic Resources for Food
and Agriculture (ITPGRFA) to include all PGRFA and making them and all related in-
formation accessible under a Standard Material Transfer Agreement (SMTA), combined
with a subscription system or a seed sales tax, if necessary. Such a transparent, functional,
and efficient system would erase legal uncertainties and minimise transaction costs for
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conservationists, curators, and users of genetic resources, thus aiding plant breeders in
fulfilling their mission.

3. Key Messages

3.1. The Current Global Ex Situ Conservation and Use System—A Reflection on Its Inherent
Weaknesses and Recommendations for Its Improvement

The current global conservation system has inherent weaknesses and limitations,
partially due to its spontaneous creation out of a felt need by concerned scientists and
visionaries and the subsequently required adjustments to the evolving political framework
and changing realities. Because of its relatively easy and transparent access to PGRFA,
the International Treaty, with its multilateral system (MLS) and standard material transfer
agreement (SMTA) that stipulates benefit-sharing mechanisms for the use of germplasm, is
the most significant policy instrument for PGRFA currently. As of 1 December 2023, the
Treaty had 151 contracting parties, including the European Union as a member organisa-
tion [24]. However, the MLS is restricted to a list of 35 crops or crop gene pools and 29 grass
and forage species that are listed in Annex 1. This is a significant limiting factor as, for
example, only a small number of vegetable crops and neglected and underutilised species
have been included in the list. Furthermore, commodity crops, like coffee, cacao, and tea,
are excluded.

Vegetables and other minor, underutilised crops are known to play a major role
in food and nutrition security [25]. Hence, their significant underrepresentation in the
global system is a clear weakness. For many minor and underutilised crops and crop
wild relatives (CWRs), there are still no comprehensive collections, and considerable gaps
remain to be filled.

Apart from the threat to genetic resources in nature and/or farmers’ fields as well as
in genebanks, genebanks themselves are exposed to a series of risks that may originate
from natural hazards, such as earthquakes and storms, but also from political or financial
issues. Herbold and Engels [14] undertook risk analyses of 80 important national and
international genebanks regarding natural hazards and political and financial risks, and
they concluded that there are large differences in the risk exposure of genebanks, making
a location- and institution-specific risk assessment indispensable. Such risk assessments
would help create more awareness at the local or national (political) level, hopefully
resulting in the implementation of measures that mitigate the impact of risks, both for the
genebank structures as well as for the safety of the collections.

Well-organised and comprehensive information management in genebanks is the basis
for efficient and effective conservation and use. Unfortunately, information management
and the online accessibility of accession-level data remain weak in many genebanks, es-
pecially at the national level. The rationalisation of collections requires comprehensive
accession-level data and is an important step toward more cost-efficient and effective
PGRFA conservation and use activities. These are just some weaknesses or limitations
of the current global conservation and use system. For more details, please refer to [13].
After a detailed review of the current system, Engels and Ebert [13] recommended several
measures that might contribute to a more rational, effective, and efficient long-term ex situ
conservation system. Some of these measures include the following:

• Targeted collection for filling genetic and geographic gaps in current ex situ collections
of major and particularly minor crops to reach an adequate representation of crop gene
pools in ex situ collections. This would also be important to avoid the irreversible loss
of genetic diversity due to severe genetic erosion in farmers’ fields and in nature.

• Rationalisation of germplasm collections through the determination of unique acces-
sions that will form part of global base collections, and removal of the many duplicates
within and among genebanks from the currently existing base collections.

• Strengthening existing and forging new collaborations among genebanks that maintain
agricultural (crop) collections, including with the botanic garden community as well
as with research institutes that hold collections. These are realistic mechanisms to

5
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increase efficiency and security in genebank and germplasm management, both at the
global and national level. Furthermore, establishing stronger linkages with the plant
science research community at large would be another step to facilitate coordination,
foster collaboration, and facilitate the sharing of responsibilities. The community
of public- and private-sector breeders represents a stakeholder group of the current
global conservation efforts that has a significant interest in maintaining the adequate
genetic diversity of our crops. Strengthening the collaboration with the private sector,
especially with the plant breeding companies that operate private genebanks, has been
identified as an underdeveloped building block of the global conservation and use
system [20]. Strengthening such collaborations will contribute to the more efficient
and effective long-term conservation of crop gene pools. This issue is discussed in
more detail in Section 3.4.

• In the fields of molecular genetics and information technologies (including artificial
intelligence), the world is seeing rapid technological advances. Further (adaptive)
research is needed to fully exploit and apply these new technologies to the conservation
and use of genetic resources and/or collaboration with specialised or more advanced
institutions. Thus, more investments in conservation research and user-oriented
supportive research are needed to optimise routine genebank processes and to facilitate
conserving and delivering germplasm resources of high quality and in the right form
as required by the users.

• Comprehensive, reliable, and easily available information on conserved accessions
is a prerequisite to facilitating targeted and sustainable use of conserved genetic re-
sources. Consequently, there is a clear need for a better and more comprehensive
accession-level description of the genetic diversity of crop collections maintained in
genebanks, including genomic, phenomic, and ecological data [11,13,22]. Further-
more, users require easy access to high-quality data on conserved germplasm and
associated metadata.

• Legal certainty and easy and transparent access to conserved genetic resources are
possibly the most fundamental requirement to enable and facilitate their use. There are
legal frameworks (ITPGRFA, CBD, Nagoya Protocol) in place that regulate germplasm
access and related benefit sharing. However, due to the fact that only a limited
number of crops fall under the multilateral system of the ITPGRFA and each country
is free to establish its own bilateral access rules under the Nagoya Protocol, users
often find it difficult to undergo such a time-consuming, bureaucratic, and also costly
process, especially when genetic resources from more than one country are needed
and legal certainty is not guaranteed. To strengthen and simplify the legal and policy
framework, it seems unavoidable to include all PGRFA in the MLS of the International
Treaty (or to create another legal system that embraces all PGRFA) to facilitate easy
access to germplasm, associated information, and corresponding benefit sharing in a
transparent manner.

• A model for a functional and efficient global network of base and active collections
is recommended, and a lean international organisation is proposed that assumes
responsibilities for the global coordination, facilitation, and oversight of the various
global crop gene pool base collection networks. Such a model could build on the
existing genebanks of the CGIAR, the World Vegetable Center, and ICBA, as well as on
a handful of strong national genebanks that form the core of the current global system
on PGRFA.

• The political oversight over the proposed global model network of base collections
should remain with the FAO and the Governing Body of the International Treaty.

In summary, the proposed measures include filling genetic and geographic gaps in
current ex situ collections; determining unique accessions at the global level for long-term
conservation in virtual base collections; intensifying existing international collaborations
among genebanks and forging collaborations with the botanic garden community; increas-
ing investment in conservation research and user-oriented supportive research; improving
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the accession-level description of the genetic diversity of crop collections; improving
the legal and policy framework; and overseeing the proposed network of global base
collections [13].

3.2. New Approaches and Developments Regarding Ex Situ Conservation and Facilitating Use

The awareness of quality management of plant genetic resources is widely accepted
as important by genebank curators. However, the daily practice in genebanks is often
very different, and many circumstances do exist that ‘undermine’ standardised proce-
dures, agreed (genebank) standards to be met, etc. The paper of Lusty et al. [15] makes
a convincing case for how modern quality management systems can be used to improve
the overall performance of genebanks and to achieve much better results in conserving
materials for the long-term in base collections for efficiency and effectiveness. The Global
Crop Diversity Trust (Crop Trust) served as coordinator of the CGIAR Genebanks Research
Program (2012–2016) and established a monitoring system for operations across all CGIAR
genebanks. The system comprises five elements: (1) performance targets, (2) online re-
porting, (3) a genebank quality management system (QMS), (4) a system-level Standard
Operation procedure (SOP) documentation audit, and (5) external review and validation.
Genebank curators are recommended to take a close look at the quality performance sys-
tem that has been put in place by the CGIAR genebanks and to see which aspects could
be applied to their genebank. Meanwhile, the World Vegetable Center and the Centre
for Pacific Crops and Trees (CePaCT) genebanks have also started operating under the
above-mentioned QMS.

In the fields of molecular genetics, phenomics, and information technologies, the
world is witnessing significant advances that are gradually being utilised by genebanks to
enhance the effectiveness and efficiency of genebank operations and to facilitate the use of
conserved germplasm [11,13,16,22]. It is now possible to collect phenomic and genomic data
for genebank accessions or entire collections, which, with the help of appropriate analytical
tools, can be directly used by plant breeders to guide the selection of accessions for target
traits or specific environments [11]. For traits with complex or uncertain genetic control,
genomic selection is being used. For the selection of variants across the whole genome, an
intelligent algorithm is required, as well as a good training population for the algorithm to
learn from [26]. Genomic prediction also requires high-throughput phenotyping to develop
and validate the algorithms [27].

Genebanks must catch up with these new technological developments to improve
genebank operations and to accommodate the changing needs of breeders and researchers.
There is a growing need for comprehensive online searchable repositories of information
on genetic resources, as users increasingly require access to digital information associated
with accessions, i.e., a shift to ‘digital genebanks’ [15,28]. An example in this direction
is the AGENT project (Access to Genetic Resources and Digitisation of Plant Genetic
Resources). AGENT aims to support the exploration of the untapped potential of the vast
genetic resources stored in genebanks worldwide by leveraging FAIR (Findable, Accessible,
Interoperable, and Reusable) international data standards and open digital infrastructure,
thus facilitating germplasm use for breeding and research [16].

3.3. Other Forms of Conservation That Complement the Current Long-Term Conservation System

Home gardens may contain unique and rare, locally evolved or developed genetic
diversity, as they harbour broad species and genetic diversity, including the wild relatives
of our crops, and they can be found in almost any ecological condition that the inhabited
world possesses. This makes this specific ‘ecosystem’ very interesting and relevant for
the conservation of plant genetic resources as well as for the use of the frequently unique
genotypes of a given crop or species that are being cultivated by smallholders. It is necessary
to establish strong and effective linkages between home garden conservation efforts and
the established ex situ conservation system at the local and national levels to ensure the
safety of the in situ conserved materials and to facilitate their wider use [17].
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Landraces still play a major role in crop cultivation and may reach up to 70% of
cultivated areas, as has been shown in the case of barley [16]. Efforts by ICARDA have
shown that the yield of dryland landraces can be significantly improved through seed
cleaning and treatment against seed-borne diseases and through farmer-participatory
selection, thus providing incentives to farmers for continued cultivation of such landraces,
also as a form of on-farm conservation [29].

While ex situ conservation is a static process, on-farm conservation allows the manifes-
tation of evolutionary processes in genetic resources and may lead to crop improvements
and adaptation to changing climatic conditions over time. In this context, Evolutionary
Participatory Breeding (EPB) is an exciting approach. It encompasses the planting of mix-
tures of diverse genotypes of the same crop in farmers’ fields. This mixture may consist of
early segregating generations that maximise allelic diversity for specific traits of interest.
Over successive crop cycles in the same environment, the mixed population will gradu-
ally evolve and adapt to the specific environmental conditions. Genotypes that are more
adapted to that environment will progressively become more dominant, ensuring resilience
and long-term adaptation [30].

As stated by Engels and Ebert [5], ex situ and in situ conservation should be combined
to achieve long-term security and cost-effectiveness of PGRFA conservation. In this context,
the evolving concept of trans situ conservation is worth mentioning, which, in the case
of crop wild relatives, dynamically integrates multiple in situ and ex situ measures, from
conservation to research to education, comprising local and global scales [31].

The conservation of predominantly wild plant genetic resources in botanic gardens
takes place in a largely independent evolved global conservation system from the genebank
system that is more crop-genetic-resource-oriented. Considering the fact that the genetic
resources that are maintained in botanic gardens include many crop wild relatives as well
as locally grown or collected, edible or otherwise useful species, it appears highly relevant
to establish linkages and strengthen the cooperation between crop genebanks and the
community of botanic gardens. Moreover, the skill sets found within botanic gardens and
agricultural genebanks complement each other and enable the development of integrated
conservation approaches. The botanic garden community is highlighting the importance of
networks and is willing to provide access to data and plant material [18]. Stronger linkages
and cooperation between crop genebanks and the botanic garden community would be an
important step toward a more effective and efficient global conservation system.

3.4. National, Regional, and Global Efforts and Strategies for the Improvement in the Current
Conservation and Use System

The coordination of conservation efforts at the national level can be regarded as an
essential building block of the global conservation system. Many of the current global
system elements are based on (voluntary) contributions made by individual sovereign states
to frameworks such as the CBD and the International Treaty. The authors have experienced
the centrally coordinated German national PGRFA conservation and use system as one of
the more comprehensive, efficient, and strategic approaches worldwide. It is participatory,
inclusive, dynamic, and forward-looking with information management at the heart of the
coordination efforts [19].

As plant genetic resources follow natural distribution patterns and not political bor-
ders, it is of crucial importance that close collaboration between neighbouring countries
is a key prerequisite for the effective and efficient conservation (and use) of individual
crop gene pools (or parts thereof). Thus, the regional coordination and collaboration of
PGRFA (as well as of non-PGRFA) are significant to harnessing existing strengths, in-
frastructure, and knowledge. The European Cooperative Programme for Plant Genetic
Resources (ECPGR) has tried to follow this paradigm by creating a decentralised virtual
genebank, abbreviated as AEGIS (A European Genebank Integrated System). AEGIS aims
to establish a European Collection of unique and important accessions maintained in var-
ious genebanks scattered over Europe that adhere to the AEGIS concept and principles,
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thus reducing costs due to reducing redundancy in the numerous national and institutional
genebanks across Europe [21]. As AEGIS currently depends on funding from national
authorities, it is far from perfect. Additional strategic funding from the European Union is
required to truly set up a system of AEGIS-certified genebanks, in which the quality and
continuity of conservation of, and access to, PGRFA could be guaranteed [21]. The AEGIS
approach provides an excellent example of how the conservation and use facilitation of
PGRFA can contribute to a more rational and efficient approach embedded in a regional
governance and financial structure.

At the regional and global level, the CGIAR genebanks safeguard some of the largest
and most widely used collections of crop diversity, critical to attaining the UN’s Sustainable
Development Goals (SDG) to end hunger and improve food and nutrition security [15].
Most CGIAR genebanks are strategically located in centres of crop diversity, therefore
representing the rich genetic diversity of primary crop gene pools. Based on collection
missions, donations, and genetic materials generated by breeders and researchers, the
CGIAR collections have grown over the last five to six decades and harbour a rich diversity
of landraces, heritage varieties, crop wild relatives, improved varieties, and breeding or
research materials for specific mandate crops. The World Vegetable Center (WorldVeg),
loosely aligned with the CGIAR, complements the CGIAR crop collections with a consid-
erable diversity of vegetable genetic resources [25]). Through global and regional crop
networks and collaborative projects, the CGIAR and WorldVeg have established close
links with national PGRFA conservation and use programmes, thereby facilitating the
efficient long-term conservation, use, and exchange of PGRFA. The efficient long-term
conservation and distribution programmes established by the CGIAR and WorldVeg and
their crop-specific breeding programmes serve as a model for the efficient and effective
global PGRFA conservation and facilitating use efforts.

The Crop Trust served as coordinator of the CGIAR Genebanks Research Program
(2012–2016) and put in place a QMS monitoring system for operations across all CGIAR
genebanks. Details are provided in Section 3.2. Apart from the CGIAR genebanks, the
Crop Trust also supports selected national genebanks in the Global South to safeguard the
long-term conservation of critical genetic resources for food and nutrition security.

Private-sector breeders and curators of public national genebanks might have very
different goals and objectives; however, genetic diversity is fundamental to both sectors.
Therefore, any attempt to establish new or improve existing collaborations between the
two sectors is expected to strengthen the global system. The often-existing mistrust in each
other needs to be overcome through dialogue and communication to identify areas and
activities of common interest.

Engels et al. [20] reported convincing examples of a close collaboration between
public genebanks and private-sector breeders on the conservation of genetic resources.
These examples include the Centre for Genetic Resources (CGN) in the Netherlands, the
World Vegetable Center, and East-West Seed International. Over several decades, the CGN
developed a fruitful collaboration with the vivid breeding industry in the Netherlands in
areas that include regeneration, joint phenotyping and screening of accessions, and the
funding of collection trips, including the benefit-sharing component. WorldVeg concluded
agreements with private-sector companies to regenerate original accessions in order to
make them available to users worldwide.

To accelerate the development and dissemination of elite vegetable crop materials,
WorldVeg also concluded breeding consortia in Asia and Africa. East-West Seed Interna-
tional provides in-kind support to national and other domestic genebanks in the Philippines
and Indonesia and also collaborates with the CGN in regenerating germplasm materials.
These examples demonstrate that collaborative arrangements between (inter)national pub-
lic genebanks and vegetable breeding companies, often coordinated by the respective seed
associations, contribute significantly to germplasm collection, conservation, documentation,
and their sustainable use, thus making a valuable contribution to the global system.
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3.5. Governance and ABS Issues

Along with the evolution of the global conservation system, the ‘concept’ of genetic
resources has evolved as well. Initially, the focus was strongly on the use of germplasm as
the raw material for plant breeding, a resource that was freely available and considered a
‘common heritage’ of humankind. The term germplasm gradually started to also embrace
the associated knowledge as well as information derived from germplasm through basic
and applied research, and breeding. Simultaneously, the status and recognition of the
role of cultivators/custodians of the genetic resource became part of the picture, and the
concept of benefit sharing resulting from the use of the acquired resources was added to
the legal arrangements to obtain these. Gradually, not only did the reproductive organ of
the genetic resource become a legal ‘substance’, but also its genetic components as well as
digital sequence information derived from germplasm. This has made arrangements to
share this essential resource with others quite complex, resembling a ‘legal jungle’ [13,23].

The Convention on Biological Diversity (CBD), the International Treaty on Plant
Genetic Resources for Food and Agriculture (ITPGRFA), and the Nagoya Protocol are
relatively recent international agreements that recognise the sovereign rights of countries
over their genetic resources. Under the CBD/Nagoya Protocol, countries are free to es-
tablish specific national legislations that regulate germplasm access and benefit sharing
to be negotiated bilaterally. The need to negotiate bilateral agreements, often with several
countries to access specific genetic resources, turned out to be a cumbersome, highly bu-
reaucratic, time-consuming, and costly effort, resulting in a decrease in or even a cessation
of germplasm exchange. The ITPGRFA attempted to ease this situation by establishing a
globally harmonised multilateral system (MLS). Unfortunately, the MLS is (still) restricted
to a limited number of food and forage crops, with very few vegetable crops [23].

On the other hand, crop improvement depends on access to (agro)biodiversity to
source new genetic variations for breeding. Fair, transparent, and non-bureaucratic rules
and regulations that provide legal certainty concerning the access to and use of germplasm
in breeding and research are, therefore, a predisposition for food and nutrition security.
Germplasm users need to have clarity on whether the ITPGRFA, the CBD/Nagoya Protocol,
or any other ABS tool apply. Furthermore, adjustments to the current texts of national
legal instruments regarding ABS regulation under the Nagoya Protocol (preferably in a
common universal language) are needed to ensure legal certainty and strengthen access
to genetic resources. According to Ebert et al. [23], expanding the scope of the ITPGRFA
to include all PGRFA, as well as related organisms like pathogens and pests, and making
these genetic resources and all related information accessible under a Standard Material
Transfer Agreement (SMTA) would greatly benefit the use of new germplasm in breeding
and lead to the creation of improved varieties that can cope with climate change challenges
and will contribute to more sustainable forms of agriculture. To facilitate benefit-sharing
arrangements, the SMTA could stipulate a subscription system or a seed sales tax. Such a
transparent, functional, and efficient system would erase legal uncertainties and minimise
transaction costs for conservers, curators, and users of genetic resources, thus aiding plant
breeders in fulfilling their mission.

3.6. Concluding Remarks

Genebanks need to adjust and embrace new technologies in the fields of molecular ge-
netics, phenomics, and information technologies to improve the effectiveness and efficiency
of genebank operations and to meet the evolving needs of users, both in terms of genetic re-
sources and associated data, more accurately and efficiently than they do today [22]. Given
the uncertainties with climate change, the need to develop climate-smart and -resilient crop
varieties for sustainable crop production, and the need to feed the still-growing population
with healthy food, plant breeders depend on the easy and non-complicated availability of a
wide range of genetic diversity. The form in which this diversity is needed might change
and breeders might ask for larger amounts of associated data. Genebank materials will be
needed for gene discovery studies and for the identification of functional variants.
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With the progress in technological advancements, adjustments to the above-mentioned
international agreements are mandatory to secure and facilitate germplasm exchange. ABS
mechanisms need to become transparent and easy to implement and adhere to, they need
to provide legal certainty, and they need to have low transaction costs, thus benefiting
providers and users of germplasm.

To enhance efficiency and reduce redundancy in crop collections and costs, a model
of a functional and efficient global network of base and active collections, similar to the
AEGIS concept in Europe, has been recommended [13]. A lean international organisation
could assume responsibilities for the global coordination, facilitation, and oversight of the
various global crop gene pool base collection networks. The Guest Editors of this SI hope
that the results of this review inject new ideas into the ongoing discussions at the level of
the Governing Body of the ITPGRFA and other fora and contribute to the needed reform of
the global genetic resources’ conservation and use system.
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Abstract: The history of ex situ conservation is relatively short, not more than a century old. During
the middle of last century, triggered by the realization that genetic erosion was threatening the
existing landraces and wild relatives of the major food crops, global efforts to collect and conserve the
genetic diversity of these threatened resources were initiated, predominantly orchestrated by FAO.
National and international genebanks were established to store and maintain germplasm materials,
conservation methodologies were created, standards developed, and coordinating efforts were put in
place to ensure effective and efficient approaches and collaboration. In the spontaneously developing
global conservation system, plant breeders played an important role, aiming at the availability of
genetic diversity in their breeding work. Furthermore, long-term conservation and the safety of
the collected materials were the other two overriding criteria that led to the emerging international
network of ex situ base collections. The political framework for the conservation of plant genetic
resources finds its roots in the International Undertaking of the FAO and became ‘turbulent rapid’
with the conclusion of the Convention on Biological Diversity. This paper reviews the history of the
global ex situ conservation system with a focus on the international network of base collections. It
assesses the major ex situ conservation approaches and methods with their strengths and weaknesses
with respect to the global conservation system and highlights the importance of combining in situ
and ex situ conservation.

Keywords: plant agrobiodiversity; history of the global ex situ conservation system; political and
legal framework; field genebanks; in vitro collections; cryopreservation; DNA banks; pollen banks;
complementary conservation approaches

1. Introduction

Plant genetic resources are the foundation of our food production system, thanks to
the genetic diversity they contain. It is this genetic diversity, both between and within
crop species and their wild relatives, that allow crops to evolve and adapt to changing
conditions, either natural or human-created conditions. Since the first steps of early farmers
to start the process of domesticating species from wild plants in the Near East more than
10,000 years ago, plant genetic resources and their diversity allowed humankind to develop
crops according to its needs and to spread them around the world; thus, securing our plant
food basis.

Since these ancient times, the number of domesticated crops has steadily increased,
and the cultivated forms or varieties of most of these crops have also increased and collec-
tively become more diverse when moving from one region to another. Human and natural
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selection have been the driving force behind this diversification, but this process was only
possible because of the genetic diversity available within and between these crop varieties
and the related wild species that collectively form the diversity gene pool [1]. Genetic
mutations in the crop genome are a permanent source of genetic diversity that allowed
and continue to allow human and natural selection to be successful. Human exploitation
of genetic diversity drastically increased when plant breeding became established, some
150 years ago [2]. This process of purposely generating new diversity through crossing
different individuals followed by subsequent selection, resulted in high(er) yielding elite
varieties. The success of this human managed evolution meant a steady replacement of
older and usually well-adapted cultivars and even of entire crops. The loss of genetic
diversity is called genetic erosion and was the trigger for targeted conservation efforts
worldwide [3].

With the steady and increasing loss of genetic diversity since the middle of the last
century for many of the crops cultivated worldwide and particularly for the main food
crops, the need for systematic collecting and conservation of this diversity was recognized,
and global conservation activities were initiated. Gradually, the Food and Agricultural
Organization of the United Nations (FAO) in Rome assumed a coordinating role, supported
by the International Board for Plant Genetic Resources (IBPGR), founded in 1974, one
of the CGIAR centres, whose secretariat was initially based at FAO, thus serving as a
technical and advisory institute for FAO and its political bodies such as the Commission on
Plant Genetic Resources and later the International Treaty on Plant Genetic Resources for
Food and Agriculture (ITPGRFA). Gradually, through IBPGR’s research, coordination and
scientific advice and training were provided to countries worldwide, and a global network
of plant genetic resources conservation centres, called genebanks, was established [4].
Political debates at FAO, and IBPGR’s research efforts aimed at collecting and improving
the conservation of plant genetic resources for food and agriculture (PGRFA), somehow
led to a more or less spontaneous creation of a global long-term conservation system of
PGRFA [5]. This system underwent an evolutionary process itself, taking advantage of
new scientific and technical developments and adjusting to evolving political conditions. It
is this system that we will critically assess and review, with its strengths and weaknesses,
with the aim to provide a perspective on how the system can be strengthened and can be
made more rational in order to enable effective and efficient long-term conservation.

1.1. Scope

Whereas natural and human made ecosystems harbour the biodiversity of plants,
animals, and microbes embedded in a physical environment, the focus in this paper will be
on the plant genetic resources that are used for food and agriculture, i.e., PGRFA, or plant
agrobiodiversity. These PGRFA comprise landraces and primitive and obsolete cultivars,
crop wild relatives and modern varieties. Sometimes, plant breeding and other research
materials are also regarded as genetic resources that should be included in genebanks.

Regarding the conservation activities, the main focus of this paper will be on long-term
ex situ conservation, i.e., genebanks that manage seed, field, in vitro, and cryopreserved
collections as well as DNA samples. Thus, not only are seeds important organs for con-
servation, but entire plants, pollen, tissues, cell suspensions, and more recently, DNA are
also used. As not all plant agrobiodiversity can be collected and stored in genebanks,
e.g., many wild food plants, many crop wild relatives, etc., we also look at in situ or
nature conservation as well as at the on-farm maintenance of landraces and other genetic
resources that require keeping the population structures of the material to be protected
intact and/or to ensure a continuous evolution or the maintenance through steady culti-
vation or management. This dynamic evolutionary conservation stands in contrast to the
frozen and static conditions that genebanks practice. Whereas ex situ conservation tends to
focus on genotypes, in situ and on-farm conservation aim at natural and/or human-made
populations and mixtures. It might be obvious that a balanced integration of these different
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conservation approaches will be needed to optimize the conservation system, as these
approaches are complementary.

As conservation is frequently undertaken with the aim of keeping genetic diversity
available and easily accessible for use, i.e., by farmers, breeders, or researchers, availability
aspects are also important to be considered when deciding on the conservation ‘approach’.
Therefore, due attention will be given to how to increase the use of materials conserved
under long-term conservation conditions.

Detailed knowledge of the conserved genetic resources is a key requirement for
rational, effective, and efficient conservation as well as to facilitate the use of the resources.
Thus, research on plant genetic resources in situ or in genebanks is an essential activity to
support these requirements. This aspect will be given due attention.

Besides the importance of creating new knowledge of the materials under conservation
and to facilitate their use, the application of new technologies in conservation and use is
critically important to achieve rational, efficient, and effective long-term conservation and
to facilitate the use of plant agrobiodiversity.

Plant agrobiodiversity is distributed across the world; therefore, the sovereignty of
national states is an important legal aspect that was recognized in the Convention on
Biological Diversity (CBD), and the accessibility to these resources is thus determined by
individual states. Moreover, genetic resources might be protected by intellectual property
rights, hence the legal and policy framework for the conservation and the use of PGRFA is
an important element to ensure rational, efficient, and effective conservation and use.

Other aspects that might directly or indirectly impact conservation decisions include
training and capacity building, awareness creation, participatory approaches, economic
considerations, and possibly others. These aspects are not the focus of this paper or of
this Special Issue but can be of critical importance to achieve a rational and sustainable
long-term conservation system.

1.2. Focus of This Review

In this paper, we will address the above-mentioned aspects or considerations of a
long-term conservation system that might directly or indirectly impact the efficiency as
well as effectiveness of the conservation and the facilitation of use of plant agrobiodiversity
in all of their dimensions. A history of the (long-term) plant agrobiodiversity conserva-
tion developments will be presented to understand the ‘evolution’ of the system and its
elements, also in the context of technical, scientific, economic, and social developments.

Brief descriptions of main conservation methods and the underlying concepts as
well as of the main ex situ germplasm collection types are intended to provide a solid
foundation for their critical review, as these are components of the FAO Global System for
the conservation and sustainable use of plant genetic resources for food and agriculture
(hereinafter called the global system) that has emerged over the past few decades. A useful
definition of the ‘global system’ [6] refers to the worldwide community of genebanks and
institutes that are working together and individually to conserve and use plant genetic
resources for food and agriculture and the policy instruments and global action plans that
bind them together and support their work. CGIAR genebanks, given the size and diversity
of their collections, their global mandate, and the extensiveness of their partnerships form
the central pillar of this system. Closely related to the previous points and possibly a
conclusive statement is the need for complementary conservation approaches.

2. History of the Development of the Long-Term Conservation Practices and the
Evolving Global Conservation System

Crop and related genetic diversity underpin the productivity, sustainability, resilience,
and adaptive capacity of agricultural systems and, thus, their evolutionary potential [7].
This diversity, contained in the so-called plant genetic resources has played a key role
in the developments of agriculture since the first steps towards the domestication of
our crop plants, the subsequent diffusion of the domesticates as well as the associated
weeds and wild relatives from the centres of domestication into the world and the ongoing
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improvement and adaptation of the crops to ever changing environments, cultural practices,
and human-made and natural threats. The first farmers started to migrate out of the Fertile
Crescent to new geographic areas about 10,000 years ago, carrying genetic resources with
them [8]. Whereas this process will have caused bottlenecks and thus might have impacted
the evolution of these crops, the introduction of new and possibly more genetic diversity,
natural mutations as well as natural and human selection have resulted in an enormous
diversity of crops and varieties. This traditional crop development process underwent
significant changes through rediscovery, around the turn of the 20th century, of the laws of
inheritance proposed by Gregor Mendel in 1865 and 1866, which formed the basis for the
science of genetics and thus, the birth of scientific plant breeding [9].

One of the first persons to realize the importance and use the power of genetic
diversity in crop improvement was Nicolai Vavilov, a Russian geneticist and a director
of the Lenin All-Union Academy of Agricultural Sciences at Leningrad (now the Vavilov
Federal Research Centre of Plant Genetic Resources—VIR) who was requested by Lenin,
the head of the government of Soviet Russia and later the Soviet Union, to breed plants that
could be cultivated in Siberia and thus would contribute to increased food production after
the First World War [10]. Collecting about 50,000 samples of crop plants systematically
and throughout the world and evaluating them to assess their traits, he realized that the
collected genetic diversity was largely confined to restricted areas, the so-called centres of
diversity/origin of our crops [11].

Plant introduction centres that later grew out into genebanks were established in sev-
eral countries to meet the increasing demand by plant breeders for more diversity. These
included the All-Union Institute for Plant Industry in St Petersburg (in 1920), the Common-
wealth Potato Collection in Cambridge, UK (before the Second World War), collections
for the research programmes of the Rockefeller Foundation in the USA (1943), and The
National Seed Storage Laboratory (NSSL) in Fort Collins, CO, USA (1958) [12]. The latter
became the long-term storage facility for valuable germplasm propagated by seeds from
the four regional plant introduction stations and an inter-regional station for potato [12].
During the 1950s and 1960s, several national plant introduction centres/genebanks were
established on all continents, plant quarantine regulations were initiated (such as those in
West Africa), and plant exploration and collecting started (such as the initiatives in Latin
American countries). During the 1940s and 1950s, advanced and well-organized global
germplasm collecting missions were coordinated by the Rockefeller Foundation in the
USA [12].

With the increasing successes of plant breeding and the spread of modern and fre-
quently high-yielding varieties, especially of the major food crops, a process of variety
and later, even a process of crop replacement started and resulted in significant losses of
genetic diversity, a development that was called ‘genetic erosion’ [13]. As early as 1936,
Harlan and Martini raised the issue of genetic erosion in a USDA report devoted to barley
breeding [14], and Vavilov had noted the increased loss of landraces. Particularly, during
the so-called ‘Green Revolution’, which started in the late 1950s until the early 1970s, the
success of high-yielding (dwarf) varieties of wheat and rice, together with new agricul-
tural technologies, led to drastic losses of the traditional landraces of these crops, and this
triggered concern in organizations such as the European Society for Research and Plant
Breeding (EUCARPIA) and FAO [12]. In 1966, the EUCARPIA delegates advised European
plant breeding institutes to foster continental collaboration through the establishment of
four sub-regional genebanks in what was then West Germany (FAL in Braunschweig, for
NW Europe); in East Germany (Gatersleben), Poland (Radzikow), Russia (St Petersburg)
and/or others for Central and Eastern Europe; in Italy (Bari, for Southern Europe); and
Sweden (Lund, for the Nordic countries) [12]. Gradually, regional and global networking
increased, and the contours of a global conservation system became visible.
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2.1. The Role of FAO

During the 1950s and early 1960s, FAO became the major actor in the conservation
of plant genetic resources. Besides the World Catalogues of Genetic Stocks for wheat,
rice, maize, and barley, they started to publish the FAO Plant Introduction Newsletter
and organized technical meetings/conferences (see below). Salient historical events with
respect to the global conservation system are summarized in Table 1 and, where applicable,
reference to the Table is made in the text. The first meeting was called the ‘Technical
Meeting on Plant Exploration and Introduction’ and was held in 1961 (Table 1) [15]. A
Panel of Experts on Plant Exploration and Introduction was established in 1965. The panel
included visionary scientists such as Sir Otto Frankel (CSIRO, Australia), professor Jack
Harlan (University of Illinois, Urbana, IL, USA), and Professor Jack Hawkes (University of
Birmingham, Birmingham, UK); in addition, Ms. Erna Bennett, (FAO, Rome, Italy) served
as one of the supporting secretarial staff members of the panel. Reports of the six panel
meetings were published between 1968 and 1974 [16]. This panel also played an important
role in the planning and steering of the first two International Technical Conferences that
the FAO organized in collaboration with their partners [17].

• The first International Technical Conference was held in 1967 in Rome and was or-
ganized by FAO and the International Biological Programme (IBP) under the title
‘Technical Conference on the Exploration, Utilization and Conservation of Plant Ge-
netic Resources’ (Table 1) [18]. Some of the major recommendations of the 1967
conference included the need to survey genetic resources in nature and in genebanks
and the need for a stronger emphasis on conservation, efficient documentation, and
the improved international coordination of PGR activities. It also generated important
guidelines for the establishment of a global network for ex situ long-term conservation.
It should also be noted that in situ conservation, especially of landraces, was a big
issue, but it was given little to no importance compared to ex situ conservation [12,13].

• In 1971, the second international conference on crop genetic resources was held in
Rome, and its proceedings were published in the book Crop Genetic Resources for Today
and Tomorrow, which included a plan of action (Table 1) [19]. At this conference, the
panel of experts made some major contributions with respect to global conservation
plans, including the formulation of basic criteria for the conservation and the use
of genetic material. These were: (i) that plant material was to be made available
immediately and without restriction to all breeders requesting it and (ii) that genetic
variability had to be maintained for future generations in long-term storage under
conditions for maximum physical and genetic security. A third important result
of the panel was a categorization of ex situ collections: base collections (for long-
term conservation), active collections (for research and distribution), and working
collections (usually maintained at plant breeding institutions) (for details, see [20].
They also identified regions and crops for priority collecting [3]. These collecting
priorities were reformulated during the panel’s last meeting in 1975, with a clear shift
from crops to regions [13].

• The third international conference on crop genetic resources was held in Rome in 1981,
jointly organized by FAO, UNEP, and IBPGR (Table 1) [21]. The conference addressed
most of the routine genebank operational topics, including sampling, seed storage
and viability monitoring, recalcitrant seeds, in vitro conservation and the genetic
stability of cultures, principles of germplasm regeneration, in situ conservation, the
use of back-garden and genetic reserves for regeneration, the principles and practice
of germplasm distribution and exchange, the safe and rapid transfer of plant genetic
resources, including a proposal to distribute only germplasm materials completely free
from plant pests and pathogens, principles of characterization and evaluation, data
capturing and germplasm documentation, and under-exploited and minor crops [21].

• The fourth technical conference was in the context of the FAO global system for the
conservation and use of plant genetic resources and was held in Leipzig, Germany
in 1996 (Table 1) [22]. The major outcome of this conference was the Global Plan of
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Action (see below) and, in addition, ample information on the global conservation
system [22].

Table 1. Historical events of relevance to the establishment and evolution of the global PGRFA conservation, including the
international network of base collections.

Year Event
Main Outputs and
(References)

Underpinning Principles (Reference)

Since 1920 Establishment of first genebanks

VIR, St. Petersburg (1920);
Commonwealth Potato
Collection, Cambridge (<2nd
World War); research collections
by Rockefeller Foundation, USA
(1943); Fort Collins, CO, USA
(1958) [12]

Recognition of genetic erosion in landraces
by [14]

1926
Publication Studies on the Origin
of Cultivated Plants by
N. Vavilov

Monograph in Bulletin of Applied
Botany and Plant-Breeding; [11]

‘This monograph, dedicated to the memory
of De Candolle, seems to be the most
substantial contribution made since his day
to the history of our main cultivated
plants’ [23].

1960 Founding of IRRI

Jointly established by
Government of the Philippines’
and the Ford and Rockefeller
Foundations [24]

One of the first international genebanks;
focus on rice genepool.

1961
Technical Meeting on Plant
Exploration and Introduction,
FAO Rome

Report of the meeting [15]

Mission-driven approach: conservation
and use closely linked, tied to plant
breeding, dominance of ex situ collections,
mainly in developed countries.

1965
Establishment of the FAO Panel
of Experts on Plant Exploration
and Introduction.

Six meetings and reports of
same during period from
1967–1975 [16]

Formulation of criteria, standards, and
procedures for the conservation and use
of PGR.

1966 Formal establishment of
CIMMYT

Joint Mexican—Ford
Foundation breeding project in
progress since 1943 [25]

Norman Borlaug awarded Nobel Peace
Prize (as wheat breeder) in 1970.

1966 EUCARPIA meeting

Recommendation to foster
continental collaboration
through the establishment of
four sub-regional genebanks in
Europe [12]

First indications of establishing a (global)
conservation system or network.

1967

FAO/IBP (first) Technical
Conference on Plant
Exploration, Utilization and
Conservation of Plant Genetic
Resources, Rome

Publication of Genetic Resources
in Plants—Their Exploration and
Conservation [18]

Need for surveys; concern about genetic
erosion of landraces and wild relatives;
long-term ex situ collections; guidelines for
establishment of global network for ex situ
long-term conservation; international
collaboration; in situ conservation as a
complementary strategy.

1969
Third Session of the FAO Panel
of Experts on Plant Exploration
and Introduction, Rome

Report [3] Establishment of collecting priorities by
crops (and later) by regions.
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Table 1. Cont.

Year Event
Main Outputs and
(References)

Underpinning Principles (Reference)

1971
Second FAO Technical
Conference on crop genetic
resources, Rome, Italy

Book on Crop Genetic Resources
for Today and Tomorrow [19]

Plan of action agreed; panel of experts
formulated basic criteria for conservation
and use of genetic material (availability;
maintaining genetic variability for the
long-term; categorizing ex situ collections:
base, active, and working collections.

1973
FAO/IBP Technical Conference
on Genetic Resources, Rome,
Italy

Plan of Action [19] Recommendation to establish in situ
collections.

1974 Establishment of IBPGR

Established as secretariat for its
board of trustees, administered
by FAO and, technically, as one
of the international centres of
the CGIAR [26]

Expected to coordinate global exploration
and collecting efforts and to orchestrate a
global network of genebanks.

1981
Third FAO, UNEP and IBPGR
Technical Conference on PGR,
Rome, Italy

Report [21]
Clear focus on routine genebank
operations; in vitro and in situ (CWRs)
conservation; concerns about NUS.

1983 22nd Session of the FAO
Conference, Rome, Italy

Adoption of the International
Undertaking on Plant Genetic
Resources; establishment of the
Commission on Plant Genetic
Resources for Food and
Agriculture (CGRFA) and of the
Global System on Plant Genetic
Resources [27]

Shared principles; IU non-legally binding;
PGRs are a common heritage of
humankind; genetic stocks and breeding
lines included; germplasm exchange
through a network of genebanks;
commission provides oversight to system.

1989
3rd Regular Session of
Commission on GRFA, Rome,
Italy

Call for the development of the
International Network of Ex
Situ Collections under the
Auspices of FAO [28]

Lack of clarity regarding the legal situation
of the ex situ collections.

1989 25th Session of the FAO
Conference, Rome, Italy

Resolution 4/89: Adoption of
an agreed interpretation of the
IU; Resolution 5/89: Farmers’
Rights [29]

Plant breeders’ rights are not inconsistent
with IU; recognition of Farmers’ Rights.

1991 26th Session of the FAO
Conference, Rome, Italy Resolution 3/91 [30]

Recognition of the sovereign rights of
nations over their PGRFA; agreement on
development of 1st State of the World’s
PGRFA and Global Plan of Action on PGR.

1992
UN Conference on Environment
and Development (UNCED),
Rio de Janeiro, Brazil

Convention on Biological
Diversity (CBD) (entered into
force on 29 December 1993);

Biodiversity vs. genetic resources; national
sovereignty of states over their resources.

Chapter 14 of Agenda 21 Call for the strengthening of the FAO
Global System on Plant Genetic Resources.

Chapter 16 of Agenda 21

Biotechnology can assist in the
conservation of biological resources (e.g.,
ex situ techniques); risk assessment of
LMOs, biosafety issues.

Adoption of Resolution 3 of the
Nairobi Final Act [31]

Recognises matters not addressed by the
convention: a. access to existing ex situ
collections; b. questions on Farmers’ Rights;
requests FAO forum to address
these matters.
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Table 1. Cont.

Year Event
Main Outputs and
(References)

Underpinning Principles (Reference)

1994 1st Extraordinary Session of the
CGRFA, Rome

Start of negotiations for revision
of IU; 12 centres of CGIAR sign
agreement with FAO, placing
their collections under the
Auspices of FAO [32])

CGIAR centres agree to hold the
designated germplasm in trust for the
benefit of the international community.

1996
4th International Technical
Conference on PGR, Leipzig,
Germany

Global Plan of Action for the
Conservation and Sustainable
Use of PGRFA [21]; First Report
on the State of the World’s
PGRFA [33]

Recognition of in situ and ex situ
approaches; fair and equitable sharing of
benefits arising from the use of PGRFA.

2001 31st Session of the FAO
Conference, Rome, Italy

Resolution 3/2001: adoption of
the International Treaty (entered
into force on 11 September 2004)
[34]

A legally binding agreement; recognition of
Farmers’ Rights (a national responsibility);
access and benefit-sharing

2004 Establishment of the Global
Crop Diversity Trust

Endowment fund, the income
from which will be used to
support the conservation of
distinct and important crop
diversity in perpetuity through
existing institutions [35].

Coordinates the Genebank Platform (of the
CGIAR operated genebanks)

2006
First meeting of the Governing
Body of the ITPGRFA,
Madrid, Spain

Standard Material Transfer
Agreement (SMTA);
relationship between the Treaty
and the Crop Trust; agreement
between GB and CGIAR centres
(Art. 15) [36].

SMTA is the legal instrument through
which the MLS operates; recognition of the
Crop Trust as an ‘essential element’ of the
Treaty’s funding strategy; ex situ genebank
collections of CGIAR are put under the
Treaty (replacing agreement between CG
centres and FAO).

2008 Establishment of the Svalbard
Global Seed Vault Agreement [37]. Additional safety back-up for long-term ex

situ collections.

2009 12th Regular Session of the
CGRFA, Rome, Italy

Second Report on the State of
the World’s PGRFA [38]

Report developed through a participatory
approach with member countries

2011 143rd Session of the FAO
Council, Rome, Italy

Second Global Plan of Action
for the Conservation and
Sustainable Use of PGRFA [39]

Need for a roadmap on climate change and
genetic resources for food and agriculture

The rising concern regarding the genetic erosion of landraces and wild relatives due
to modern agriculture, and the more general, increasing need of the agro-industry for a
steady flow of new germplasm convinced the members of the FAO conference to give more
consideration to a generalist approach to conservation [12]. During the second conference,
the availability of new cold-storage techniques was noted, thus allowing long-term ex situ
storage to be undertaken, whereas advocated in situ conservation, based on genecological
premises, did not materialize until much later. The focus remained on ex situ conservation,
despite the arguments for in situ approaches [3].

It should be noted that during the 1960s, the discussions on PGR in general as well
as within FAO were dominated by plant breeders, and this resulted in a close conceptual
link between conservation and use. Moreover, germplasm was predominantly stored in
industrial countries and was closely tied to plant breeding institutes. During 1967, the FAO
unit of Crop Ecology and Genetic Resources was established and thus provided FAO with
more in-house specialized expertise.
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2.2. The Establishment of the International Board for Plant Genetic Resources (IBPGR)

During a meeting of the Technical Advisory Committee (TAC) of the CGIAR in
Beltsville, USA, a group of invited external experts, including several members of the
FAO panel of experts, presented an ambitious plan to establish a world network of genetic
resources centres [40]. This plan consisted of four elements. The first one was to establish a
coordinating centre (to become IBPGR); the second one was to stimulate the establishment
of genebanks in already existing international centres in developing countries (i.e., IRRI,
established in 1960; CIMMYT (1966); CIAT (1967); and IITA (1968). The third element was
to establish genebanks in new international centres (WARDA, 1971; CIP, 1971; and ICRISAT,
1972). Soon thereafter, the ILCA was established in 1974, and ICARDA was established in
1976. The fourth element was the establishment of new ‘regional’ centres in the Vavilovian
centres for crop diversity. The establishment of the International Board for Plant Genetic
Resources (IBPGR) took place in 1974, as a secretariat for its board of trustees, administered
by FAO and technically as one of the international institutes of the CGIAR. It was expected
to coordinate global exploration and collecting efforts and to orchestrate a global network
of genebanks (see also the details of this international undertaking below). Its main task
was formulated as ‘to promote and assist in the worldwide effort to collect and conserve the plant
germplasm needed for future research and production’ [40].

The main achievements of IBPGR and its successor institute IPGRI, particularly those
related to long-term conservation and the global conservation system, are updated from a
list in [13] and include:

1. Organization of collecting missions, partly using consultants in addition to its own
staff and through contracts with national (selected) genebanks (for details, see IBPGR
Annual Reports, e.g., [41]; for an overview: [42,43].

2. Support for national and regional PGR programmes, predominantly in developing
countries with the establishment of conservation facilities, documentation systems,
and capacity building/training [41].

3. Establishment of regional and global PGR networks with national programmes as
principal stakeholders as well as regional and global crop networks, frequently with
and through CGIAR centres and their leading roles in crop specific conservation and
breeding, thus trying to ensure a close link between conservation and use. The Euro-
pean Cooperative Program for Plant Genetic Resources (ECPGR), formerly the ‘Eu-
ropean Cooperative Programme for Crop Genetic Resources Networks’—ECP/GR),
was founded in 1980 on the basis of the recommendations of the United Nations
Development Programme (UNDP), the Food and Agriculture Organization of the
United Nations (FAO), and the Genebank Committee of the European Association for
Research on Plant Breeding (EUCARPIA); its secretariat was hosted by IBPGR [44].

4. The establishment of an international network of base collections in 52 selected
genebanks located in almost 40 countries across all continents for the long-term conser-
vation of crops or crop groups, including 80 genera and approximately
250 species [45], and the so-called Registry of Base Collections containing a total
of 144,000 accessions [43].

5. Support for an international MSc course in the conservation and use of PGR at the
University of Birmingham and the organization of training courses [41].

6. Establishment of a digitalized information system for genebank documentation and
germplasm management.

7. Initiating, coordinating, and/or conducting plant genetic resource conservation and
use research and publishing the results and procedures.

8. More recently, the successor institutes of IBPGR (IPGRI and Bioversity International),
especially after their administrative separation from FAO, played an active role in
developing legal and policy proposals and acted as the CGIAR representative in
international meetings and activities.
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2.3. The International Undertaking (IU)

The International Undertaking (IU) was established by the FAO Commission on
PGR in 1983 as a non-binding intergovernmental agreement to promote the conservation,
exchange, and use of plant genetic resources [27]. Its objective was to ensure that plant
genetic resources of economic and/or social interest, particularly for agriculture, would
be explored, preserved, evaluated, and made available for plant breeding and scientific
purposes. The Undertaking was based on the universally accepted principle that plant
genetic resources are a heritage of mankind and, consequently, should be available without
restriction. It defined ‘plant genetic resources’ as the reproductive or vegetative propagating
material of the following categories of plants: (i) cultivated varieties (cultivars) in current use and
newly developed varieties; (ii) obsolete cultivars; (iii) primitive cultivars (landraces); (iv) wild and
weedy species, near relatives of cultivated varieties; (v) special genetic stocks (including elite and
current breeder lines and mutants). It defined ‘base collection of plant genetic resources’ as a
collection of seed stock or vegetative propagating material (ranging from tissue cultures to whole
plants) held for long-term security in order to preserve the genetic variation for scientific purposes
and as a basis for plant breeding; ‘active collection’ was defined as ‘a collection which complements
a base collection, and is a collection from which seed samples are drawn for distribution, exchange
and other purposes such as multiplication and evaluation’, and ‘centre’ was defined as an institution
holding a base or an active collection of plant genetic resources [46].

Furthermore, the IU foresaw the development of a global system as to ensure that
(Article 7.1):

a. A well-coordinated international network of national, regional, and international
genebanks, including the international network of base collections, would develop.
The unrestricted availability of materials included in the active and base collections
of such a network was assumed.

b. Through the progressive growth of the network, a comprehensive coverage of species
and regions was aspired, and an adequate safety duplication of the germplasm
was involved.

c. The exploration, collection, conservation, maintenance, rejuvenation, evaluation,
and exchange of plant genetic resources should be conducted by the genebanks in
accordance with scientific standards.

d. Adequate funding should be provided.
e. A global information system should be developed.
f. Genebanks should give an early warning to the FAO in the case of hazards that

threaten the efficient maintenance of the collection.
g. IBPGR is expected to liaise with FAO while conducting its programme of work

aiming at building institutional and human capacity within developing countries for
the development and distribution of improved crop varieties.

Article 7 of the IU on International Arrangements addresses aspects of the global
system and access to germplasm in the base collections. Countries are invited to notify the
FAO in case their base collections are to be recognized as part of the international network
of base collections. The participating genebanks are expected to make the materials in these
base collections available to the participants in the IU for the purposes of scientific research,
plant breeding, or conservation, free of charge and based on mutual exchange or mutually
agreed terms [46].

The IU was replaced by the International Treaty on Plant Genetic Resources in 2002
(see further below).

Another component of the global system is the International Code of Conduct for
Plant Germplasm Collecting and Transfer [47]. It was adopted by the FAO Conference at
its 27th session in 1993. The voluntary code aims to promote the rational collecting and
sustainable use of genetic resources to prevent genetic erosion and to protect the interests
of both the germplasm collectors and donors. It is based on the principle of national
sovereignty over PGR and is in harmony with the CBD [47].
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2.4. The Convention on Biological Diversity (CBD)

The negotiation of the Convention on Biological Diversity (CBD) in the eighties and
early nineties, under the auspices of the United Nations Environment Programme [48],
did result in drastic changes with respect to the conservation and use of PGRFA. Besides
creating a general, globally, and legally binding framework for the conservation and
sustainable use of biodiversity, the CBD, which entered into force in 1993, required that
access to valuable biological resources must be conducted on ‘mutually agreed terms’ and
is subject to ‘prior informed consent’ of the country of origin. The national sovereignty of
states over biodiversity within their borders was recognized as a key principle in the CBD,
and consequently, this became the ‘driving force’ in the thinking and approaches to the
negotiations and future developments. Besides the fact that states were expected to ‘look
after their own biological resources and conserve them, whenever possible in their own
country’, this also caused a strong incentive for countries to favour bilateral rather than
multilateral arrangements for the exchange of genetic resources.

From an agricultural perspective, it should be noted that the negotiations of the
CBD were strongly influenced by environmentalists and nature conservationists and,
consequently, a bias towards wild (i.e., non-domesticated and non-agricultural) plant
and animal species could be observed [49]. In fact, agriculturalists were hardly present
in the negotiations, and it was only through a separate resolution (Resolution 3 of the
Nairobi Final Act) [30] that the FAO was asked to address two important but unresolved
agricultural genetic resources issues, i.e., the question of Farmers’ Rights and the need
to address the legal status of existing genetic resource collections established prior to
1993 [50].

The negotiation process of the CBD caused a dramatic shift concerning the overall
conservation approach, i.e., from a rather technologically driven ex situ conservation
approach (‘putting the germplasm safely away for the future’), towards a much more
people-centred conservation, with a strong emphasis on in situ and on-farm conservation
and sustainable use efforts. Alongside this, due attention was being paid to participatory
research (and conservation) activities to recognize the important role of local communities
in the management of and their dependency on biodiversity. This also led to the recognition
of traditional and indigenous knowledge to be an important component of biodiversity that
needs to be collected and/or conserved. The importance of technology for the conservation
and use of genetic resources should be recognized as well as the provision of access to such
‘enabling’ technologies. These aspects facilitated (and required) a much closer link between
conservation and development and led to a greater participation of local communities and
subsistence farmers in conservation and use related activities. It is against this background
that the access and benefit-sharing guidelines were developed and agreed upon in 2002
within the framework of the CBD by an Ad Hoc Open Ended Working Group on Access
and Benefit-Sharing [51] that eventually, in 2010, resulted in the adoption of the Nagoya
Protocol on Access and Benefit Sharing (ABS), which entered into force in 2014 [52]. It is a
supplementary agreement to the CBD convention of 1992 and aims at the implementation of
one of the three objectives of the CBD: the fair and equitable sharing of benefits arising out
of the use of genetic resources, thereby contributing to the conservation and sustainable use
of biodiversity [52]. Its rather strong focus on wild species and the bureaucracy involved
to apply the protocol have resulted in concerns that the added bureaucracy and legislation
could be damaging to the monitoring and collecting of biodiversity, to conservation, and to
research, because the protocol severely limits access to genetic resources.

The CBD recognizes the application of intellectual property rights (IPRs) on biological
materials as a means of protecting inventions and stimulating innovation. This led to a
further expansion of the scope and/or application of IPRs, especially patents and plant
breeder rights (PBRs), in agricultural research and plant breeding. Due to concerns that
the development and use of genetically modified varieties could cause a threat to the
environment and its biological resources, a legal framework on biosafety aspects was
demanded, and thus, the so-called Cartagena Protocol on Biosafety was developed and
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came into force in 2003 as a legal framework for biosafety legislation and is yet another
supplementary agreement of the CBD [53].

At present, the negotiation process on the development of the post-2020 global biodi-
versity framework is ongoing for its adoption during the forthcoming meeting later in 2021
in Kunming, China [54].

2.5. Global Plan of Action (GPA)

The first Global Plan of Action (GPAI) for conserving and using crop diversity was
adopted in 1996 by 150 countries [22]. The GPAI called for a rational global conservation
system based on the principles of effectiveness, efficiency, and transparency. The Second
Global Plan of Action (GPAII) reiterated that call and provided a strategic framework for
the conservation and the sustainable use of plant genetic diversity. It was adopted by the
FAO Council in November 2011 and reaffirmed the commitment of governments to the
promotion of plant genetic resources as essential components of food security through
sustainable agriculture in the face of climate change (Table 1) [39]. It is a rolling action plan
and is based on the findings of the Second Report on the State of the World’s PGRFA [38]
and inputs from a series of regional consultations and from experts. The GPAs are a
supporting component of the International Treaty on Plant Genetic Resources for Food and
Agriculture [55].

The GPAII consists of four main groups of priority activities, i.e., in situ conservation
and management, ex situ conservation, sustainable use, and building sustainable institu-
tional and human capacities [39]. The in situ conservation group of four priority activities
comprises: 1. surveying and inventorying PGRFA; 2. supporting on-farm management
and improvement of PGRFA; 3. assisting farmers in disaster situations to restore crop
systems; and 4. promoting in situ conservation and management of crop wild relatives
and wild food plants. The ex situ group of priority activities includes: 5. the targeted
collecting of PGRFA; 6. sustaining and expanding ex situ conservation; and 7. regenerat-
ing and multiplying ex situ accessions. The sustainable use priority activities consist of:
8. the characterization and evaluation and development of subsets of collections to facilitate
use; 9. plant breeding, genetic enhancement, and base broadening; 10. promoting the
diversification of crop production and broadening crop diversity; 11. the development and
commercialization of varieties, primarily of farmer varieties/landraces and underutilized
species; and 12. supporting seed production and distribution. The set of capacity building
activities comprises: 13. building and strengthening national programmes; 14. promoting
and strengthening networks for PGRFA; 15. constructing and strengthening comprehen-
sive information systems; 16. developing and strengthening systems for monitoring and
safeguarding genetic diversity and minimizing genetic erosion of PGRFA; 17. building
and strengthening human resource capacity; and 18. promoting and strengthening public
awareness of the importance of PGRFA [39].

The GPAII does not contain specific activities related to long-term conservation and
the global system, but several comments and supporting actions are referred to throughout
the text, e.g., that the network of international ex situ collections of major crops played
an important role in the negotiations of the International Treaty. These collections con-
tinue to form the backbone of the global system. The Svalbard Global Seed Vault now
provides an additional level of security to existing ex situ collections [37]. Furthermore,
the development of a global portal of accession-level data and the imminent release of an
advanced genebank information management system (recently released and called GLIS)
are additional important steps towards the strengthening and more effective operation of a
global system for ex situ conservation [56]. Enhancing capacity at all levels is a key strategy
to implement the priority activities of the GPA, including those related to long-term conser-
vation, sustainable use (i.e., plant breeding, genetic enhancement, and base-broadening
efforts) and the global system. Whereas countries have national sovereignty over and
responsibility for the PGRFA they conserve, there is nevertheless a need for the greater
rationalization of the global system for ex situ collections. The fostering of partnerships and
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synergies among countries is a requirement to develop a more rational and cost-effective
global system. Furthermore, the GPAII plays an important role in the international policy
framework for world food security and as a supporting component of the International
Treaty. It contributes to achieving the Millennium Development Goals and aids in the
implementation of the Strategic Plan for Biodiversity [57].

2.6. International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA)

The International Treaty for Plant Genetic Resources for Food and Agriculture (ITP-
GRFA or Treaty) aims to recognize the enormous contribution of farmers to the diversity
of crops that feed the world; it aims to establish a global system to provide farmers, plant
breeders, and scientists with access to plant genetic materials; and it aims to ensure that
recipients share the benefits they derive from the use of these genetic materials with the
countries where they originated [55]. The preparations and negotiations of the revision of
the IU were initiated in 1994 and were concluded in 2001 by the adoption of the Interna-
tional Treaty. It encompasses all PGRFA and came into force in 2004 [55].

Through the Treaty, countries agree to promote the development of national inte-
grated approaches to the exploration, collecting, characterization, evaluation, conservation,
and documentation of their PGRFA, including the development of national surveys and
inventories [55]. They also agree to develop and maintain appropriate policies and legal
measures to promote the sustainable use of these resources, including on-farm manage-
ment, strengthening research, promoting plant-breeding efforts, broadening the genetic
bases of crops, and expanding the use of locally adapted crops and varieties and under-
utilized species. These activities would be supported, as appropriate, by international
cooperation provided in the Treaty.

The most important part of the ITPGRFA is the establishment of the so-called Multi-
lateral System (MLS) of Access and Benefit-Sharing [58]. The MLS applies to 64 genera,
including the major food crops and forages, which were agreed upon on the basis of
two criteria: their importance for food security and the level of interdependence among
countries. At the global level, these crops provide approximately 80% of the food that is
produced by plants. Through the MLS, sovereign nations have agreed to share resources
and benefits. The genetic resources included in the MLS will be made available for research,
breeding, and training, and their recipients should not claim any intellectual property or
other rights that limit access to these resources or their genetic parts or components in the
form received from the MLS [59]. The peculiarities of PGRFA compared to biodiversity in
general, e.g., the difficulty of applying the country-of-origin concept, the strong interdepen-
dency of nations on genetic diversity for crop improvement, and the critical role of these
resources in traditional agriculture and in food security, formed the basis for the establish-
ment of a multilateral rather than a bilateral system for their exchange [60]. This thinking
eventually led to the establishment of the MLS, which keeps the genetic resources of the
Annex 1 listed species that are formally in the public domain and under governmental con-
trol and facilitates easy access to and the use of these resources [49]. It should be noted that
the diversity of the crop species or the groups of species listed in Annex I is rather limited
and, for instance, the majority of the vegetable genetic resources conserved by the World
Vegetable Center in Taiwan, which consist of a large proportion of indigenous vegetables
that are critically important for the diversification of cropping systems, nutritional security,
and livelihoods [61], are not included in Annex 1. Discussions on the extension of the
Annex 1 list have been ongoing for several years, but no final decision has been reached.

The benefits arising from the use of materials from the MLS shall be shared fairly and
equitably through the exchange of information, access to and transfer of technology, and
capacity-building, considering the priority activity areas indicated in the above mentioned
GPAII and under the guidance of the Governing Body of the Treaty. It further establishes the
payment, which is in certain cases mandatory, of an equitable part of the monetary benefits
that are derived from the use of PGRFA into the funding strategy of the Treaty [58]. The
funding strategy aims at mobilizing funds for activities, plans, and programmes to support
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the implementation of the Treaty and, in particular, its implementation in developing
countries while keeping in line with the priorities that have been identified in the GPA.
The funding strategy includes the monetary benefits that are paid in accordance with the
MLS as well as the Global Crop Diversity Trust, which is described below. The Treaty
recognizes the enormous contributions that local and indigenous communities and farmers
of all regions of the world have made and will continue to make for the conservation and
development of PGRFA. The Treaty makes governments responsible for the realization of
Farmers’ Rights, including the protection of relevant traditional knowledge; provisions for
farmers to participate equitably in sharing benefits; and farmer participation in national
policy decision-making [55,59]. Through Article 15, the Treaty establishes its relationship
with the CGIAR and other international centres: ‘Ex Situ Collections of Plant Genetic Resources
for Food and Agriculture held by the International Agricultural Research Centres of the Consultative
Group on International Agricultural Research and other International Institutions’ and arranges
that the materials listed in Annex 1 of the Treaty and that are held by the centres as well as
other species than those listed in Annex 1 of this Treaty and collected before its entry into
force that are held by IARCs shall be made available in accordance with the provisions of
the standard material transfer agreement (SMTA) [55].

2.7. International Network of Ex Situ Collections

The international network of ex situ base collections in genebanks that are managed
by national, regional, or international centres was a component of the section on the
international arrangements of the International Undertaking. It was foreseen that through a
steady increase of the number of genebanks participating in the network, adequate coverage
in terms of species and geographical distribution would eventually be achieved. It was
further foreseen in the IU to conclude agreements (four ‘model agreements’ were available
to choose from) with countries to place their base collections within this network and/or
to provide storage space for the long-term storage of base collections from elsewhere. A
few countries and institutions made concrete offers to place (part of) their collections in the
network. The latter would operate under the auspices and/or the jurisdiction of the FAO
and a number of contracts were concluded (see below).

In 1994, the CGIAR centres expressed the wish that their designated germplasm be
recognized as part of the international network of ex situ collections and signed individual
agreements with FAO [62]; Chapter 3.1. in [38]. The salient features of these agreements
based on one of the above-mentioned model agreements include that:

• The centre shall hold the designated germplasm in trust for the benefit of the interna-
tional community.

• The centre shall not claim legal ownership over the designated germplasm, nor shall
it seek any intellectual property rights over that germplasm or its related information.

• The designated germplasm shall remain in the charge of the centre.
• The FAO shall have a right of access to the premises at any time and has the right to

inspect all activities performed therein.
• The centre shall undertake the management and the administration of the designated

germplasm in accordance with internationally accepted standards with respect to the
storage, the exchange and distribution of seeds, the international genebank standards
endorsed by the Commission and that all designated germplasm is duplicated.

• The centre recognizes the intergovernmental authority of the Commission in set-
ting policies for the International Network and shall undergo consultation with the
FAO and its Commission on proposed policy changes related to the conservation of
the germplasm.

• The centre shall undertake the creation of samples of the designated germplasm
and will make related information available directly to users or through the FAO for
the purposes of scientific research, plant breeding, or genetic resource conservation
without restriction.
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• The centre shall ensure that such other people or institutions and any further entity
receiving samples of the designated germplasm from such a person or institution
are bound by the conditions to not claim ownership over the materials or to seek
any intellectual property rights over that material and, in the case of samples du-
plicated for safety purposes, to manage these in accordance with internationally
accepted standards.

A related network, as mentioned above, is the so-called Register of Base Collections
that was established by the IBPGR in the 1970s and includes genebanks that were prepared
to accept a long-term commitment to conserve germplasm materials and to make these
available to users. This register formed the backbone of the international network of base
collections. For details, see the paper by Engels and Thormann [42].

It should be noted that further agreements have been concluded with several other
international research centres (e.g., the World Vegetable Center, CATIE and CRU, and
some regional organizations (e.g., South Pacific Community)). Agreements with individual
countries have not been vigorously pursued. In October 2006, 11 CGIAR centres signed
agreements with the Governing Body of the International Treaty to bring their in trust col-
lections under the framework of the Treaty and to recognize the authority of the Governing
Body providing policy guidance related to those collections [63,64].

With the establishment of the International Treaty and its Multilateral System, the
network of ex situ collections, and the conclusion of the agreements with the centres of the
CGIAR, these collections were brought under the International Treaty (Chapter 3.2 in [38]).
The commitments of countries to conserve germplasm for the long-term and to make the
materials available (under an SMTA) have been made by countries and genebanks through
the inclusion of germplasm in the MLS.

2.8. The Institutional and Capacity Building Framework

The establishment of the IBPGR has already been mentioned above, as it was in-
tricately linked to political debate and developments during the 1970s (see Section 2.2).
Similarly, the other centres of the CGIAR that operate genebanks with the genetic resource
collections of their respective mandate crops are important elements of the emerging global
ex situ conservation system. Since its establishment, the IBPGR has played an active role in
strengthening this global system by supporting national PGRFA programmes and facilitat-
ing the establishment of new regional genebanks as part of the global network. In 1976, the
formation of regional programmes in Southeast Asia and Europe and the establishment of
(regional) genebanks in Costa Rica and Ethiopia (with funding from Germany) as well as
the support provided to students from developing countries to attend the MSc programme
on plant genetic resources at the University of Birmingham was reported [41]. Furthermore,
the annual report listed international and regional institutions that accepted the invitation
to become the holders of ‘world’ base collections of crops of global importance. During the
following years, a steady increase of arrangements for regional programmes was reported
as well as the development of a computer-based information and retrieval system, support
provided to establish or strengthen national programmes and training activities as well as
the acceptance of recommendations on the physical and engineering design of long-term
seed stores [65–67].

2.9. Global Crop Diversity Trust

The Global Crop Diversity Trust (Crop Trust) was established in October 2004 by the
IPGRI, now Bioversity International, on behalf of the CGIAR and FAO to help support the
global system in a sustainable way through a Crop Diversity Endowment Fund [35]. Its
mission is to ensure the conservation and availability of crop diversity for food security
worldwide. Among others, the Trust provides oversight of the CGIAR Genebank Platform.
The 11 CGIAR genebanks safeguard a unique global resource of crop and tree diversity
and respond to thousands of requests for germplasm from users in more than 100 countries
worldwide every year [68]. The goal of the CGIAR Genebank Platform is to conserve these
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collections and to make this diversity available to breeders and researchers in a manner that
meets international scientific standards and that is cost-efficient, secure, reliable, sustainable
over the long-term and that is supportive of the Plant Treaty. The Crop Trust has oversight
over and financial responsibility for these CGIAR genebanks [69].

2.10. Some Critical Side-Effects on the Global Conservation System

The above-described developments had some significant (perceived?) side-effects
on the emerging global long-term conservation system. They included a boost to the
establishment of (national) genebanks, among others, triggered by the CBD’s recognition of
national sovereignty. The acceptance of intellectual property rights over genetic resources
resulted in a steady increase of access regulations to genetic resources. Furthermore, issues
of ownership over genetic resources emerged, leading to the refusal of some countries to
provide access to ‘their’ plant genetic resources. Against this backdrop, a rather legalistic
thinking of access and benefit sharing developed and influenced the arrangements in this
field of the International Treaty.

Evolving molecular and later genomic techniques allowed and facilitated the assess-
ment of genetic diversity aspects, including the identification of duplicate accessions; a
quantification of genetic diversity; the identification of alleles and genes and their functions
as well as their transfer between individuals and species. A better understanding of genetic
diversity also allowed for more targeted collecting, better characterization/evaluation, and
greatly facilitated plant breeding. The creation of so-called GMO (genetically modified
organism) varieties with the help of these new molecular and biotechnology tools became
a ‘hot issue’, among others, due to their threat to the genetic diversity of crop germplasm
collections and biodiversity hotspots [70], and this caused restrictions or even prohibition
of related research or the cultivation of modified materials. The multilateral thinking
became an ‘alternative’ to restricting ownership; more IPRs crept in and resulted in heavy
debates and in more restrictive attitudes regarding sharing natural genetic resources. All
of these developments and possible repercussions call for a critical review of the current
global system as it has evolved in the context of the above-described developments and the
mentioned side-effects to provide elements for the creation of a more efficient and rational
system of global base collections of important food crops.

3. Description of Ex Situ Germplasm Conservation Methods and Their Strengths
and Weaknesses

The vast majority (approx. 92%) of angiosperms comprising roughly 330,000 species
of flowering plants has desiccation-tolerant and so-called orthodox seeds [71,72] that
survive drying to a low moisture content, 5% or less, and subsequent rehydration without
a significant loss of viability [73,74]. Orthodox seeds acquire desiccation tolerance during
their late phase of development when they undergo pre-maturation drying and are later
shed metabolically inactive [72]. Desiccation tolerance is lost during germination [75].
Moreover, most desiccation-tolerant species tolerate low temperature (sub-zero) storage
and seed longevity increases, within certain limits, with a decrease in seed moisture content
(SMC) and storage temperature [76]. Harrington [77] postulated two rules of thumb
regarding seed longevity in storage that apply independently. Over the range of 14 to 4%
SMC (fresh weight basis), a 1% reduction in SMC doubles the life span of the seed. Similarly,
within the range of 50 to zero degrees Celsius, for each 5 ◦C drop in storage temperature,
the life span of seed in storage would double. Therefore, the cold storage of dried seeds is
a practical, efficient, and cost-effective method for the long-term storage of germplasm in
genebanks. The FAO Genebank Standards recommend storage at −18 ± 3 ◦C and a relative
humidity of 15 ± 3 percent for most original seed samples and safety duplicate samples
intended for long-term storage [78]. In case seed samples are stored in hermetically sealed
pouches or containers, the control of the storage room RH is not required.

In contrast to orthodox seeds, so-called ‘recalcitrant’ seeds are desiccation-sensitive
and rapidly loose viability upon drying and do not tolerate low temperature storage [73].
Recalcitrant seeds undergo extremely limited drying during maturation and consequently,
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have high SMC and are metabolically active during shedding [79]. Desiccation sensitiv-
ity also seems to be linked to the non-dormant state of seeds upon shedding [71]. The
SMC below which viability is lost varies between species but is generally above 20% [80].
Specifically, tree species of tropical provenance, such as avocado (Persea americana), cacao
(Theobroma cacao), jackfruit (Artocarpus heterophyllus), breadfruit (Artocarpus altilis), lychee
(Litchi chinensis), mango (Mangifera indica), mangosteens (Garcinia mangostana), etc., produce
recalcitrant seeds.

There is a third category of seed storage behaviour comprising so-called ‘intermediate’
seeds without sharp boundaries between orthodox and recalcitrant seeds [81]. Species
with intermediate seed storage behaviour can be dried to certain SMC levels but cannot
be dried to a level as low as truly orthodox seeds [82] and often do not survive sub-zero
storage temperatures. Moreover, seeds with intermediate storage behaviour tend to lose
viability much quicker than orthodox seeds [82]. Coffee (Coffea arabica) seeds fall into this
category of intermediate seeds [81]. Depending on the cultivar, coffee seeds tolerate drying
to 5–10% SMC but viability at low or sub-zero temperatures is rapidly lost. Seeds of alpine
species are also significantly shorter lived than their lowland counterparts, possibly due to
abnormal seed development under the cool and wet conditions of the alpine climate [83].

As species producing seeds with intermediate or particularly recalcitrant storage
behaviour have extremely limited longevity in a seed genebank, they are commonly stored
in field genebanks and/or as in vitro collections for medium-term conservation and/or in
liquid nitrogen for long-term conservation.

3.1. Short-, Medium- and Long-Term Ex Situ Storage of Orthodox Seeds

In general, orthodox seeds are relatively small and require little storage space for the
conservation of a representative sample of the source population and further sub-samples
for distribution, viability checking, and safety back-up. Crops commonly conserved in
seed genebanks include cereals such as rice, wheat, barley, oats, sorghum, millet, maize,
grain and forage legumes, most vegetables, and some fruit crops. True seeds of crops such
as those from potato, which are commonly propagated vegetatively, can also be dried and
stored at low temperature [84]. This is common practice with wild potato germplasm, and
accessions are maintained as botanical seeds or true-potato seeds (TPS). A representative
number of 20–50 individuals are typically collected from a wild population, and seeds
are regenerated and combined to form a unique genebank accession of heterogeneous
seed, which is expected to represent most alleles found in that population [85]. Seed
samples of such wild potato germplasm accessions thus represent a heterogenous mix
of genotypes, whereby each genotype represents a portion of the genetic make-up of the
sampled population.

The core operations of a genebank conserving the seeds of orthodox species comprise
cleaning, seed drying, viability and health testing, packing, storage, and distribution to
users and for a safety back-up [86]. When seed stocks are running low or when seed
viability drops below a minimum threshold, seed lots need to be regenerated for seed re-
plenishment. All these genebank operational steps are documented and in many genebanks
are supported by a genebank information system [87].

Most genebanks conserving PGRFA have the mandate to distribute germplasm to
a range of different users and, for practical reasons, store the seeds of most collected or
acquired accessions in a base and an active collection when justified. The most-original
seed samples are kept in the base collection for long-term conservation, aiming at the
highest level of genetic integrity of the stored sample with the original sample [78]. The
active collection is oriented towards seed regeneration (triggered by low viability), charac-
terization, evaluation, multiplication (triggered by low seed stock), and distribution and is
generally kept under medium-term storage (MTS) conditions.

The base collection for any given species or a crop genepool may be distributed
over several institutions, as is the case in Europe, with the implementation of a European
Genebank Integrated System, abbreviated as AEGIS [88]. In contrast, the United States
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Department of Agriculture (USDA-ARS) has a network of genebanks holding the active
collections for different crops in 19 different locations across the country, with one main
base collection held at the National Laboratory for Genetic Resources Preservation (NLGRP)
in Fort Collins, Colorado, serving all of the regional genebanks. The NLGRP maintains the
US system backup of more than 445,000 accessions, representing 86% of the seed collections
and 15% of the clonal collections [89]. Seeds are not distributed from the base collection to
the users, but rather, they are distributed from the active collections.

The active collections comprising the bulk of orthodox seeds stored in most genebanks
are to be kept under medium-term storage (MTS) conditions at temperatures ranging from
5 ◦C to 10 ◦C and at a relative humidity (RH) of 15 ± 3 percent for seeds that are stored
in open containers [78]. Frequently, MTS conditions have a narrower range from +2 to
+5 ◦C [86,89,90], and RH adjustment is not required if seeds are stored in hermetically
sealed pouches or containers. Refrigerated seed storage under MTS conditions is adequate
for up to 30 years [78]. It should be noted that seeds stored in hermetically closed containers
are to be dried in a controlled environment with a temperature range between 5 and 20 ◦C
and a RH between 15 and 25%, depending on the species.

The base collections are stored under long-term storage (LTS) conditions at sub-zero
temperatures of typically −18 to −20 ◦C [86,89–91], and the seeds are dried as mentioned
above for MTS, maintaining high seed quality over long, species-specific periods of up to
100 years or more.

Other genebanks whose major focus is not the use plant agrobiodiversity facilitation
but rather whose focus is on the long-term conservation of globally threatened species (with
relatively few sample requests), store all of their seeds exclusively under LTS conditions.
This applies, for example, to the Millennium Seed Bank (MSB) of the Royal Botanic Gardens
Kew, where dried seeds are transferred to air-tight glass containers or aluminum foil bags
and are stored in the seed vault at −20 ◦C [91].

Assessing 42,000 seed accessions representing 276 species in the USDA National Plant
Germplasm System provided evidence that some species produce orthodox seeds of short
longevity in dry storage [92]. Some plant families had typically short-lived seeds (e.g.,
Apiaceae and Brassicaceae) or long-lived ones (e.g., Malvaceae and Chenopodiaceae).
Moreover, environmental factors seem also to determine seed longevity, as seeds from
species originating from certain localities in Europe had short shelf lives, while seeds of
the same species originating from localities in South Asia and Australia had much longer
shelf lives. For these reasons, some genebanks additionally cryopreserve samples of those
orthodox seeds that are expected to be very short-lived, even under LTS conditions [93,94].

Under short-term storage (STS) conditions, the seed quality and the viability of or-
thodox seeds with long shelf lives can be maintained for a minimum of eight years under
ambient conditions if 25 ◦C is not exceeded, and the relative humidity in the storage room
is kept at 10–25% [78]. At the World Vegetable Center in Taiwan, working collections of
breeders and other researchers are kept in STS conditions at 15 ◦C and 40–45% RH [90].

3.2. Field Genebanks

Although seed desiccation sensitivity affects only about 8% of flowering plants [72],
there are many field and horticultural crops as well as (agro)forestry species that cannot be
conserved long-term in conventional seed storage and that require different forms of con-
servation, such as in field genebanks, in in vitro collections, and/or in liquid nitrogen [93].
Among those are species that only produce recalcitrant or intermediate seeds with a short
storage life span. Moreover, some species take several years to produce seeds, such as
yucca (Yucca sp.) and bamboo (a species of the Poaceae subfamily Bambusoideae), while
other crop species hardly produce seeds and are only vegetatively propagated, such as
edible banana and plantain (Musa sp.) [95].

Major food crops that are commonly clonally propagated and therefore conserved in
field genebanks include herbs, shrubs, vines, and trees, and these food crops belong to about
34 families [96]. Among those are sub-tropical and tropical shrub and tree species, such as
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coffee (Coffea sp.), cacao (Theobroma cacao), rubber (Hevea brasiliensis), coconut (Cocus nu-
cifera), peach palm (Bactris gasipaes), breadfruit (Artocarpus altilis), mango (Mangifera indica),
citrus (Citrus sp.), avocado (Persea americana) many temperate fruit trees, root and tuber
crops such as potato (Solanum tuberosum), cassava (Manihot esculenta), yams (Dioscorea sp.),
sweet potato (Ipomoea batatas), taro (Colocasia esculenta), other aroids, bananas, garlic (Al-
lium sativum), shallot (Allium cepa var. aggregatum), grasses such as sugarcane (Saccharum
officinarum), and forages. Additionally, temperate and sub-tropical fruit trees like peach
(Prunus persica) and apricot (P. armeniaca) are typically clonally propagated to maintain the
genetic constitution of the variety. As their seeds are non-orthodox, i.e., they cannot be
dried to low seed moisture content and thus cannot be stored for longer periods at low
temperatures, they are maintained in field genebanks and increasingly as in vitro materials
(see Section 3.3) or cryopreserved (see Section 3.4). Although some of those crops are
sexually fertile, they do not breed true to type, hence, the preferred method is vegetative
propagation which enables the maintenance of genotypes as clones.

In field genebanks, the plant genetic resources are kept as live plants that undergo
continuous growth and require regular care and maintenance. Accessions maintained in
field genebanks need considerable space, especially tree species, and require much more
attention in their day-to-day management than seed or in vitro collections, as the plants are
continuously exposed to biotic and abiotic stresses. Integrated pest and disease measures
are essential to ensure that plants are free of pathogens [97].

Given the exposure of plants in field genebanks to biotic and abiotic stresses and phys-
ical security threats (invading animals, theft), these do not present the most secure methods
of germplasm conservation; however, they are often the only practical and cost-effective
choice to conserve the germplasm of clonal crops, especially when resources and skills for
alternative conservation approaches, such as in vitro conservation or cryopreservation, are
out of reach.

When field genebank conservation is the only viable alternative, careful planning
of site selection and appropriate field management can help to mitigate those risks. The
revised and updated Genebank Standards of the FAO [78] indicate the best practices
for the safe establishment and management of field genebanks, including the choice of
location, the acquisition of germplasm, the establishment of field collections, appropriate
field management, the regeneration and propagation of plant material, characterization,
evaluation, documentation, distribution, and security and safety duplication.

3.2.1. Risks Associated with Field Genebanks

Adaptation of accessions. If environmental and soil conditions as well as the elevation
of the field genebank are quite different from the site where plant material was collected,
some poorly adapted accessions may fail to develop properly or may grow much more
slowly than better adapted accessions. Moreover, poorly adapted accessions are also more
prone to pest and disease infestations, hence losses of individual plants or entire accessions
might occur over time. To mitigate such risks, a decentralized field genebank approach
might work better, if it is feasible, i.e., the establishment of poorly adapted accessions at
sites with agro-ecological conditions that are more like the original collection site [78]. The
natural environment of the original site can be simulated to some degree, as is practiced at
the international coffee field collection maintained by CATIE in Turrialba, Costa Rica [98].
Dense and almost permanent shade is provided for the wild genotypes from Ethiopia,
while the cultivated accessions from East Africa are exposed to full sunshine. Cultivated
accessions are grown under light shade, as is the case in commercial coffee production.
Curational staff must always pay special attention to the growth and performance of the
accessions of wild species to avoid plant losses. Poorly adapted accessions should also be
duplicated at alternative sites or grown in greenhouses to avoid the loss of entire accessions.
A safe alternative backup option is the cultivation of valuable, irreplaceable accessions in
in vitro conditions or their preservation in liquid nitrogen. The latter has been shown to be
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an interesting long-term conservation approach for coffee germplasm, as cryopreservation
costs (in perpetuity per accession) were lower than conservation in field genebanks [99].

Physical safety and plant health considerations. The absence of major threats from
natural calamities, such as earthquakes, volcanoes, hurricanes, typhoons, and floods is
important when deciding on the location of a field genebank [78]. A safe distance of at
least 10 km radius from active volcanoes should be maintained to avoid damage from lava
flow and rocks. Areas that are frequently in the path of hurricanes, typhoons, or snow
avalanches should be avoided. Firebreaks can be established if bushfires are a known risk.
Fencing and security guards will help to avoid vandalism, theft, and damage by large
animals. It is good practice to choose a location where the target crop has not been grown
previously to avoid the heavy infestation of major pathogenic diseases or insect pests that
might cause plant losses or make disease and pest management very costly [97]. Soils might
harbor fungal, plasmodiophorid, oomycete, and bacterial pathogens as well as viruses
and plant parasitic nematodes, and termites that are detrimental to plant growth and that
may lead to plant death. Many of the soil borne diseases are difficult if not impossible to
manage and to eradicate with conventional means. The spread of soil-borne fungi (e.g.,
Rosellinia sp.) led to the death of numerous cacao trees and the entire loss of accessions,
making it necessary to relocate the international cacao collection conserved by CATIE in
Costa Rica to two new alternative sites [100]. Fire blight caused by the bacterium Erwinia
amylovora is one of the most devastating apple diseases worldwide, and it can severely
damage or even eradicate susceptible apple accessions in field genebanks [101]. Given all of
the above-mentioned physical safety and plant health challenges with clonally propagated
materials, the only safe long-term conservation option for such crops is cryopreservation,
which is described further below.

Genetic integrity. Outcrossing species that are used to produce seeds for distribution
requires a safe isolation distance to avoid the potential impact of geneflow and contamina-
tion from nearby commercial crop stands or from wild populations of the same species [78].
Many forage grasses are out-breeding, and it is recommended to use an isolation distance
of at least 100 m between accessions [102]. Larger isolation distances are required for peach
palm, as pollination is mainly conducted by insects, particularly small beetles, over dis-
tances between 100 and 500 m; wind and gravity can also function as pollen vectors [103].
The maintenance of such large isolation distances is important to preserve rare agronomic
traits such as spineless peach palm varieties, e.g., ‘Putumayo’ and ‘tanque de San Car-
los’ [104] and make such germplasm with highly sought-after characteristics available for
distribution to users. As shown with this specific example, the maintenance of genetic
integrity is critical for the facilitation of the use aspect of the PGRFA for direct cultivation or
breeding and less so for the long-term conservation of such rare alleles within a population.

Spread of systemic pathogens. While most systemic pathogens are not transmitted
via seeds, clonal propagules are often associated with the spread of such pathogens [96].
Therefore, field genebanks as a source of materials for distribution present serious prob-
lems for germplasm exchange. Many national or regional disease outbreaks have been
associated with the transfer of vegetative propagules, e.g., the spread of banana bunchy
top virus (BBTV) to Africa and within the continent, aggressive strains of potato late blight
(Phytophthora infestans) in Africa and Asia, and potato cyst nematode (Globodera palladi) in
East Africa, among others [105]. To avoid the spread of dangerous pathogens through the
exchange of clonally propagated germplasm, the Germplasm Health Units of the CGIAR
recommend the generation of virus-free in vitro plants for germplasm exchange as per the
FAO-International Board for Plant Genetic Resources (IBPGR) technical guidelines for the
conservation and safe distribution of these crops [106]. All germplasm material exported
and imported by CGIAR centers are tested for viruses and other pests as per guidance
provided by the National Plant Protection Organizations (NPPO), and only material that
is free of viruses and other pests are released to clients. Procedures for germplasm health
testing, phytosanitation, and safe international transfers for clonally propagated crops as
well as seed crops have been thoroughly reviewed by Kumar et al. [105].
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Rejuvenation. Low plant vigour, loss of plants within accessions due to pest and
disease pressure, and the high age of plants are major reasons for the rejuvenation of
accessions in a field collection. The loss of a single individual plant usually could entail
genetic erosion within the accession because there are normally only very few plants
representing each accession, sometimes only one individual, especially in the case of woody
species. According to Reed et al. [97], the number of replicates is often limited to between 5
and 10 for cassava, 10 and 12 for sweet potato, 1 and 3 for trees and shrubs, 6 and 10 for
herbaceous plants, and between 3 and 20 for bananas. In the case of the USDA-ARS apple
field collection, for example, trees are grafted in the nursery on M7 dwarfing rootstocks
and then planted as duplicates in the fields [107]. Once the primary tree is established, the
second tree is removed, thus leaving one grafted tree per accession; hence, there is a clear
need to back up a collection to avoid genetic erosion. Regeneration and propagation have
species-specific requirements and are very costly management interventions that need to
be carefully planned. Rejuvenation might also require relocation to another site to avoid
diseases, pests, and soil infestation caused by devastating pathogens. Even handling the
entire process of raising rootstocks, vegetative propagation, and replanting to the field with
the utmost care, human errors can easily happen, and the accessions can be mixed up [95].

To avoid genetic erosion and the loss of entire accessions, a cryopreservation back-up
system is mandatory to safeguard the long-term conservation of important clonal material.
Furthermore, safety duplication of field genebank accessions is an essential activity for the
security of the conserved genetic diversity.

3.2.2. Advantages of Field Genebanks

Field genebanks provide ready and easy access to the conserved material for charac-
terization, evaluation [108], and research. Phenotypic characterization of accessions in field
genebanks is relatively easy to perform, as the plants are readily and permanently available
in the field and do not need to be grown out, which is the case for orthodox seed collections.
Because of the permanent availability of the plants in the field collection, the scoring of
characterization traits can be done at the appropriate time and repeated over the years if
necessary [78]. Reference accessions planted in the same field facilitate the correct scoring of
specific traits and the interpretation of the results that are obtained. Herbarium specimens
and high-quality voucher images will guide true-to-type identification of accessions in a
field genebank.

Germplasm users can visit the collections and inspect the plants during the vegetative
or reproductive stages to have a first visual impression, which will help in making an
informed decision on which germplasm to select and order. Fruits and/or vegetative
material are readily available for germplasm distribution. The exposure of vegetatively
propagated plants in the field genebank to changing environmental conditions allows for a
gradual adaptation process of the plants [96] in contrast to the seeds kept in seed storage in
a frozen state over several decades. This may present a major advantage to germplasm
users. In combination with the cryopreservation techniques developed for long-term
conservation of clonal germplasm, field genebanks facilitate the visual germplasm selection
process, while in vitro collections support the safe exchange of clonal plant germplasm.

3.3. In Vitro Collections

Alternative conservation strategies for vegetatively propagated crops and species
with recalcitrant seeds are in vitro cultures for short- to medium term conservation (MTS)
comprising a couple of months up to a few years—the so-called in vitro active genebank
(IVAG) [109–111]. In the IVAGs, plant material is maintained under slow-growth conditions
with species-specific successive subculturing and renewal, readily available for multipli-
cation and distribution to germplasm users. Cryopreservation in liquid nitrogen is the
technology available for long-term conservation, denominated in an in vitro base genebank
(IVBG). Technical guidelines providing guidance to researchers and genebank and botanic
garden managers for the establishment and management of in vitro germplasm collections
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have been published [95,108], and genebank standards for maintenance of PGRFA in vitro
have been developed [78].

Slow-growth culture conditions are applied to in vitro collections to reduce the fre-
quency of subculturing, which is labor-intensive and is a source of contamination of the
cultures. Entire accessions might be lost due to handling errors (mixing, mislabeling,
misidentification) and genetic instability (somaclonal variation) induced by the tissue
culture environment [95]. Under optimal growth conditions, subculture frequencies range
from one to three months, whereas under slow growth conditions, the subculture period
can vary from one to two years, depending on the crop, the environmental conditions in
the culture room, and the media composition. Slow-growth conditions aimed at reduc-
ing the metabolic activity of the in vitro plantlets can be achieved by applying physical,
chemical, or nutrient growth limitations, either individually or in combination [110,112].
Physical growth limitations are achieved, within limits, by lowering the temperature of the
growth room, often in combination with low light intensities and restricted photoperiods.
Other measures comprise minimal containment in small culture vessels resulting in condi-
tions that minimize the growth and development of plants by restricting space, gaseous
exchange, and nutrient supply [112].

Species from temperate climates are, in general, more cold-tolerant than species from
the tropics and subtropics. A low temperature regime of 2 ◦C and 10 ◦C is used for the
MTS of in vitro grown Allium species at the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK), Gatersleben, Germany, extending the culture cycle to 12 months [113].
For MTS storage of potatoes, the IPK applies a multi-step, sequential approach [114]. After
the establishment of virus-free potato material, tissue cultures are initially kept at relatively
high temperatures of 20 ◦C under long-day conditions for 2–3 months, followed by a
microtuber-induction phase with short-day conditions at 9 ◦C for 2–4 months and, finally,
a cold storage period with microtuber storage at 4 ◦C for 16–18 months.

Cold-sensitive species from the tropics and subtropics require higher storage tempera-
tures of at least 15 ◦C for sweet potato [115], 16 ◦C for Musa [116], 21 ◦C for pineapple [117],
and 25 ◦C for yam, with subculturing intervals of two months [113]. The higher the storage
temperature, the shorter the subculture intervals.

A chemical growth limitation involves the application of osmotically active agents
such as mannitol, sorbitol, and polyethylene glycol (PEG), resulting in water stress for the
tissues or the addition of growth retardants such as abscisic acid (ABA), paclobutrazol,
ancymidol, and hydrazides to the culture media [95,112]. A nutritional growth limitation
is based on low levels of macro- and micronutrients in the culture medium, resulting in the
slow growth of tissue cultures [110].

Combining physical (temperature of 6 ◦C; 16-h photoperiod), chemical (20 gL−1

mannitol inclusion in culture media), and nutritional (40 gL−1 sucrose) growth limitations,
Sarkar and Naik [118] were able to extend viability of potato microplants in vitro for up
to 30 months without subculturing. However, the only long-term conservation option is
cryopreservation, which is described in Section 3.4.

3.3.1. Risks Associated with In Vitro Collections

Freedom from contamination. Tissue culture is central to the safe movement of clonal
plant germplasm; hence, it is important to assure the purity of the cultures. During
the germplasm acquisition process a health test is conducted, and viruses, if present,
are eradicated, followed by disease indexing before entering the in vitro genebank [110].
However, it remains possible that covert, systemic endophytes go undetected and continue
residing in germplasm tissues after the disease eradication and sterilization procedures.
These organisms may become opportunistic pathogens and pandemic agents if spread
by vectors such as mites and thrips in the culture room. Furthermore, mites, thrips and
other small arthropods may cause the proliferation of fungal contaminations in the tissue
cultures, and these are quite difficult to eradicate [97].
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Correct identity of accessions. The identity of cultures may be compromised because
of human errors, such as the physical mixing of the accession samples and documentation
errors due to mislabeling or misidentification [115]. The CGIAR genebanks adopted a rigid
authentication process as part of their quality management process that starts with the
verification of the documentation that is associated with germplasm acquisition (passport
information) followed by testing the incoming accessions with standard markers and
descriptors and the application of informatics tools [110]. A wide range of molecular
techniques is available to authenticate germplasm [119]. Moreover, DNA barcoding is
evolving as a robust technology that allows routine checks for genetic authenticity and
ensures that a mistaken identity is not perpetuated [110,120,121]. Electronic barcoding
is also an important quality assurance tool that allows instant traceability and provides
current information on the status of each accession in the genebank at any point in time.
This information needs to be linked to an electronic inventory system to support the
retention of authenticated status and to prevent errors arising from transcribing hand-
written records.

Somaclonal variation. A problem that is often associated with micro-propagated
plants are somaclonal variations, i.e., genetic aberrations that are caused by mutations
or epigenetic effects [122]. This is especially the case when tissue is exposed to minimal
(slow or sub-optimal) growth conditions over long periods of time and may be due to
the accumulation of ethylene, which restricts growth and may exacerbate other stresses
induced during slow growth in in vitro storage [110]. In general, the species or crop and
the genotype within the same crop, the propagation methods and the nature of the tissue
used as the starting material, the type and concentration of growth regulators added to
the culture medium as well as the number and the duration of subcultures are some of
the factors that determine the frequency of occurrence of somaclonal variation in vitro.
Disorganized growth phases in tissue cultures, especially in callus and cell suspension
cultures, increase the chances of mutations [122]. Banana is a crop which is frequently
affected by somaclonal variation, and with increasing subculture events, the proportion of
variants can reach levels of up to 72% [123]. Plant growth regulators present in the culture
media seem to indirectly affect somaclonal variation by increasing the multiplication rate
of the cultures. To minimize problems with somaclonal variation in micropropagated
plants, it is recommended to use organized tissue systems, such as shoot cultures, upon
culture initiation, rather than callus and suspension cells, and to culture the plantlets on
hormone-free media for medium-term in vitro storage [95].

Cellular ageing and senescence. Cellular ageing leading to a loss of biochemical and
physiological functions in cells and senescence are observed during prolonged cultivation
in vitro. In eight-year-old peach palm (Bactris gasipaes) cultures, initiated through direct
morphogenesis of adventitious buds without callus formation, Graner et al. [124] observed
generalized senescence and probable ageing in clones.

Safety duplication. To avoid the aforementioned risks, it is mandatory to duplicate the
collection, either in vitro or in cryopreservation, and preferably in another distant location
to ensure that the duplicate collection is properly secured [95]. For example, the Bioversity
International Musa Germplasm Transit Centre (ITC) hosted at the Katholieke Universiteit
Leuven, Belgium and home to the world’s largest collection of banana diversity, maintains
70% of its in vitro clones in a cryopreserved base collection. A cryopreserved sample of
each in vitro clone is safely duplicated at the Institut de Recherche pour le Développement—
National Research Institute for Sustainable Development (IRD), Montpellier, France [95].

3.3.2. Advantages of In Vitro Collections

In vitro conservation has several compelling advantages when compared to field
genebanks, as accessions are not subjected to the risks of climate variability and pest and
disease outbreaks, which are frequent in the latter. The availability of germplasm samples
from a field genebank is restricted by the season, and the development stage of the plant and
the international movement of vegetative propagules carries inherent risks of transmitting
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pernicious plant pathogens [95]. In contrast, tissue culture samples are available year-
round [112], have a low space requirement, and are characterized by a high multiplication
rate [95]. Moreover, tissue cultures are an internationally recognized means of the safe
germplasm movement of disease-free material under aseptical conditions [105,106].

By limiting the international movement of vegetatively propagated plants to sterile
in vitro plants, intracellular obligate pathogens, such as viruses, viroids, and phytoplasmas,
are the only remaining concern [105]. These pathogens can be eliminated through meristem
culture, thermotherapy, chemotherapy, electrotherapy, and cryotherapy [110,125–127]. In
grapevine, electrotherapy consisting of the electric stimulation of grapevine herbaceous
cuttings with an electric current of 40–100 mA for 5–20 min in an electrophoresis tank
followed by the in vitro regeneration of new plants has been successfully used for the
complete and/or partial elimination of viruses [126]. Cryotherapy is an option for pathogen
eradication in those crops for which cryopreservation protocols are available, and it has
been successfully applied to several crops, such as potato (Solanum tuberosum), sweet potato
(Ipomoea batatas), grapevine (Vitis vinifera), citrus (Citrus sp.), raspberry (Rubus idaeus),
banana (Musa sp.), apple (Malus domestica), kiwifruit (Actinidia chinensis), and gentian
(Gentiana triflora) [127,128]. Detailed protocols for pathogen (virus, viroids) elimination
and plant health status verification as they have been applied for banana, cassava (Manihot
esculenta), potato, sweet potato, and yam (Dioscorea sp.) by the CGIAR genebanks have
recently been summarized by Kumar et al. [105].

In summary, slow growth in an in vitro culture system is a successful method of secur-
ing plant germplasm under medium-term storage conditions, similar to field genebanks.
In vitro genebanks that cultivate clonally propagated crops can apply various methods for
pathogen elimination, enabling the safe distribution of clonal plant germplasm to users.
Apart from field genebanks, it is the only method to conserve crops with recalcitrant seed
that cannot (yet) be cryopreserved due to the lack of successful cryopreservation protocols.
It is also an essential element for the recovery of cryopreserved plant germplasm and,
therefore, an essential link to the long-term conservation of a crop germplasm that does
not produce orthodox seed.

3.4. Cryopreservation

Given the limitations and problems associated with field genebanks and in vitro
collections described above, cryopreservation, i.e., the storage of biological material at an
ultra-low temperature, usually in liquid nitrogen (−196 ◦C) or its vapor phase (between
−140 and −180 ◦C), is the only method that is currently available to ensure the safe and
cost-effective long-term conservation of the PGRFA of species that have intermediate or
recalcitrant seeds, that hardly produce seeds at all, or that are vegetatively propagated [129].
Cryopreservation can be applied to both in vivo materials, such as seed and dormant buds,
as well as to in vitro materials comprising cell suspension and callus cultures, shoot tips,
somatic and zygotic embryos, and embryonic axes [130].

Plant cryopreservation studies started about 60 years ago, when Sakai [131] was able
to show that cold-hardened tissue sections of mulberry twigs were able to survive exposure
to liquid nitrogen when first pre-frozen at −20 ◦C, a step that led to the dehydration
of the freezable water in the cells. He clearly demonstrated that the hardening of the
cells through exposure to low winter temperatures and the dehydration of their tissues
were essential elements of tissue survival. The formation of ice crystals within the cells
of cryopreserved material leads to cell death. Effective dehydration removes all of the
freezable water from the cells and leads to the vitrification of the highly concentrated cyto-
plasm [132]. Vitrification means the transition of water directly from the liquid phase into
an amorphous phase or glass, avoiding the formation of lethal ice crystals in the cells [95].
Cryopreservation procedures comprise slow and controlled rate cooling techniques as well
as different dehydration techniques prior to direct immersion in liquid nitrogen. The latter
include dehydration, vitrification, encapsulation-dehydration, encapsulation-vitrification,
pre-growth, pre-growth dehydration, and droplet-vitrification [130,132].
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3.4.1. Dehydration

The dehydration of explants intended for cryopreservation is mainly used with seeds,
zygotic embryos, or embryonic axes extracted from seeds followed by direct immersion in
liquid nitrogen for rapid cooling, except for oily seeds (e.g., Arachis hypogea), which require
a slow pre-cooling phase in a programmable cooler before cryopreservation [130] and a
slow seed imbibition phase over water [133]. The natural cold acclimatization of twigs in
combination with dehydration is also a key element for dormant bud cryopreservation,
which usually requires controlled-rate cooling [134,135]. At the Millennium Seed Bank of
the Royal Botanic Gardens, Kew, desiccation-tolerant, orthodox seeds of wild species with
short lifespans under standard long-term conservation conditions (−20 ◦C) are dried at
about 32 ± 3% RH at 18 ◦C and are then stored in the vapor phase of liquid nitrogen [94].
In general, cryogenic storage extends seed longevity compared to conventional freezer
storage [133]. However, the extension of seed longevity seems to be species-specific, and,
above all, a high initial seed quality is critical to maximize the benefits of cryostorage [136].

Apart from orthodox seeds, dehydration has also been applied to seeds, embryos, and
embryonic axes of a wide range of recalcitrant and intermediate tropical species [137]. Such
species are usually dried to a SMC (fresh weight basis) ranging from 10 to 20% [130].

3.4.2. Controlled-Rate Cooling

Controlled-rate cooling is commonly employed for temperate and subtropical species,
including dormant buds, apices of cold-tolerant species, and undifferentiated cell cultures,
such as callus and cell suspension cultures [130,132], as well as for oily seed species [133].
The use of dormant buds for cryopreservation is a relatively easy and cost-effective cry-
opreservation method, as it does not involve aseptic cultures and the excision of shoots.
An effective protocol for the cryopreservation of dormant apple buds (Malus sp.) was
developed at the USDA National Center for Genetic Resources Preservation (NCGRP) in
Fort Collins Collins, Colorado, USA [134], and more than 2300 apple clones have been
cryopreserved and are currently being maintained in liquid nitrogen vapor conditions [107].

Volk et al. [138] provide a detailed description of the apple dormant bud cryopreser-
vation protocol consisting of the following steps: (i) collecting dormant budwood twigs in
mid-winter and cutting them into single node segments; (ii) air-dehydrating the twigs at
−5 ◦C and 35% RH to a 25–30% moisture content (fresh weight basis—fwb); (iii) placing the
dehydrated twigs in tubes that are heat-sealed, labeled, and placed in cryoboxes for slow
freezing in a programmable cooler at 1 ◦C per hour from −5 ◦C to −30 ◦C and holding
this temperature for 24 h; (iv) transferring pre-frozen boxes to the vapor phase of liquid
nitrogen for long-term storage; (v) allowing the cryopreserved nodal sections to rehydrate
at 2–4 ◦C for 14–21 days on moist peat moss for recovery; and finally, (vi) the rehydrated
buds are budded onto potted seedling rootstocks (2 buds per rootstock).

Apart from apples, the described dormant bud cryopreservation has also been suc-
cessfully developed for pear (Pyrus sp.) [139] and sour cherry (Prunus cerasus) [140]. Recent
studies [141] confirmed that the air drying of dormant budwood to ~30% moisture content
followed by slow cooling before liquid nitrogen storage was the most critical pre-storage
treatment for increasing freezing resistance and cryosurvival. The fruit crops that were
covered in these studies included apple, pear, sweet cherry (Prunus avium), apricot (Prunus
armeniaca), and peach (Prunus persica). For peach, the best pre-storage moisture level was
slightly higher at 35% (fwb), an indication that desiccation sensitivity may contribute
to low cryosurvival. Similar protocols for the cryopreservation of dormant blueberry
(Vaccinium sp.) are also under development, and it has been shown that the pre-harvest
temperature of the twigs (which should remain below 11.2 ◦C for a 10-day period) is
a critical factor for the successful post-cryopreservation viability of blueberry dormant
buds [142]. In the case of mulberry (Morus sp.) [143] and blackcurrant (Ribes nigrum) [144],
cryopreserved buds are recovered in vitro before being transferred to the field.
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3.4.3. Vitrification-Based Cryopreservation Protocols

Apart from the conventional dehydration of the tissues to be cryopreserved, several
protocols make use of the addition of cryoprotectants to increase the viscosity and to
achieve suitable cellular dehydration, while avoiding ice formation [145]. A total of
seven vitrification-based cryopreservation protocols can be distinguished [129,130], which
consist of (i) encapsulation dehydration; (ii) vitrification; (iii) encapsulation-vitrification;
(iv) dehydration; (v) pre-growth; (vi) pre-growth dehydration, and (vii) droplet vitrification.

Droplet vitrification is now the most common and most widely used cryopreservation
protocol for hydrated tissues, such as in vitro cultures [95]. This method exposes meristem
tips to plant vitrification solution (PVS), leading to a more concentrated, vitrifiable cell
solution, which can then be exposed to liquid nitrogen for long-term cryostorage [95,132].
Recent modifications to the droplet vitrification method comprise the use of aluminum
cryoplates with encapsulation dehydration or encapsulation vitrification [146–148]. With
these more recent protocols, meristems are enclosed in tiny drops of calcium alginate
and placed on the aluminum plate before being dehydrated and subsequently exposed to
liquid nitrogen. Cryopreservation by droplet vitrification has been successfully tested in
grapevine (Vitis vinifera), gentian (Gentiana triflora), potato (Solanum tuberosum), kiwifruit
(Actinidia chinensis), and raspberry (Rubus idaeus) in New Zealand. This technology is also
being applied for the pathogen eradication of viruses and bacteria infecting those crops,
thus ensuring the long-term conservation of healthy clonal plant material [127].

Unfortunately, there is no ‘generic cryopreservation protocol’ that can easily be
adopted and adapted to a wide range of species. The science and methodology of cryop-
reservation, i.e., protocol development, is still a major challenge for many crop species. A
further difficulty is the successful implementation of available cryopreservation protocols
to an entire crop collection, as some genotypes within the same species might not respond
favorably to a specific protocol requiring further modifications [95,132,149].

Major cryopreserved collections of temperate, subtropical, and tropical plant species
include apple (Malus sp.), pear (Pyrus communis), Citrus sp., mulberry (Morus sp.), potato
(Solanum tuberosum), grape (Vitis vinifera), coffee (Coffea arabica), Musa, sweet potato (Ipomoea
batatas), cassava (Manihot esculenta), yam (Dioscorea sp.), strawberries (Fragaria × ananassa),
hops (Humulus lupulus), garlic (Allium sativum), chives (Allium schoenoprasum), mint
(Mentha sp.), and medicinal plants (for an overview of conservation institutes, crops con-
served, and cryopreservation methods used, please refer to Panis [150]). Recently, O’Brien
et al. [148] reported on the successful cryopreservation of the somatic embryos and shoot
tips of avocado (Persea sp.). It has been estimated that about 100,000 unique accessions
of vegetatively propagated and recalcitrant seed crops require long-term conservation
through cryopreservation, while currently, about 18,500 accessions are conserved by this
method [151], up from the approximately 10,000 accessions reported by Acker et al. [149].
Most cryopreserved accessions belong to five crops: potato (38%), cassava (22%), bananas
and plantains (11%), mulberry (12%), and garlic (5%) [149].

3.4.4. Advantages and Limitations of Cryopreservation for Long-Term Conservation

The major benefit of cryopreservation protocols is the fact that this technology is the
only available method that allows the safe and long-term conservation of many species that
are vegetatively propagated or that have recalcitrant seeds (mostly from the tropics and sub-
tropics), which otherwise can only be conserved in field genebanks or in in vitro collections.
The inherent risks and the short- to medium-term nature of these conservation methods
have been described above. In general, introducing an accession into cryopreserved storage
is more expensive than establishing an accession in in vitro culture or in the field. However,
the costs of maintaining an accession in cryopreserved storage for the long-term (above
20 years) are considerably lower than those of maintaining an accession in the field or
in vitro, particularly when dealing with a large number of accessions [99,130,132,149].
Moreover, cryopreservation is a conservation method that ensures genetic stability over
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long periods of time. In addition, cryotherapy offers additional benefits for the removal of
viruses from a wide range of vegetatively propagated crops [127,128].

At present, over one million seed samples from national and international genebanks
are being conserved at the Svalbard Global Seed Vault (SGSV), Norway, a global security
back-up system for long-term seed conservation, at −18 ◦C [152]. Although clonal crop
collections can be duplicated for safety reasons at other locations, either in the field or
in vitro, the safest backup approach would be the cryopreservation of a safety duplicate. A
recent feasibility study concluded that a safety backup facility similar to the one in Svalbard,
Norway is required to accommodate a duplicate of the approximately 10,000 unique
accessions currently cryopreserved at the global level and to offer space for additional
safety duplicates arising from on-going cryopreservation activities [149]. Unfortunately,
the implementation of this important proposal has not yet started.

3.5. DNA Banks

DNA storage is regarded as an emerging complementary ex situ technique for safe-
guarding the genetic diversity of a crop’s genepool, especially for species that are difficult to
conserve by conventional means in the form of seeds or vegetatively in field genebanks, in
in vitro collections, or via cryopreservation and that are highly threatened in the wild [153].
The transfer of genetic material in the form of DNA samples rather than seed would be
especially meaningful for programmes that focus mainly on genetic and genomic stud-
ies and not on agronomic performance. It is a lot easier and safer to exchange DNA
samples than seed or vegetative propagules, as the latter require seed/planting material
inspection, phytosanitary certificates, and post-entry quarantine testing to ensure that
the requested genetic plant resources are free from undesirable diseases and pests [154].
Moreover, shipping costs of DNA samples are considerably lower than those of seed or
vegetative material.

DNA banks can also serve as backup or safety duplicates of the physical seed, field,
or in vitro collections in case of catastrophic losses [154]. Although it is not (yet) possible
to recover a plant from a DNA sample, the storage of entire genomes (total DNA) or
genome fragments (genomic libraries) would permit the preservation of its valuable genetic
information thus contributing to the objective of gene or genome conservation [155,156].
With the impressive advances in molecular genetics, these preserved genes or genomes
might be of high relevance in the future. Genome conservation could play a major role
for species that are currently under threat of extinction or that are already extinct [156].
While DNA banks are considered as a common genetic biodiversity repository [157],
Datlof et al. [158] were able to demonstrate that the tissues of target species stored in
DNA banks also harbour their corresponding microbial symbionts, many of which are yet
to be discovered.

In anticipation of the emerging role of genomics in the conservation of PGRFA, the
International Plant Genetic Resources Institute (IPGRI, now Bioversity International) con-
ducted a global survey on the feasibility of DNA storage and use in 2004 and published
its findings in a book on “DNA banks—providing novel options for genebanks” [159].
Guidelines for the management of DNA banks have been reviewed and described by
Hodkinson et al. [160]. DNA resources can be maintained at −20 ◦C for short- and medium-
term storage, i.e., up to 2 years, and at −70 ◦C or in liquid nitrogen for much longer
periods, comparable to long-term seed storage [161]. Several factors, such as space, con-
tainers, frequency of access, cost, stability (temperature fluctuations), and security (break-
down of equipment) impact decisions about using conventional freezers (−18 to −20 ◦C),
−80 ◦C freezers, or liquid nitrogen storage [162]. Liquid nitrogen (LN2) freezers are the
most secure option, as they do not require mechanical compressors; hence, the equipment
does not fail in the event of power outages. However, this option is more costly and is
primarily used for the long-term storage of hydrated samples. Preservation stresses, such
as the drying of tissue to be stored, freezing, or the factor time, may inflict some damage to
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the DNA, but most chromosomal aberrations are repaired in the surviving cells after a few
cell divisions [162].

Purified DNA dissolved in buffer may be safely stored for 1–2 years at 4 ◦C for
4–7 years at −18 ◦C and for more than 4 years at −80 ◦C, however, the overall fragment
size and, consequently, the DNA quality decreases with storage time [162]. Long-term
DNA conservation can also be achieved using a solid medium, such as cellulose-based
cards, instead of DNA dissolved in buffer [154]. The paper conservation method is also
an efficient means of inactivating pathogens and protecting plant DNA from degradation.
DNA can either be stored within the tissue after transfer to the paper or as extracted DNA
after submitting the plant tissue to an extraction protocol and transferring the nucleic acid
to the paper. The DNA that is conserved on paper can be safely stored at room temperature
and 30% relative humidity, at least for medium-term storage [162]. DNA samples on paper
can be easily exchanged among institutions, and identification is facilitated by bar-coded
tags that allow for a complete recovery of the sample information.

An interesting further development of the use of paper for DNA storage and exchange
is the development of DNA books. DNA clones or PCR products are printed directly
onto the pages of books and are delivered to users along with the relevant scientific
information [163]. The DNA sheets are not damaged by high temperatures and humidity,
conditions that might be imposed on the sheets during bookbinding and delivery to the
recipients. Recipients can extract the DNA fragments from the DNA sheets and can amplify
them using a polymerase chain reaction (PCR). In this context, we can refer to the Rice
Full-Length cDNA Encyclopedia DNABook™, which contains 32,000 clones printed on
special paper and is bound as a book [153]. A DNA book allows the efficient maintenance
of tens of thousands DNA materials in a small space and under ambient conditions. It is
an approach that is much less costly than DNA storage in a freezer and allows distribution
using ordinary mail.

However, a study conducted by Colotte et al. [164] clearly demonstrated the necessity
of protecting DNA from the air (humidity, ozone) to preserve its integrity at room tempera-
ture. Such conditions can be created by DNA encapsulation in laser-sealed capsules and
accelerated ageing studies at a high temperature (76 ◦C) and at 50% RH for 30 h did not
show any detectable DNA degradation [165]. Storing DNA samples for longer periods
under these accelerated aging conditions required the addition of trehalose, which provides
a protective matrix to the encapsulated DNA. By extrapolation, this could correspond to
100 years of storage at 25 ◦C, according to the Arrhenius model [165]. Therefore, DNA
encapsulation seems to be a safe method for long-term DNA storage at room temperature,
guaranteeing durable DNA stability and facilitating the international movement of DNA
samples for molecular biology research.

Within living organisms, DNA is physically and chemically isolated from the environ-
ment, and this barrier can keep DNA intact, sometimes for hundreds of thousands of years,
as seen in DNA extracted from frozen environments [166], but it can also protect it from
arid, hot environments [167]. Lake sediments have also been suggested for ancient DNA
studies [168]. Given the fact that DNA can be degraded during extraction and storage,
most DNA banks store cells or tissues and extract DNA upon request [158,162]. Seeds are
an efficient and inexpensive means of storing the DNA of individual genotypes. As long as
seeds are viable, the supply of DNA is guaranteed. However, even seeds that have lost
viability can still be used for DNA extraction and amplification, as has been shown in the
case of 70- and 135-year-old seeds that were stored under ambient conditions [169]. This is
of special relevance for accessions collected from wild populations, i.e., crop wild relatives,
which might be threatened in situ.

As DNA can withstand significant variations in temperature as well as modest vari-
ations in moisture and offers tremendous information density, DNA storage is currently
being explored beyond biological systems for the safe, long-term preservation of impor-
tant information, such as a global seed vault [170]. Koch et al. [171] developed a storage
architecture, called the DNA of things (DoT), for storing DNA-encoded information in
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3D-printed objects. To protect the DNA from degradation at the elevated temperatures
of 3D-printing, the DNA is encapsulated in nanometer silica beads and is then fused into
the raw materials used for 3D-printing. Through this approach, the molecular memory
can be concealed in the object and recovered at any time, even after the object has been
damaged [172]. The encoded information can be retrieved by sequencing the DNA that
has been extracted from a tiny portion of the object.

3.6. Pollen Banks

Pollen conservation is a complementary tool for the management and exchange of
plant genetic resources, as it helps to conserve the alleles of a genotype or a population [173].
Pollen storage also facilitates crosses in breeding programmes, for example, for wide
crosses, when natural pollen production is low or to overcome flowering asynchrony
between parents [174]. Other uses of pollen storage include fertility research and studies
in basic physiology, biochemistry, and biotechnology for gene expression, transformation,
and in vitro fertilization [175]. Pollen should be harvested at peak anthesis, preferably in
the morning hours [176]. To save collecting and processing time, it is often recommended
to collect anthers in the field and then to separate the pollen grains from the anthers in
the laboratory [173]. Pollen is quite sensitive and deteriorates quickly when kept at room
temperature and at high relative humidity (75%) [177].

Cytological studies undertaken with 265 plant families by Brewbaker [178] revealed
that about 68% release pollen in the bicellular state at anthesis (e.g., Rosaceae), 20% in
the tricellular state (e.g., Compositae), and the remaining 12% releases in both types. The
nuclear state of pollen grains at anthesis is a major determining factor for pollen viability
during storage. While tricellular pollen has high moisture levels at anthesis (approx.
40–60%) and is desiccation-sensitive, bicellular pollen usually is drier at anthesis and can
be safely dried to moisture levels below 10%, and its storage behaviour is similar to that
of a desiccation-tolerant seed [175]. Longevity is increased by storing pollen at lower
temperatures and at a lower moisture content. Apart from storage conditions (temperature
and moisture content), the storage atmosphere can also affect longevity. Freeze-dried and
vacuum-dried pollen showed greater longevities when stored in a vacuum compared to
storage in air [179]. Similarly, pollen viability was enhanced when stored in nitrogen [180].
The beneficial effects of vacuum and nitrogen atmospheres on pollen viability are especially
evident at temperature ranges from −5 ◦C to ambient conditions [175]. The pollen of
several species can be successfully stored at temperatures ranging from 4 ◦C to −20 ◦C for
the short-term [173].

Long-term storage is required if pollen is intended for germplasm conservation and
exchange. In this case, pollen should remain viable and functional for about 10 years [181],
and the safest way to achieve this is storage in freezers at −80 ◦C or in cryogenic stor-
age [174,175,182]. Pollen cryopreservation has been successfully demonstrated for a vast
range of horticultural crops as well as for staple food crops, forage grasses, ornamental and
medicinal plants, and forestry species [182]. As shown by Ren et al. [183], the longevity
of cryopreserved pollen seems to be species-specific. The pollen of 102 ornamental plant
species/cultivars affiliated to 32 genera of 14 families showed the following changes in
pollen viability after cryogenic storage for about 10 years: 11.7% (12 species/cultivars) had
increased viability, 16.7% (17 species/cultivars) had stable viability, and the viability of
71.6% (73 species/cultivars) showed a decreasing trend.

Pollen with high moisture levels does not survive exposure to freezing temperatures,
most likely due to intracellular ice formation [175]. Therefore, pollen grains are dehydrated
before their immersion in liquid nitrogen using silica gel, saturated salt solutions, or drying
in an airflow cabinet or oven at 35 ◦C [174,184].

Desiccation-sensitive pollen such as maize can also be cryopreserved by partially
dehydrating pollen to safe moisture levels where no freezable water exists [185]. The
highest maize seed set occurred with pollen grains that were dried to about a 12–20%
moisture content. Rapid air-drying using pollen dryers that expose the pollen to air at
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20–40% RH and at 20 ◦C has been shown to be beneficial for desiccation-sensitive species
of the Poaceae, extending the tolerance of the pollen to freezing temperatures and their
longevity [181].

After cryopreservation, a quick thawing protocol is mostly completed by placing
samples in a water bath (37–45 ◦C) or holding them under running water, as reviewed by
Dinato et al. [174]. Dried pollen is susceptible to imbibitional injury during rehydration,
and this may significantly reduce their viability [186]. Slow rehydration, which can be
achieved by placing the pollen in an environment with high RH for a couple of hours at
room temperature, minimizes imbibitional damage to pollen grains [187].

Pollen viability can be assessed through the vital staining of pollen grains with fluores-
cein diacetate (FDA) or tetrazolium-based stains, through in vitro germination, or through
effective in vivo fertilization and subsequent seed production [173].

Despite several limitations, such as low the pollen production of some species, the
high labour requirement for collecting pollen, the lack of standardized protocols for pollen
processing and viability testing, and difficulties in replenishing pollen supplies when
quantities are depleted or when the pollen has deteriorated, pollen remains a valuable
genetic resource for long-term conservation in cryogenic storage. Moreover, from a biose-
curity point of view, pollen is a relatively safe means of germplasm exchange, as pests and
diseases are rarely transferred through pollen [108].

In summary, pollen conservation is an additional tool for the maintenance of plant
genetic resources and can assist plant breeders to overcome problems such as flowering
asynchrony between different parent genotypes and the production of insufficient pollen
in nature. Similar to orthodox seeds, the exchange of pollen is a safe means of germplasm
exchange, as harmful pathogens are hardly transferred through pollen. For long-term con-
servation, pollen needs to be cryopreserved, and protocols have already been established
for many species. As in other plant structures, the freezable water content needs to be
removed from pollen for cryogenic storage in order to safeguard pollen viability during
long-term storage at ultra-low temperatures.

4. Need for Complementary Conservation Approaches

The ex situ conservation of crop genetic resources largely takes place in genebanks
and, to a lesser extent, in botanic gardens. In the case of wild species, such as the relatives
of our crops, they are either conserved in their natural habitat or are collected and stored
in genebanks or botanic gardens [188]. A special category of crop genetic resources are
primitive varieties and landraces of our crop plants. Many of these are still found on farms
as part of traditional production systems, and consequently, such materials are maintained
‘on-farm’ or, when collected for the purpose of PGR conservation, are placed in a genebank.
In the case of species that grow in natural habitats but that are used by humans for food or
medicine, these are mostly left in nature [189].

The use of in situ and on-farm conservation for the routine conservation of PGRFA
had a difficult start and was fiercely debated at the FAO [13]. The strong influence of plant
breeders and of those that had food production in mind as the most important objective to
counter the strongly increasing genetic erosion in the 1960s resulted in a clear preference for
ex situ conservation. However, with the increasing interest to widen the conservation to all
cultivated plant species and more difficult crops, such as those producing recalcitrant seed
or being vegetatively propagated, have become a target for collecting and conservation.

Driven by the strong push for in situ and on-farm conservation by the CBD during
the early 1990s and the realization of the importance to also conserve the ‘difficult crops’,
a stronger focus on the use of in situ and on-farm approaches became apparent, which
is also true for agricultural crops [13]. This development is based on the fact that in situ
conservation allows the conserved materials (typically populations in equilibrium with the
ecosystem they occur in or traditional varieties and landraces to be cultivated on farm) to
remain part of the natural or agricultural environment, in which evolutionary processes
continue to manifest themselves. Thus, adaptation to changing conditions can happen,
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with or without human intervention. Furthermore, as wild plant species and crops are
typically widely growing or being cultivated, respectively, much more genetic diversity
within and between species can be conserved. The targeted conservation taxa develop
naturally under ‘local conditions’; thus, some of the political and managerial issues that
apply to ex situ conservation can be avoided. An additional advantage is that the cost of
conservation can be limited, which is predominantly confined to monitoring the genetic
and species diversity. In the case of on-farm conservation, a close link between people
and crops or species is maintained and allows adaptation to changing environmental,
cultural, and economic conditions. The on-farm conservation approach is very suitable
for ‘crowdfunded, conducted and orientated’ projects and programmes [190]. Possible
disadvantages of this conservation method are the limited access to specific subsets of the
resources conserved; the lack of adequate characterization and evaluation of the material;
and the potential and continuous danger that farmers abandon the cultivation of traditional
landraces because of their frequently disadvantaged competitive status. To conserve a
given set of genetic diversity on-farm, it will be required that the traditional agro-ecosystem
continues to play a livelihood role for the farmers. Due to the dynamic economic, social,
and environmental nature of in situ and on-farm conservation, there is a need for careful
monitoring practices [191].

The advantages of ex situ seed conservation are the capability of storing large numbers
of accessions in a collection, which is relatively cost-efficient; the reproducibility of the
results due to the availability of standardized procedures for all major food crops [78]; the
possibility to maintain specific genotypes over time; the ready access of the germplasm for
characterization, evaluation, research, and distribution; the perceived secure conservation
conditions; the generally better health conditions of conserved material and thus the lower
risk of spreading diseases; and possibly more specific aspects [191,192]. It should also be
noted that within the ex situ approach, complementarity of specific methods do exist, e.g.,
maintenance in a field genebank can be complemented by in vitro or even cryopreservation
storage, as mentioned in the previous section.

The drawback of ex situ conservation is that the germplasm materials are under static
and artificial genebank conditions during storage; thus, these accessions are ‘only’ exposed
to the selection pressures that are caused by these artificial environmental conditions and
not by the (dynamic) natural environmental or cultivation conditions under which the
conserved materials could evolve and adapt to the changing conditions.

To facilitate decision-making regarding which conservation method(s) to apply, it
is important to know the strengths and weaknesses of both in situ and ex situ methods.
The reproductive biology of the species is certainly the most critical one [193]. Genetic
erosion and other threat considerations will certainly impact the urgency and the coverage
of the genetic diversity that one must address through conservation efforts. Furthermore,
it is also important to realize that some of the decision criteria will depend on other fac-
tors, such as available infrastructure, trained staff, budget, and the prevailing legal and
policy framework as well as collaboration with other institutions inside and outside the
country. Furthermore, when planning complementary conservation strategies, the fol-
lowing additional points might also be relevant to consider: the extent of the gene pool
coverage and the distribution of the genetic diversity, both within the gene pool as well as
geographically [7]. The reproductive biology of a species is critically important to decide
which methods are applicable. The extent of genetic erosion and other threats need to be
considered [194] as well as non-biological aspects, including the socio-economic feasibil-
ity, possible support from governmental agencies, and the availability of markets (in the
case of on-farm conservation of traditional crops) are other aspects to take into consid-
eration when deciding on the combination of available conservation methods [191,195].
At the end of the day, it will have to be practical, long-term, and sustainable aspects that
should prevail.

The CBD explicitly states that in situ conservation should be given the highest pri-
ority but also states that ex situ conservation has an important role to play. Considering
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the pros and cons of the various conservation approaches, the prevailing conclusions
and recommendations are that in situ and ex situ conservation should be combined to
achieve more sustainability, long-term security, efficiency, and cost-effectiveness of PGRFA
conservation [191,192,196]. Specifically for the efficient protection of crop wild relatives,
the concept of so-called trans situ conservation has been introduced, which dynamically
integrates multiple in situ and ex situ measures, from conservation to research to education,
spanning local to global scales [197]. The conservation of wild chili (Capsicum annuum L.
var. glabriusculum) in southern Arizona is demonstrating this evolving concept.

5. Concluding Remarks

The history of the creation and growth of the global conservation system, particularly
of the international network of ex situ collections, provides a useful foundation for the
critical review of this global system. This foundation is further strengthened by a detailed
analysis of the routine genebank operations and of the importance to aim for an integra-
tion of in situ and ex situ conservation approaches. In part two of this paper, we will
critically review routine germplasm conservation activities, including the active and base
collection concept, evaluate new developments that facilitate germplasm conservation
and use, assess factors that facilitate or limit the participation of genebanks in the global
system, and provide a concluding long-term perspective for an efficient and effective global
conservation system.
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Abstract: In this paper, we review gene bank operations that have an influence on the global
conservation system, with the intention to identify critical aspects that should be improved for
optimum performance. We describe the role of active and base collections and the importance
of linking germplasm conservation and use, also in view of new developments in genomics and
phenomics that facilitate more effective and efficient conservation and use of plant agrobiodiversity.
Strengths, limitations, and opportunities of the existing global ex situ conservation system are
discussed, and measures are proposed to achieve a rational, more effective, and efficient global
system for germplasm conservation and sustainable use. The proposed measures include filling
genetic and geographic gaps in current ex situ collections; determining unique accessions at the
global level for long-term conservation in virtual base collections; intensifying existing international
collaborations among gene banks and forging collaborations with the botanic gardens community;
increasing investment in conservation research and user-oriented supportive research; improved
accession-level description of the genetic diversity of crop collections; improvements of the legal and
policy framework; and oversight of the proposed network of global base collections.

Keywords: plant agrobiodiversity; routine gene bank operations; active collection; base collection; link-
ing conservation and use; genomics; phenomics; conservation strategies; global conservation network

1. Introduction

Plant agrobiodiversity, i.e., the diversity of plants that is used or has the potential to
be used in agriculture and horticulture, has been the foundation for human subsistence for
millennia and will continue to play a decisive role in securing global food and nutrition
security for a growing population, especially under the current threat of climate change.
While 7039 edible plant species are known to science and 417 are considered food crops [1],
today, only 12 plant and five animal species are used to supply 75% of human food [2].
This over-reliance of global food production on a very small number of crops and animals
with a largely very limited number of genetically uniform, high-yielding varieties of crop
plants and breeds of animals presents a major challenge for both the conservation of
agrobiodiversity and for human nutrition and health.

While we (still) enjoy such an enormous agrobiodiversity, we are being made aware
that two out of five plant species are threatened with extinction according to current es-
timates [1]. The major threats of genetic erosion of plant species are of anthropogenic
nature and include agriculture and modern plant breeding; overexploitation of biological
resources in the wild; modification, fragmentation, and destruction of natural ecosys-
tems; rapidly expanding residential and commercial developments; pollution; and climate
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change. Conscious of the threat of modern agriculture and mankind to (plant) agrobiodi-
versity, plant introduction centers evolved since the early 20th century in several countries
that later grew out into gene banks. These efforts were made to meet the growing demand
of plant breeders for broad genetic diversity, essential for the development of well-adapted,
high-yielding varieties with resistance to biotic threats and tolerance to abiotic stresses.
The history and the major players in the development of global long-term conservation
practices and the evolving global (ex situ) conservation system have been described in a
previous paper [3].

While aiming at an accurate description of the “global conservation system” that
gradually emerged under the auspices of FAO, it has become clear that the individual
components of that system evolved somewhat “spontaneously” and that no precise goal
of that system existed. Consequently, not all components are logically embedded in the
system and suffered adjustments to the “in parallel” evolving political framework and
changing realities. Some components “disappeared”, and others were announced but did
not materialize. Thus, the authors felt it was necessary to aim at a “working definition”
of the global conservation system as follows: “A long-term global plant agrobiodiversity
conservation system of well-defined national and international ex situ seed, tissue and
plant collections that is managed under agreed genebank quality management standards
and in harmony with the prevailing political framework regarding access and benefit-
sharing, and that aims at safe, effective, efficient and rational long-term conservation and
facilitating use by making high-quality accession-level information available”.

In this paper, we focus on the major routine gene bank activities and assess several
constraints that might affect long-term ex situ conservation activities. A specific aspect of
the current long-term conservation and facilitation of use “system” is the concept of base
and active collections, as this concept has been designed in the past to address and resolve
the difficult issue of linking conservation and use.

Having looked at the different conservation approaches as well as at the major ex situ
gene bank management activities, it will be indispensable to describe the major components
of the current global (long-term) conservation system and to identify and describe its
strengths and weaknesses.

Molecular techniques, genomics, and bioinformatics have developed since the current
global conservation system emerged and have only been applied to a limited extent in
managing germplasm in gene banks and facilitating their use. In addition, communi-
cation technologies, digitalization capacities, bioinformatics, and possibly other recent
developments could well provide opportunities for strengthening the current system and
possibly help to rationalize the long-term conservation and the facilitation of the use of
conserved materials.

This paper will focus on: (i) the description of the main conservation approaches and
activities; (ii) their strengths and weaknesses; (iii) the advancements made in molecular
genetics, genomics, bioinformatics, and the considerably increased knowledge regarding
genetic diversity aspects; (iv) considerations regarding other developments that have an
impact on long-term conservation and offer opportunities for possible improvements of
the ex situ long-term conservation system, including the policy framework. Furthermore,
suggestions and recommendations will be formulated on how the current global long-
term conservation system can be made more rational and effective to allow more efficient
conservation of plant agrobiodiversity.

2. Brief Description and Critical Review of Key Routine Germplasm
Conservation Activities

In this section, we will focus on the major routine germplasm conservation activities,
typically being part of gene bank operations across the world (see Figure 1). We critically
review these operations with the intention to identify weak and/or critical aspects that
should be considered to ensure optimum performance and thus contribute to an effec-
tive and efficient global conservation and sustainable use system. It is understood that
other aspects such as sustainable funding of gene bank operations are important if not

53



Plants 2021, 10, 1904

essential prerequisites for effective and efficient conservation and for facilitating the use of
conserved germplasm materials. Funding, in particular, is such a complex, diverse and
circumstantial aspect that would require specialized knowledge and expertise to be treated
comprehensively, and to do this topic justice would blow the remit and scope of this paper.
For details on the risk of decreasing funding and staffing of conservation and breeding
programs, see the recent paper of Coe et al. [4].

Figure 1. Overview of standard operations in a seed gene bank, based on the FAO Genebank Standards [5] and adapted
from Hay and Sershen [6]. Germplasm arriving at a gene bank through a collecting mission or exchange/donation from
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other collection owners is assessed for its uniqueness, documented with all available information (passport data), and if
seed quantity allows a sample of 20–30 seeds is separated to create a seed file for future reference. As the seed amount
received is usually insufficient for storage as a base and active collection, the incoming seed lot needs to undergo a seed
multiplication phase, followed by careful seed processing. During the multiplication phase, plants and seeds are usually
characterized according to crop descriptor lists based on heritable morpho-agronomic traits. Seed subsamples will be taken
for phytosanitary testing and for an initial viability test. Each subsequent regeneration event offers the opportunity for
additional/complementary characterization and requires phytosanitary testing and an initial viability test. After equilibrium
drying, usually at 5–20 ◦C and 10–25% RH, seeds will be hermetically packed for long-term storage (base collection) at
−18 ± 3 ◦C and medium-term storage at 5–10 ◦C (active collection). Safety duplicate samples will be sent to another gene
bank for long-term conservation under a “black box” agreement and/or to the Svalbard Global Seed Vault. Due to the higher
storage temperature under medium-term storage conditions, viability testing (VT) must be conducted more frequently
compared to long-term storage conditions. Should the viability of the active collection fall below 85% of the initial viability
or seed quantity become insufficient, a seed regeneration cycle must be programmed for replenishment/replacement of the
active collection. Up to four regeneration cycles can be conducted with seeds from the active collection before seeds from
the base collection should be used. At the time of replacement of the seeds in the active collection, the viability of the seeds
in the base collection needs to be monitored independently as seed lots are now derived from different regeneration cycles.
Once seed viability of the accessions in the base collection falls below the threshold value, a new regeneration cycle with
seeds from the base collection is required, following the same steps as described for the first seed multiplication cycle. This
includes a replacement of the safety duplicate samples as their viability might also have fallen below the critical threshold
value. Across all gene bank operations, a huge amount of data is generated, which needs to be captured and adequately
managed in the gene bank information system for in-house use as well as for the benefit of germplasm users (passport,
characterization, and evaluation data).

2.1. Exploration and Collecting

Exploration of plant genetic resources is the first step after the decision has been made
to conduct a collecting mission. One critically important aspect to check before making this
decision is to see if the gene bank has sufficient capacity, adequate expertise, and financial
resources for timely and effective regeneration and sustainable long-term storage or that
maintenance of the collected materials is secured [7]. Exploration can be defined as “the
act of searching or traveling around a terrain for the purpose of discovery of resources
or information” [8]. The process of gathering information starts already well before a
trip/mission is undertaken, through literature searches regarding the “where” (i.e., the
areas and places where a given species naturally occurs, or from where it has been reported
and/or is cultivated), “what” kind of material (i.e., species and populations or varieties to
be collected) can be found, etc.

The decision to implement a mission should be based on the following actions:

• Contacting scientists in the areas concerned, asking for “on the ground information”
about aspects such as species distribution, genetic diversity, time of seed or material
maturity, genetic erosion, and threat status;

• Whether or not there have been collecting missions conducted in the past, where the
collected materials are being conserved (in situ and/or ex situ), and if the materials
would be readily available;

• Which sampling strategy had been used to obtain a better idea if “re-collecting”
of wanted genetic diversity would be justified, also from a long-term conservation
perspective;

• Targeted gap analysis on geographical coverage of the collection as well as genetic
diversity presence in the collection; and

• Possibly other specific considerations.

Such a well-informed decision also includes aspects on which geographic area(s)
to concentrate on, if a more refined search for specific information is needed through
literature searches, local contacts, etc. This refined search should include the collecting
of all available information on the population structure of the target species prior to the
collecting mission [9,10].
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The next step will be the search for collaborators and possibly specialists on the target
species and, whenever possible, local plant collectors that would be prepared to join the ex-
ploration mission, to define the best period in the year to conduct the exploration/collection,
to define what kind of outfit and equipment would be needed, etc. Finally, a formal request
will have to be made to the local and national authorities to be allowed to explore (and
possibly collect) plant genetic resources and thus, to be able to conclude a formal agreement
for traveling to the identified sites and eventually to be allowed to take collected resources
out of the country, when applicable (for details, see the work of [11]).

Frequently, exploration is combined with the actual collecting of the genetic resources
taxa that had been prioritized by the conservation program to be added to the collection,
for whatever reasons. Engels [12] distinguishes different reasons to collect as well as
different types of collecting missions, i.e., (a) rescue collecting; (b) collecting for immediate
use; (c) gap-filling for future use; (d) research; and (e) opportunistic collecting. Each of
these types of collecting missions has different objectives, might require different sampling
strategies, and might not all lead to an adequate representation of the genetic diversity for
the target taxa in the collected samples. Furthermore, he also distinguishes several types
of collecting missions, including multi-species vs. species-specific collecting, wild species
vs. crop collecting, etc. These types require different preparations, different sampling
strategies, etc. Another important aspect to ascertain before embarking on a collecting
mission is to establish what the possible precise collecting sites are, i.e., natural habitats,
disturbed areas, farming fields, marketplaces, home gardens, etc. in order to decide on the
required (transport) equipment, accommodation, possible need to prepare meals, etc. and
to determine what to collect where [12].

When in the field, taking careful notes on the collecting site (for a definition, see
the work of [12]); deciding on the most effective sampling strategy (that might well vary
with: a. the biology of the target taxon or taxa, e.g., annual/perennial, self- or outbreeder,
seeds or vegetative parts to be collected; b. the precise purpose of collecting (see above);
c. here we focus on collecting the maximum amount of genetically useful variability in
the target species while keeping the number of samples within the practical limits for
long-term conservation. Possibly the most important criterium is the frequency of alleles
in the population, i.e., the conceptual class of the alleles: (1) common, geographically
widespread, (2) rare, widespread, (3) common, localized, and (4) rare, localized. For a
comprehensive treatment on this subject, please refer to the work of [9,10]. Besides genetic
considerations, the number of individuals per population or variety to be collected also
depends on the “viability” of the materials collected and on how many gene banks or
collections are expecting subsamples of the collected materials (each with the same genetic
diversity). Materials collected in the field need to be treated with great care to avoid that
the viability of the collected organs (seeds, cuttings, tubers, etc.) would drop during the
travel and/or shipment to the home base before the adequate processing for storage in
the gene bank (i.e., an important time factor). Observations on possible selection pressure
parameters that the collected material has been or could have been exposed to should
always be noted.

From the above, it can be deduced that for a species to be conserved long-term,
sampling is critically important. Therefore, due consideration should be given not only
to the number of individuals of a population or taxon per site to be collected but also
how many populations or sites in the area should be collected and how these should
be distributed over the area of a given species in a country or even region to obtain an
adequate representation of the “total diversity” present in that area or region. As for most
species, detailed information on the distribution of the genetic variation required to decide
on the best sampling strategy is missing. One has to extrapolate the information from those
species that have been studied to those species where basic information is lacking [9].

A generally accepted benchmark criterion for collecting germplasm is to ensure that
at least one copy of 95% of the alleles with a frequency greater than 0.05 is included in the
collected sample. Random and unrelated gametes from a population of a target species will
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meet this criterion. This would be assured by collecting and bulking seeds or vegetative
material from 30 randomly chosen individuals in a fully outbreeding sexual species or
from 30 random genotypes in an apomictic species or from 59 random individuals in
a self-fertilizing species. A sample of 50 individuals from each population and about
50 populations in an ecogeographic area is considered as a benchmark [9,13]. In a later
analysis, Hoban concluded that for a metapopulation of wild species, one should collect
a minimum of 1000 individuals per metapopulation or an ecogeographic range of the
species to compensate for migration between populations and the loss of plants through
germination failure, disease, and active use, to preserve enough allele copies to account for
various degrees of collection attrition [14].

However, in many instances, the collector is not able to collect such a high number of
individuals from a population, as the maturity time of the species might not be optimal, the
number of growing plants is limited, etc. and thus the samples collected do not represent
the variation of the target species in the area collected. In the case of cultivated crops (which
require a different and, in general, more simple collecting strategy), many of the collecting
has been carried out for the sake of convenience in marketplaces with all possible implica-
tions this might have for the diversity collected, especially for heterogeneous landraces and
traditionally mixed materials where sampling the variation in the target materials is not
possible and its representation in the market sample likely inadequate. Another limiting
factor is that the records taken at the collecting site are limited or sometimes completely
lacking, but for the sake of the possibly threatened diversity, such materials are added to
the collection [15].

From a gene bank management perspective, a practice of gene bank curators is to
collect sufficient seeds and to use the collected material directly for long-term storage and
thus to avoid the initial seed multiplication/regeneration. This practice can only work
if sufficient seeds of high quality can be collected, a pre-condition that often does not
apply [16].

As has been mentioned in the section on the history of conservation, with the entrance
into force of the CBD in 1993 in which the sovereignty of states over the (plant) genetic
resources in their territories is recognized, a greater hesitation of readily sharing genetic
resources with other countries can be observed [17]. In the case of the CGIAR centers,
a significant decrease in collecting activities has been observed as several countries and
organizations have difficulties providing permission to access genetic diversity for inclusion
into the in-trust collections. Some of the reasons for this are uncertainties regarding
institutional ownership over genetic resources and unresolved tensions concerning benefit
sharing [18].

It should be noted, however, that not all germplasm samples entering gene banks are a
result of a collecting mission. In the more recent history of gene banks, many accessions are
also obtained as a donation, upon request, from other public or private collection owners
(see Figure 1).

2.2. Processing

Processing of collected, harvested, regenerated/multiplied, or donated germplasm
materials refers to activities during which the materials are being prepared for (long-term)
storage or maintenance (in the case of perennial crops kept in field gene banks, in in vitro
collections, or tissues and plant propagules cryopreserved). The focus here will be on seed
materials as these are the bulk of conserved germplasm. Such preparation steps include
the threshing of the seeds from the collected culms; the removal of the seeds from the
fruits and where necessary their washing; cleaning or winnowing; the removal of broken,
diseased seeds or seeds from different taxa (e.g., weeds), seed drying, packaging, and
storage. For details on these various steps, especially on seed drying and other factors that
might impact the quality of seed for long-term conservation, see the work of [19] and the
Crop Genebank Knowledge Base [20].
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Whereas most of the processing steps are straightforward, some aspects that might
impact the seed quality for long-term conservation are briefly treated here. In summary,
seeds of high quality can be obtained by planting for regeneration/multiplication in suit-
able areas/fields and at appropriate times; applying suitable crop management practices;
adoption of proper harvesting and drying techniques; careful handling and processing
to minimize mechanical injuries and unwanted seed mixing with other accessions; and
ensuring minimum deterioration before reaching the designated storage, in particular, fast
processing and no exposure of seeds to high humidity and temperature. However, seed
production and post-harvest handling are highly dependent on the biology and agronomy
of the species [19].

While the FAO Genebank Standards [5] recommend seed drying to equilibrium in a
controlled environment of 5–20 ◦C and 10–25% RH and many gene banks operate their
drying room at 15 ◦C and 15% RH, such a drying regime has been found to be not suitable
for rice [21,22]. If, due to weather conditions, rice seeds have a high moisture content at
the time of harvest (>16.5%), initial drying at 40–45 ◦C is recommended, followed by final
equilibrium drying at 15 ◦C and 15% RH. This practice has been shown to significantly
improve seed longevity during storage compared with standard drying at 15 ◦C and 15%
RH [22]. A similar response was observed with accessions of wild rice [23]. Based on this
research, the IRRI gene bank is now routinely using a two-stage drying process for the
entire rice collection [6]. Freshly harvested seeds are first dried for three days in a drying
room set at 40 ◦C and 30% RH, followed by equilibrium drying in a drying room set at
15 ◦C and 15% RH. Some other species might also respond favorably to an initial drying at
higher temperatures than 15 ◦C in terms of seed longevity [22].

One important seed processing step relates to the creation of subsamples of the
materials that belong to the same accession with the aim to facilitate “easy access” when
material is needed for viability testing, regeneration, or distribution. The idea is that
one subsample represents the diversity of the accession adequately and that the number
of seeds is meeting the requirements for viability testing (typically 100 seeds, allowing
for four replicates of 25 seeds each), for regeneration (typically to ensure that the entire
genetic variation is represented in one subsample, i.e., not less than 50 seeds) and/or
distribution (typically very limited numbers of seeds). Thus, correct sub-sampling and
including sufficient seeds to represent the diversity adequately, especially for long-term
conservation, is critical. Of the same importance and nature is the number of individuals
used in the regeneration of an accession. Genetic drift is likely to happen when the number
of plants is below the effective population size, and thus, genetic erosion might happen in
the gene bank.

Another important germplasm processing activity with a possible direct and sig-
nificant impact on the longevity of the stored seeds is the (timely) drying of the col-
lected/harvested seeds. Whereas one can hardly influence the quality of collected seeds
in the field during a collecting mission, many factors can be influenced and optimized to
produce high-quality seeds during a regeneration cycle. These factors include cultivation
and harvest practices, but also the proper drying of seeds in the gene bank before stor-
age [19]. As the optimum drying is, among others, depending on the species and as the
possibility of over-drying has been reported, possibly decreasing the longevity of seeds, it
is advisable to conduct straightforward tests to define the optimum seed moisture content
for long-term storage [24–26].

2.3. Seed Longevity

Knowledge of expected seed longevity in storage is important for determining viability
monitoring intervals. Seed viability can be predicted with the help of a viability equation
developed by Ellis and Roberts [27] for orthodox seeds, using parameters derived from
seed storage experiments under different temperature regimes and moisture contents. The
Ellis and Roberts viability equation v = Ki − p/σ shows the relationship between viability
and storage period, where v is the viability after p years in storage, whereby σ represents the
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slope of the curve and Ki the initial viability of the seeds. Meanwhile, improved equations
have been developed by Hay et al. [28] and Probert et al. [29]. For a limited number of
about 70 species, the seed viability constants can be found in the Seed Information Database
(SID) of the Royal Botanic Gardens Kew [30].

Detailed knowledge of crop-specific seed longevity is important for the determina-
tion of seed viability testing intervals. The Genebank Standards [5] recommend setting
monitoring intervals at “one-third of the time predicted for viability to fall to 85% of initial
viability or lower depending on the species or specific accessions, but no longer than
40 years. If this deterioration period cannot be estimated and accessions are being held in
long-term storage at −18 ◦C . . . , the interval should be 10 years for species expected to be
long-lived and five years or less for species expected to be short-lived”. To arrive at reliable
seed longevity estimates, analyses of regular viability monitoring data over the entire
storage period are essential. However, even among CGIAR gene banks, there is a lack of
robust, reliable historical data on the long-term viability of seed lots [31]. Reliable seed
longevity estimates would enable gene bank curators to forecast more reliably regeneration
requirements, to estimate the size of seed lots required for long-term storage, and to adapt
accession monitoring intervals.

USDA seed longevity research has shown that some plant families are characterized by
predominantly short-lived seeds (e.g., Apiaceae and Brassicaceae), while others (e.g., Mal-
vaceae and Chenopodiaceae) have long-lived seeds [32]. A meta-analysis of seed longevity
studies indicated that seed of maize (Zea mays), oat (Avena sativa), barley (Hordeum vul-
gare), sorghum (Sorghum bicolor), many grain legumes (Cicer arietinum, Vicia sp., Vigna
radiata, Lens culinaris, Phaseolus vulgaris, Pisum sativum, Trifolium repens, Melilotus alba), and
vegetable crops (Raphanus sativum, Abelmoschus esculentus, Cucumis melo, Cucumis sativus,
Solanum melogena, Solanum lycopersicum, Spinacea oleracea) are long-lived, while seed of
rye (Secale cereale), groundnut (Arachis hypgea), sunflower (Helianthus annuus), rapeseed
(Brassica napus), and some vegetables (Allium cepa, Allium ampeloprasum, Lactuca sativa,
Capsicum annuum, Apium graveolens, Daucus carota, Pastinaca sativa) and some forage grasses
tend to be short-lived [32,33]. Surprisingly, the comparison of seed longevity between wild
and cultivated species under the same storage conditions did not reveal significant differ-
ences. Across all species, the meta-analysis carried out by Solberg et al. [33] indicated a
viability loss in the range of 0.2–0.3% per year if seeds were stored under the recommended
conditions according to the Genebank Standards [5]. These viability losses are much higher
than would be expected by the published viability equations. The multi-faceted aspects
and approaches to understanding the inter- and intra-specific differences in seed longevity
have been discussed by the global research community during a workshop organized by
the International Society for Seed Science (ISSS) in July/August 2018 in Fort Collins, CO,
USA, and synthesized by Pritchard [34].

There are many factors that determine initial seed quality and viability and, conse-
quently, have an impact on seed longevity in storage. Among these are crop management
practices, climatic factors, stage of seed development at harvest time, and post-harvest seed
processing [19]. Differences in geographic origins and, hence, climatic and environmental
factors appear to contribute to the variation of P50 values within genera and families [32].
Seeds from Brassica and Lolium species that originated from Europe had characteristically
shorter shelf lives than seeds from the same species originating from South Asia and
Australia. Ellis [35] stressed that the interaction of genotype with environmental factors
determines when maximum seed quality is first attained and for how long it is maintained
during the seed development and maturation phase. The period of maximum seed quality
may be brief or could be extended depending on several factors. Regarding seed processing
factors, research at IRRI has shown that a two-stage drying process significantly improves
seed longevity during storage compared to standard drying at 15 ◦C and 15%, and this
modified drying approach has now been adopted for all rice accessions at IRRI [6]. Other
species might also respond favorably to an initial drying at higher temperatures than 15 ◦C
in terms of seed longevity [22].
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Storage conditions clearly affect seed longevity. Experiments conducted at the CGN
gene bank in the Netherlands with seeds of wheat (initial germination rate of 95%) and
barley (initial germination rate of 94%), stored at either +4 ◦C or −20 ◦C retained high
viability of 94% for wheat and 90% for barley after 23–33 years of storage at −20 ◦C [36]. In
contrast, the viability of seeds stored at +5 ◦C for the same period declined to 62% for wheat
and 75% for barley with concomitant losses of seed vigor. A subset of the wheat accessions
tested only seven years later showed a further drastic decline in mean germination to
35% when kept at 4 ◦C, while the samples conserved at −20 ◦C remained stable at 95%.
Similarly, seed longevity studies in maize accessions stored for an average of 48 years at
the CIMMYT gene bank in Mexico revealed a significantly lower and more variable seed
germination rate of 81.4% for seed lots conserved as an active collection for distribution
(at −3 ◦C), as compared with a high and more stable germination rate of 92.1% of the
seed lots conserved as a base collection in a chamber maintained at −15 ◦C [37]. Based on
these long-term storage results of maize accessions, it has been suggested to apply base
collection storage conditions (−15 ◦C) to both the active and base collection to improve
seed longevity and reduce the need for costly regeneration events [37].

In a relatively short storage experiment of five years only, no loss in seed viability was
detected in any of five species tested during this period when seeds were stored at −20 ◦C
with either low (5.5–6.8%) or ultra-low (2.0–3.7%) seed moisture content [37]. However,
significant viability losses were measured after a 5-year storage period at +20 ◦C, and losses
occurred faster at low SMC compared to ultra-low SMC [38].

Molecular approaches to understanding and predicting seed longevity in storage are
briefly discussed in Section 4.1.

2.4. Seed Regeneration

As gene bank accessions are often collected from a wide range of geographical loca-
tions, there is a high probability that original phenotypic variance is lost during ex situ
conservation and seed regenerations. This applies more to crop wild relatives than to
landraces and commercial cultivars and seems to be caused by selection or gene flow [39].
Multispectral image analysis of seed, i.e., seed phenotyping, has shown to be an effective
method for identifying different seed types within a sample of seeds and for verifying
whether incoming seeds from a regeneration cycle match the original seeds [40]. While
DNA fingerprinting is an effective method to verify the genetic integrity of regenerated
seed materials, a complete phenotypic assessment of accessions through high-throughput
phenotyping (HTP) during periodic seed regenerations constitutes an alternative option to
ensure that original phenotypic features are preserved [41]. The creation of a digital seed
file could be the basis for high-speed authentication [42].

HTP tools such as hypospectral imaging have also been successfully used for seed
quality, purity, viability, vigor testing, and variety identification in commercial seed lots of
various crop species [43,44]. However, these tools can also be used as objective methods for
managing gene bank accessions, starting from acquisition to seed regeneration, avoiding
physical contamination, and maintaining genetic integrity [40].

2.5. Germplasm Exchange

Given the history of crop domestication and global dispersal of crops for food and
agriculture, all countries are highly dependent upon plant genetic resources originating
from beyond their borders. This dependency has increased over the past 50 years in connec-
tion with economic and agricultural development, the globalization of food systems [45],
population growth, and climate change. The increasing challenges of crop adaptation to
biotic and abiotic stresses exacerbated by climate change and the need to satisfy food and
nutrition security of a still-growing global population, reshuffling alleles within a subset
of well-performing breeding lines is no longer sufficient to address the global challenges.
Plant breeders, therefore, need to broaden the genetic base and introduce specific traits
into their breeding populations, and this can be done by resorting to diverse landraces or
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crop wild relatives that harbor genetic diversity, which was lost during the domestication
bottleneck [46].

The international germplasm collections hosted by 11 CGIAR centers include over
760,000 accessions of crops, forages, and trees [47] and constitute a major proportion of the
international germplasm exchange. Over the last 10 years (2010–2019), the CGIAR gene
banks distributed over 1.1 million PGRFA samples to recipients in 163 countries. During
the period from 2017 to 2019, landraces were the most frequently requested materials (50%),
followed by breeding materials (24%) and crop wild relatives (13%). Most samples were
distributed to advanced research institutes and universities (42%), followed by National
Agricultural Research Systems (NARS; 38%), Non-Governmental Organizations (NGOs)
and farmers (85), the commercial sector (7%), and others (5%) [47].

Despite major efforts by gene banks to facilitate and enhance the use of the genetic
materials conserved in gene banks, these resources are far from being used exhaustively
by breeding programs and/or farmers [48]. This is possibly attributable to the scarcity of
descriptive information related to accessions conserved in gene banks, the limited use of
genomic, phenomic, and information technologies, and, finally, obstacles in implementing
national and international policies for benefit sharing [49].

In developing countries, public breeding programs are faced with financial, technical,
and policy-related challenges that are limiting the more widespread use of landraces and
crop wild relatives [50]. Apart from technical and financial issues, it was especially the
lack of a supportive policy environment that was perceived by public sector breeders
in developing countries as a major bottleneck restricting their sourcing and use of more
diverse genetic resources.

The multilateral system (MLS) established under the ITPGRFA governs the access to
the genetic resources of a pool of 64 food and forage crops (referred to as Annex 1 crops to
the treaty) under a standard material transfer agreement (SMTA) and the benefit-sharing
arising from their use [5]. Many European gene banks also adopted the use of the SMTA
for non-Annex 1 crops (for further details on the ITPGRFA, please refer to the work of [3]).
Apart from the SMTA, other material transfer agreements (MTAs) are also in use. The
Nagoya Protocol regulates access and benefit-sharing under the CBD [5]. In contrast to
the SMTA used under the MLS of the ITPGRFA, this is a bilateral agreement between the
provider country and germplasm user.

Prior to the shipment of PGRFA (seed, clonal propagules, DNA), the beneficiary
needs to sign the SMTA or other MTA. The MTAs regulate the intellectual property rights
(IPR) of the requested material and related information, the conditions of its use and
distribution to third parties, as well as benefit-sharing arrangements [51]. The SMTA of
the International Treaty and most other MTAs only regulate the exchange of physical
germplasm materials and do not refer to the exchange of digital sequence information
(DSI) or DNA samples extracted from the genetic resources. According to Andersson [52],
the following institutions make explicit reference to the exchange of DNA in their MTA:
CATIE, Costa Rica; the National Institute of Agrobiological Sciences (NIAS), Japan, the
Missouri Botanical Garden, USA; and the Royal Botanic Gardens, Kew, U.K. However,
even though some MTAs cover the exchange of DNA samples, there are still different
interpretations regarding the question of whether this precludes the patenting of specific
genes. In recent years, the governance of digital genomic sequence information has become
a contentious issue, and this, in turn, is leading to international disagreement over access
and benefit-sharing regulations and blocks the intended expansion of the list of Annex 1
crops [47,53]. The political dimension of DSI is extensively covered in Section 4.4.

Seeds and especially vegetative propagules used for germplasm exchange are known
to potentially harbor harmful pathogens, which may lead to transboundary disease spread
along with the international movement of germplasm. Quarantine and phytosanitary
measures have been adopted by most countries around the globe to minimize the threat
of disease spread by screening export and import consignments of germplasm. The
effectiveness of these measures depends on seed phytosanitation treatments, the actual
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knowledge of pathogen distribution and associated risks, the development, adaptation,
and availability of diagnostic tools and protocols for seed health testing, qualified operators,
procedures for inspection, and post-entry quarantine facilities [54]. Within the CGIAR gene
banks, germplasm health units (GHUs) are responsible for germplasm phytosanitation and
testing of the health status to guarantee safe global germplasm movement and exchange
and the prevention of the transboundary spread of pests and diseases [54]. In their recent
review, Kumar et al. [54] describe in detail current procedures for germplasm health testing
and pathogen elimination for the major CGIAR mandate crops. As GHUs are widely
distributed in developing countries and are known for their high-level expertise and
technical capability, they could evolve into a global network of phytosanitary hubs for the
research, diagnoses, control of established and emerging pests and their elimination from
germplasm propagules, thus, guaranteeing the safe international movement of germplasm.

2.6. Documentation

All routine gene bank operations produce data that need to be captured and docu-
mented for internal use and, in many instances, for sharing with germplasm users (passport,
characterization, and evaluation data). Adequate information management is important for
the safe operation of a gene bank. This includes data on the acquisition, registration, storage
conditions and collection type (base, active collection, safety duplicate), monitoring of the
viability of accessions prior to storage and in storage, regeneration, characterization, and
evaluation, germplasm health testing, distribution, and number of sub- samples and seed
quantity of each accession kept in the gene bank [5,55]. In addition, among CGIAR gene
banks, weaknesses in effective and consistent documentation of routine gene bank opera-
tions have recently been revealed [31]. Accession-level data, which are of high relevance for
germplasm users, are passport, characterization, evaluation, and lately also omics data [56].
Internationally accepted multi-crop passport descriptors (MCPD) [57] have been adopted
by most gene banks as standards for documenting passport, characterization, and evalua-
tion data. These descriptors allow the exchange of accession-level data between gene banks
and the operation of international information data portals on PGRFA, such as Genesys,
the FAO-led World Information and Early Warning System on Plant Genetic Resources for
Food and Agriculture (WIEWS), the European Search Catalog for Plant Genetic Resources
(EURISCO), and GRIN-Global [55,58]. As noted by CGIAR gene bank managers, one of the
most important factors affecting demand for PGRFA is the quality, comprehensiveness, and
relevance of the accession-level information that gene banks compile about the materials in
their collections and make accessible online [47]. Although gene banks are encouraged to
also record molecular data being generated through genomics, proteomics, metabolomics,
phenomics, and bioinformatics [5,56], these are mostly not generated by gene bank staff
themselves but through collaborative projects with other research teams or by specialized
research institutes. Given their complexity and exponential increase in volume over time,
omics data are stored and made accessible in specific public databases or dedicated to other
systems [56]. The GenBank platform [59] hosted by the National Center for Biotechnology
Information (NCBI) is such a public database for genomics data.

In line with the Plant Treaty’s global information system (GLIS), digital object identi-
fiers (DOIs) have been introduced for gene bank material [60], and the CGIAR gene banks,
as well as the Dutch gene bank CGN, have assigned DOIs to almost all their gene bank ac-
cessions [47,56]. DOIs provide a globally unique and permanent mechanism for identifying
germplasm [61] and derived products such as DNA and related publications, thus assisting
the user community as well as facilitating access- and benefit-sharing mechanisms. How-
ever, gene banks still face technical challenges, such as how many different DOIs should be
assigned to the same accession. As regeneration in the gene bank environment might result
in changes of the original material, often collected in far-away places, should; therefore,
accessions of each regeneration have their own (new) DOI [62]? Another question relates
to different forms of conservation (seed, in vitro culture, cryopreservation, herbarium) and
storage conditions (short, medium, and long term). Should the same material conserved
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under different forms and conditions receive a different DOI? Should purified lines from
heterogenous accessions receive a new DOI? There are also challenges with including DOIs
in publications to be automatically discovered as this would require that all DOIs must be
listed in the reference section of a paper, and this is not the standard practice of journals.

2.7. Research

Long-term conservation of plant genetic resources in gene banks aims at maintaining
the genetic diversity of individual accessions as authentic and as close as possible to
the original genetic composition. In the critical assessment of current practices and the
underpinning theories, we have identified possible research topics that gene banks could
(or possibly even should) undertake, where relevant or necessary in collaboration with
specialists, to contribute to more effective and efficient long-term conservation and/or to
rationalize the current global long-term conservation system. Another reason for making
such suggestions is to demonstrate that gene banks are not “dead conservation morgues”
but lively, dynamic, and essential institutions that use advances in science to continuously
improve the knowledge on the conserved materials and on the applied procedures and to
make these as cost-efficient and effective to reduce the burden on future generations. A third
reason to promote research on the conservation procedures and on the materials conserved
is to involve and widen the participation of researchers in the actual conservation of PGRFA
efforts, as that is being seen as an essential responsibility by society. Any contribution to
make this happening is important and should be duly recognized.

Examples of how (routine) research activities can underpin optimum management of
germplasm accessions and collections, and thus, e.g., contribute to extending seed longevity
of accessions are summarized in Table 1.

Table 1. Examples of how (routine) research activities can underpin optimum management of germplasm accessions
and collections.

Research Activities Description

Determine genetic diversity of
an accession

In-depth characterization of accessions using internationally agreed descriptor lists, making use of
advanced molecular, genomic, and phenotyping tools.

Optimal management of gene
bank accessions

Determine adequate, minimum numbers of individuals per accession for viability testing, regeneration,
characterization, evaluation, and other gene bank activities with the aim of preserving the original
genetic diversity.

Elucidate flower biology of crop species,
when not known

Full understanding of the flower biology of a given species helps to avoid cross-pollination during
regeneration and to maximize high-quality seed production for subsequent long-term storage.

Optimize seed production procedures Genebanks conserving a wide range of different species (e.g., The World Vegetable Center) may need to
conduct research to gain insight in crop-specific knowledge for optimizing seed production procedures
to improve initial seed quality and, consequently, seed longevity.

Optimize seed drying procedures The FAO Genebank Standards include clear and specific recommendations on all routine gene bank
operations, including seed drying. However, rice accessions, for example, require modified drying
procedures to enhance seed longevity (see Section 2.2).

Determine optimum seed moisture
content (SMC)

Research has shown that SMC levels aiming at maximizing seed longevity differ among species. Thus,
gene banks should consider conducting their own research to determine the species-specific optimum.

Optimize species- and accession-specific
seed viability monitoring

Optimizing the schedule and procedures of routine viability monitoring of long-term stored accessions
provides an early warning for deteriorating accessions and helps to rationalize the number of seeds
used per test. Comparing the physiological response and storage behavior of seed lots produced in
different crop seasons and/or environments improves our understanding of seed longevity. Weekly
scoring of germination during a viability monitoring test helps to obtain information on seed vigor and
how vigor declines as seeds age.

Predicting seed longevity Conducting studies on the integrity of DNA and RNA in seeds under long-term storage helps to
predict species- and accession-specific seed longevity.

Optimizing the genetic diversity
representation of populations

Extending the knowledge of genetic parameters that allow optimizing the genetic diversity
representation of populations of a given species will improve germplasm collecting and the
establishment of truly representative collections.

Publishing research results Publishing research results on the above-described topics in scientific journals would benefit staff from
other gene banks and would boost the reputation of the gene bank itself.

During the 1980s, IBPGR, later denominated IPGRI and now Bioversity International,
initiated research on ultra-dry seed storage, based on the assumption that seeds dried to
levels well below 5% SMC could be stored at room temperature for extended periods [63].
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However, concerns had been raised regarding a possible over-drying of seeds, potentially
leading to a loss of longevity [25]. This issue led to a scientific debate and a global
seed project to resolve the controversial points [64]. Results of experiments with Lactuca
seeds showed that crop species have an optimum seed moisture content and that drying
seeds below the optimum water content does neither benefit nor damage seed longevity.
Furthermore, it was observed that there is a temperature x water content interaction
affecting seed longevity and that for storage of seeds at room temperature (about 25 ◦C),
the appropriate RH of the storage room is about 14%. Conducting research on groundnut
(Arachis hypogaea) seeds, Sastry et al. [65] were able to demonstrate the potential benefit
of ultra-dry storage. When groundnut seeds were dried to 1.7% SMC and stored at 50 ◦C
in aluminum foil bags, seeds retained viability up to 192 weeks (3.7 years) under vacuum
storage in incubators, compared to only 144 weeks (2.7 years) when stored in normal
atmosphere in an incubator. Seed storage at a temperature of 35 ◦C and at SMC levels of
1.7% or 3.4% retained seed viability even after more than 5 years.

3. Strengths and Weaknesses of the Current Active and Base Collection Concept

The term germplasm collection requires some attention as it is a term that clearly
refers to the ex situ conservation scenario and that can encompass all the accessions of
a given species or crop, a subset of selected accessions (e.g., a core collection), or to all
accessions of the various species that make up the gene pool of a given crop. However,
it can also refer to all the accessions stored in a gene bank. Thus, some care in using this
term is required, also as it is frequently used for the activity of collecting germplasm. Thus,
regarding the latter, it is proposed to use the term “collecting”.

In many instances, gene bank collections have grown out of collections established by
plant breeders that were eventually “converted” into a germplasm collection. In addition,
research collections established at universities often formed the starting point of subsequent
gene bank collections. It should be noted that in both cases, the collections were likely not
built for long-term conservation of genetic diversity per se, and thus, their origin might
less reflect the genetic diversity of collecting areas, as would germplasm collections that
have been formed with samples that were collected for that purpose. Traditionally, such
breeding or research collections were conserved at cool temperatures (possibly +15 ◦C or
less) and in paper or cloth bags under controlled relative humidity. It was only during the
late 1950s that research on storage temperatures started and that a two-tiered conservation
strategy was defined: 1. long-term conservation of “base collections” of adequately dried
seeds, usually stored at −18 ◦C in hermetically closed containers; and 2. medium-term
storage of “active collections” under less stringent conditions, e.g., +5 ◦C and controlled
relative air humidity of approximately 35%; both collection types were maintained in
insulated storage rooms [66].

In the following, we will take a critical look at the various collection types, along with
their proposed storage conditions, but with a clear focus on their long-term conservation
strategic aspects. The latter comprises the base and the security backup collections that
jointly provide the conditions for long-term conservation. The active collection is meant for
the storage of samples for characterization and evaluation, multiplication/regeneration,
research, and distribution purposes, usually at a higher temperature than the base collection.
A fourth collection type is the archive collection that consists of accessions that are meant to
be disposed of but that are kept without any management at −18 ◦C for security purposes
only [67].

3.1. Active Collection

Accessions that are being conserved for their use in research activities, i.e., char-
acterization and evaluation, molecular studies, and/or for distribution, are kept under
conditions that would provide for short- or medium-term duration, i.e., up to 30 years,
depending on the species and seed quality. Thus, a well-cooled storage room at plus 5 ◦C
and with controlled humidity at +/−35% RH would provide these conditions and allow
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storage in paper or net bags, or any other “open” storage forms, and would allow rather
easy access (no cold room protection suites, etc.), whereas also the use of hermetically
sealed containers can be used. The agreed FAO Genebank Standards define an active
accession as “A germplasm accession that is used for regeneration, multiplication, dis-
tribution, characterization and evaluation. Active collections are maintained in short to
medium term storage and are usually duplicated from a base collection maintained in
medium to long term storage.’ Active collection samples for medium-term conditions
should be stored under refrigeration at 5–10 ◦C and relative humidity of 15% ± 3%” [5]. In
this early conservation concept, it was assumed that the material would be turned over
within the medium term and restocked with newly regenerated germplasm samples from
the base collection. This “rough” concept worked well in cases where both the active
and base collections of the same materials were stored at the same gene bank, or in cases
where a well-developed networked system between base and active collections had been
established, e.g., as at NPGRS and the regional centers of the USDA. However, in many
other gene banks where the two collection types were split, this concept failed, for a range
of reasons, including inadequate refrigeration, the lack of adequate viability testing, and a
too strong focus (if any) on the active collection.

Because of varying local conditions with respect to the precise objectives of the gene
banks, the availability of adequate infrastructure, as well as of human and financial re-
sources, refinements of this concept should be undertaken to optimize the conservation [67].
Besides the “local fine-tuning” of the traditional concept, there are several specific reasons
that would justify a more critical assessment of this traditional concept and possibly a
revision of the accepted practices. These reasons have been updated and expanded from
Sackville Hamilton et al. [66] (see Table 2).

Table 2. Reasons for adjustments and refinements of the concept of active collections to optimize long-term conservation.

Topic Description

Refrigeration issues The cost of refrigeration, the unreliable electricity supply, and/or lack of adequate maintenance and repair
opportunities of the cooling equipment may hamper adequate long-term conservation.

Overly large active collections Many gene banks try to maintain overly large active collections (e.g., too many samples and subsamples of
the same accession that stem from different regeneration cycles); the anticipated use of the materials is
frequently over-estimated, and due to “sub-optimal” storage conditions for such accessions, avoidable higher
regeneration frequencies are the consequence of keeping seed viability at the desired level.

Rationalizing collections Improved germplasm management technologies, such as the use of barcodes, molecular tools, and digitalized
information management, including early warning systems, can facilitate more effective and efficient gene
bank management and allow to rationalize collections, e.g., sorting out genetic duplicates, removing
accessions from the active collection that are never requested or used but are included in the base collection.

Accession management Regenerated materials of a given accession are kept in the active collection under medium-term storage
conditions. In case the regenerated subsamples do not suffice for further distribution or use, one could
continue to use a regenerated subsample for a maximum of four regeneration cycles (and possibly consider
regenerating more materials in case of high demands) before returning to the primary MOS from the base
collection for the next regeneration cycle.

Optimizing seed management and
storage procedures

Genebanks should carefully consider under which conditions to store the active collection. Lower seed
moisture content and lower storage temperatures would result in much-prolonged storage periods with less
total operational costs and increased (genetic) security due to reduced regeneration frequencies. Certainly,
accessions that have low distribution numbers due to a lack of accession-level data could best be maintained
under the same storage conditions as the base collection to avoid more frequent regeneration cycles triggered
by a drop in seed viability. Maintaining those materials under long-term storage (base collection) conditions,
materials would still be available for distribution, and costly regeneration cycles could be reduced [36].

New conservation technologies Because of the rapid development of in vitro gene bank conservation techniques and the wider availability of
cryopreservation protocols [68], germplasm materials previously conserved under more threatening
conditions in field gene banks can now also be maintained as tissue in in vitro collections, thus increasing the
security of the material, and/or be cryopreserved, and thus adding a long-term cryopreservation perspective.

Complementary conservation
approaches

The increased availability and use of complementary conservation approaches and methods increase the
overall security of accessions and allow to opt for the most effective combination of methods, both from a
management as well as an economic perspective.
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3.2. Base Collection

The objective of the base collection of a given species is to maintain accessions that
are distinct, with respect to the genetic integrity as close as possible to the original sample,
conserved for the long-term and not intended for distribution [66]. Furthermore, the
base collection should contain as much as possible genetic diversity in a rational (i.e., as
few as possible accessions), effective and efficient manner under controlled, secured, and
safe conditions for the longest possible time. This collection type is strongly focused on
long-term conservation but should also consider the facilitation of the use of the conserved
materials whenever possible and without compromising the objective of the conservation.
According to the FAO Genebank Standards, the agreed conditions are as follows: “Most-
original-samples and safety duplicate samples should be stored under long-term conditions
(base collections) at a temperature of −18 ± 3 ◦C and a relative humidity of 15% ± 3%” [5].
If samples conserved under LTS and MTS conditions are kept in hermetically sealed
containers (as recommended), then RH control of the storage room would not be required
and is common practice in many gene banks [6,55,69].

The most original sample (MOS) is being defined as: A sample of seeds that have
undergone the lowest number of regenerations since the material was acquired by the
gene bank, as recommended for storage as a base collection. It may be a subsample of
the original seed lot or a seed sample from the first regeneration cycle if the original seed
lot required regeneration before storage [5]. Furthermore, the MOS should be prepared
and stored under the best possible conditions for safe long-term survival; the seed from
the MOS should never be distributed for use. The number of seeds in the “primary MOS”
(the sample stored at the gene bank for its conservation) should be sufficient to: (a) allow
for the optimum regeneration of the MOS (at least the minimum amount to represent the
genetic diversity of the original sample and/or the minimum amount needed to reproduce
sufficient seeds for the next generation plus a safety margin). The seeds of the primary
MOS should not be touched until the viability begins to drop; (b) conduct routine and
smart viability tests to determine when the MOS must be regenerated; and (c) supply
the seed that is required for regenerating materials for distribution as part of the active
collection. It should be considered to allow stock for several regeneration cycles to avoid
that the materials of the primary MOS are depleted before it starts losing viability [66]. The
storage of the primary MOS samples can be performed in one or in several containers, but
all under the same optimal storage conditions.

Besides the primary MOS samples that make up the base collection, a subsample (the
“secondary MOS”) should be stored for security reasons under the same or better conditions
than the base collection at another distant gene bank to protect the base collection material
against accidental loss [20]. It is called the security backup or safety duplication collection
and will be maintained under black-box conditions. The latter means that the recipient
gene bank has no responsibilities for viability testing and should never use, regenerate, or
distribute these safety duplicates without instructions from the duplicating gene bank. The
secondary MOS should only be recalled in case of loss of the primary MOS and should
contain sufficient seeds for one regeneration cycle. A viability monitoring routine of the
primary MOS needs to be established and should be performed in the most efficient way,
i.e., to use as few as possible seeds. In case regenerated subsamples for distribution are
stored separately in the active collection, they could serve as an indicator for the viability
of the primary MOS if stored under the same or less strict conditions (Figure 1) [66].

In another conceptual scenario, the term “base collection” is used to define a set of
accessions that are designated to form a base collection of a given crop. These designated
accessions can be stored in the respective gene banks that maintain part of the unique
diversity of a given species (i.e., each gene bank conserves a fraction of the global ge-
netic diversity of that species), and collectively all gene banks maintain the “global base
collection” for that species. Through its role to stimulate and facilitate the collecting of
threatened germplasm, IBPGR established a network of gene banks that had formally
agreed to maintain germplasm materials collected with the help of IBPGR/IPGRI for a
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given crop gene pool in their respective base collections for the long term (the Register
of Base Collections) [70] and to make this material readily available to bona fide users.
The gene banks of the CGIAR are an important part of this register as they hold global
collections of their mandate crops and aim to cover an adequate representation of the
total diversity in the respective base collections. In many instances, also supportive crop
networks have been established to coordinate and implement these efforts with the collab-
orating national programs. This network concept was developed by IBPGR/IPGRI, also at
the regional level, to network national and institutional gene bank programs to strengthen
the collaboration between active and base collections. Furthermore, it was felt that not
every genebank had to have a base collection and that the collaboration between active and
base collections could be organized at the regional level through regional networks. Europe
initiated since approximately 2009 a virtual gene bank collection of unique and important
accessions, spread across the gene banks of the continent and collectively recorded in the
European germplasm database EURISCO [71]. However, possibly except for Europe, these
regional PGRFA networks have disappeared or are dysfunctional.

Weaknesses of existing base collections and options to overcome those weaknesses
to arrive at a more secure and rational long-term conservation system of PGRFA are
summarized in Table 3.

Table 3. Weaknesses of existing base collections and options to overcome those weaknesses to arrive at a more secure and
rational long-term conservation system of PGRFA.

Topic Description

Poor representation of genetic
diversity of natural populations
and landraces
in gene bank accessions

Original collecting often resulted in accessions that represented only a fraction of the
prevailing genetic diversity of a population or landrace. In case sampling was performed of
natural populations, one could consider lumping samples/accessions of the same
population into one. In the case of landraces, one could consider lumping the samples
collected from the same field.

Accession duplicates In case one or more genetic duplicates of a given accession are identified in the collection,
duplicates could be lumped into one accession. However, if an identified duplicate
accession is phenotypical of special interest and has substantial research/evaluation data, it
might be justified to keep that one separate.

Rationalizing base
collections

When two or more subsamples of the same accession are found in the base collection
(possibly from different regeneration years), the gene bank may opt to identify the most
original sample (MOS) among them and to proceed with that subsample while moving the
remaining subsamples to the active or the archive collection (see Section 3.3).

Reducing seed viability testing A practice that is being recommended at the Center for Genetic Resources, the Netherlands
(CGN) to rationalize routine gene bank operations is the decision to delay the first
germination monitoring tests to 25 years after regeneration [72] or to the time when the
samples of the active collection are undergoing the first regeneration cycle, and the origin of
seed lots start to diverge between active and base collection (see Figure 1).

Base collection concept for
vegetatively propagated materials

Whereas we have focused in the above completely on orthodox seed-producing species, it is
understood that the concept of base collections might not apply to vegetatively propagated
materials directly, commonly maintained in field gene banks due to the lack of available
in vitro and cryopreservation options. In cases where in vitro techniques and
cryopreservation protocols are available, the concept of base collections might apply as well.
In all other cases, suitable maintenance in the field and adequate safety duplication might
be the only option.

3.3. Other Collection Types

a. Backup collections. Besides the base and active collections, we have referred in the
above also to safety duplicate or security backup collections that are arranged based
on black-box agreements between different gene banks. These backup collections
can consist of subsamples of accessions from the base as well as the active collection.
It is important to stress the importance that the storage conditions of the safety
duplicates at the recipient gene bank should be the same or better than those at the
“conservation” gene bank. Apart from these bilateral arrangements, the Svalbard
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Global Seed Vault serves as a global long-term seed storage facility to provide an
additional security backup to germplasm stored in gene banks around the world.
It is built into a permafrost mountain at Svalbard, and the storage temperature is
maintained at −18 ◦C through an additional solar energy-based cooling system
that counters the global rise of the earth temperature caused by climate change,
which is also witnessed at Svalbard. The seed vault will only agree to receive seeds
that are shared under the multilateral system (see above) or under Article 15 of the
International Treaty or seeds that have originated in the country of the depositor.
The black-box system entails that the depositor is the only one that can withdraw the
seeds and open the boxes [73].

b. Archive collections. The archive collection consists of germplasm accessions that
are stored under optimal conditions at relatively low cost but that are not actively
maintained. The gene bank does not have (anymore) the responsibility for conserv-
ing or distributing these accessions. The type of accessions or materials stored in the
archive collection could include the following: a. black-box conservation of experi-
mental materials that could have an IPR protection; b. in case a collection has to be
disbanded and yet no other gene bank could be identified to accept that collection,
the accessions should be temporarily stored in the archive; c. as per some examples
mentioned before (e.g., possible duplicates; extra subsamples), in cases when the
curator decides to discard accessions they could be archived instead; d. in case of
a “forced” rationalization of the collection selected accessions might be removed
from the collection, and they should be considered for archiving until a solution is
found [66].

c. Research collections. Research collections contain materials that stem from past
research activities and have been kept by researchers or their institutes, sometimes
over long periods of time. In addition, collections of plant breeding materials could
have been stored or maintained by individual breeders, researchers, or institutes.
Depending on the type of activities, some collections might contain very specific
materials that are difficult to keep and/or to regenerate and might require specialized
knowledge. Since the advent of molecular research, the increased importance of
DNA materials can be observed but also of single-seed descendent collections of very
uniform quality. Whereas the latter might not be important from a genetic diversity
perspective, they might well contain important material for molecular and genomic
research as they contain the diversity in a suitable form for such research.

d. Structured collections. Another type of collection that stems from research activities
on germplasm materials by structuring the collections on the basis of a specific
characteristic or trait (e.g., core, mini-core, trait collections) or also to select the
genetically unique accessions maintained by gene banks in a regional context (e.g.,
the AEGIS initiative in Europe) to form a virtual collection are examples of structured
collections. They could be virtual or physical collections.

e. Reference collections. Another type of collection that possibly falls somewhat outside
the “direct conservation” related objective of a gene bank is the seed reference
collection. The concept stems from the botanic garden world as part of the herbarium
“system” that was adapted by gene banks to increase the security of the accessions
by allowing the detection of possible mistakes, for instance, during regeneration by
comparing the phenotypic features of the seeds of a given harvested accession with
those stored in the reference collection and comparing the accession number(s).

f. Non-seed collections. In ex situ conservation, other collection types have been
created to maintain specific forms of plants, e.g., field gene bank collections in which
accessions are being maintained of entire plants for practical reasons such as the
need to maintain the genetic constitution of a vegetatively propagated crop (e.g.,
potato and many other root and tuber crops), or that the seeds are recalcitrant and
cannot be dried without killing the seeds (e.g., avocado, cacao, many other especially
tropical crops or species); when tissue cultures of plants are maintained in specially
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equipped rooms the term in vitro collection is used; in case such materials have been
cryopreserved by placing them in liquid nitrogen the term cryo-collection is used [3].

3.4. Linking Conservation and Use

In the long-term conservation concept, the base collection is at the center of the
strategy and comprises accessions that include the most original sample as well as a
representative smaller sample deposited at a distant gene bank for safety reasons, all
stored under optimum conditions. In addition, regenerated subsamples of the MOS are
maintained in the active collection and are intended for research and distribution. Whereas
the storage conditions can be less stringent to facilitate access and as the turn-over of
materials is assumed to be faster as the loss of viability, this collection type is the joint
between conservation and use.

Possibly the biggest hurdle between (long-term) conservation and use is the strong
focus on genetic diversity integrity of accessions and their representation of the sampled
diversity in a population or landrace, whereas users are predominantly interested in
materials that can be easily used and that have ample data on their genetic makeup
and agronomic performance. In addition, the ease of use, both in terms of time and of
preparatory steps needed before the material can be used, is an important aspect, and
this frequently is related to the degree of uniformity of accession or sample. It might be
noteworthy, as already mentioned before, that many of the current base collections stem
from past breeding collections and, thus, it can be assumed that many of the accessions
are relatively uniform. In addition, during the 1980s and 1990s, it was observed that some
genebanks had adopted a strategy to remove “off-types” from (landrace) accessions of
self-breeding crops, e.g., ICRISAT in its sorghum collection [74]. Thus, we present ideas
and examples of how long-term conservation and the facilitation of use can be improved:

• The creation of core and mini-core collections facilitates germplasm screening and
selection for breeding purposes (see Section 4.2). Similarly, the inclusion of specific
breeding or discovery populations created through introgressions from the wild into
cultivated backgrounds into the active collection will enhance germplasm use in plant
breeding (see Section 4.2);

• Whenever possible, more uniform materials created from a diverse accession could (or
possibly should) be kept as separate subsamples in the active collection for distribution
purposes. Examples of such “more uniform” subsamples could be pure lines selected
and created from genotypes of self-breeding landraces and single-seed descendent
lines, prepared for sequence studies. However, such subsamples will always remain
part of the active collection and will not become part of the base collection;

• Possibly the most critical factor that triggers the use of accessions by plant breeders is
the availability of comprehensive data on the performance of the accession, on specific
traits or characteristics obtained through characterization or evaluation activities,
molecular and genomics data, as well as data from genotyping and phenotyping
efforts. Thus, a gene bank should generate or facilitate the generation of such infor-
mation and make the data readily available online as well as through publications.
In addition, the availability of comprehensive passport data will be of relevance, for
example, for the FIGS approach (see Section 4.2) to see if certain traits or characteristics
that are environment-related have a specific and well-defined origin;

• One aspect that could reduce the “tension” between conservation and use is the
economic rationalization of the conservation operation through optimizing the storage
conditions for the active collection whenever possible. As already mentioned before,
keeping the active collection under suboptimal conditions, i.e., triggering regeneration
by loss of viability and not by depletion of the stock, is a real cost factor as well as a
potential threat to the integrity of the genetic diversity of an accession.
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4. New Developments That Facilitate More Effective and Efficient Conservation and
Use of PGRFA

Major technological advances, particularly in DNA sequencing, molecular biology,
and omics technologies, phenomics (including sensors, imaging, robotics,) computation,
information science, and the management of big data enable a transformation of the way
in which plant genetic resources are managed and used. These advances are attracting
a considerable number of new clients to gene banks, such as molecular biologists and
geneticists alongside molecular and traditional plant breeders and may affect the operations
of gene banks and aspects of their future role [75,76]. It is a major challenge for gene banks to
satisfy the needs of this wide range of users, each group with a different set of expectations.

4.1. Role of Molecular Biology and Genomics in Promoting Long-Term Conservation

New applications of modern molecular biology tools and techniques such as next-
generation sequencing (NGS) and genotyping-by-sequencing (GBS) enable scientists to
enhance the quality, efficiency, and cost-effectiveness of gene bank operations, as well as
the depth of scientific knowledge of gene bank holdings, thereby also guiding conservation
management [77–79].

4.1.1. Redundancy in Crop Collections

Molecular tools are certainly helpful for making informed decisions on reducing re-
dundancy in crop collections, thus contributing to efficient long-term conservation [80–82].
However, this approach is not straightforward. Given the fact that even in self-pollinating
species within accession variation may be considerable, there is a need to statistically quan-
tify variation within and among accessions to decide whether they are sufficiently different
to consider them distinct accessions [80]. However, from a user perspective, the functional
diversity of a single trait, such as disease resistance, is often of high relevance. Given the
uniformity of modern cultivars, a certain accession/cultivar may appear redundant based
on molecular data but nevertheless differ in a single important trait that is highly relevant
for a breeder.

Verification of passport data is the first element that might provide a clue on poten-
tial duplicates in a crop collection. This suspicion needs to be verified by morphological
comparison of accessions followed by molecular marker techniques that can detect genetic
differences between and within accessions [83]. Combining phenotyping and genotyp-
ing with single sequence repeats (SSR) markers allowed the identification of duplicate
accessions in lettuce (Lactuca sativa) and the determination of the most appropriate acces-
sions (MAA) for inclusion into AEGIS [84]. Similarly, the combination of morphological
characterization with genotyping using an SNP (single nucleotide polymorphism) array,
originally developed for Brassica napus, allowed the identification of duplicate accessions
in Brassica oleracea, and a subset of 500 SNP markers have been suggested for genotyping
Brassica oleracea accessions [85].

However, the correct identification of accession duplicates within a given crop col-
lection across different institutes is challenging as collaborating institutes have to agree
on a common, crop-specific set of markers and, subsequently, there might be problems to
reliably reproduce DNA marker data between different laboratories [78]. Such difficulties
could be overcome by using next-generation sequencing platforms to tackle the issue of re-
dundancy within and between crop collections of different holding institutes [77,79,86,87].
In a case study comprising three gene banks (CIMMYT; the Wheat Genetics Resource
Center (WGRC) at Kansas State University in Manhattan, KS, USA; the Punjab Agricul-
tural University (PAU), Ludhiana, India) and focusing on Aegilops tauschii, a wild crop
relative of wheat and source of genetic diversity for wheat improvement, Singh et al. [87]
identified and characterized over 50% duplicated accessions on average within gene banks.
With increasingly more powerful tools to compare genetic information between individu-
als/accessions, the likelihood of finding two absolute duplicates will decrease. Therefore,
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in deciding whether two accessions are duplicates, it is advisable to use phenotypic and
genetic data for the comparison and to take a decision thereafter.

Genebank scientists of the International Rice Research Institute (IRRI) have pioneered
the incorporation of genomics-based research into gene bank activities. IRRI scientists use
such data to classify the degree of genetic similarity between accessions and the diversity
within accessions to shed light on population structure and admixture, to classify potential
duplicates, and to identify genetic novelty [77]. Genomic information will also provide a
rationale for avoiding redundancies, thus limiting the size of collections, as well as facilitate
genetic gap analyses to guide future collecting and acquisitions. Before incorporating
new accessions into a gene bank collection, sequencing data can also be used to make an
informed decision whether the new material possesses genuine genetic novelty to deserve
inclusion into the base and active collections of the gene bank [77].

4.1.2. Inferring Missing Passport Data

Often, vital metadata, such as geographical data or taxonomic information on the
species of accessions conserved in gene banks, is missing or incorrect. Curating such data
is important as accessions with incomplete passport data and missing associated metadata
are rarely requested by users [88]. A combination of existing genomic tools and statistical
analyses can be used to infer missing pieces such as geographical region of origin as shown
by Singh et al. [87] with accessions of Aegilops tauschii, a wild relative of wheat.

4.1.3. Predicting Seed Longevity

DNA protection and repair are important for maintaining genome integrity and
seed longevity in plants. DNA damage in stored seeds results in faulty transcription
and replication, thus, affecting key processes that are activated during the imbibition
stage of seed germination [89,90]. Telomere lengthening has been proposed as a tool
to distinguish between short- and long-lived species [90]. Telomere lengthening occurs
after seed imbibition when metabolic activities resume, whereas telomere degradation
is associated with seed aging. Reduction in seed longevity is often associated with the
oxidation of cellular constituents such as nucleic acids, proteins, and lipids [91].

Seeds possess protective mechanisms to prevent damage to their cellular constituents
through the formation of glassy cytoplasm that reduces cellular metabolism and the pro-
duction of antioxidants that prevent the accumulation of oxidized macromolecules during
seed storage [91]. Moreover, seeds also have repair mechanisms that remove damage in
DNA, RNA, and proteins that accumulate during seed storage. This repair mechanism
sets in during seed imbibition through the activation of enzymes such as DNA glycosylase
and methionine sulfoxide reductase [89,91]. Through genome-wide association (GWA)
analysis in diverse Indica rice varieties, eight major loci associated with seed longevity
parameters were identified [92]. Based on their research, Lee et al. [92] concluded that high
seed longevity in rice might be related to DNA repair and transcription mechanisms, sugar
metabolism, reactive oxygen species scavenging, and embryonic/root development.

A complex network of putative longevity-related genes has been reported by Righetti
et al. [93] that links seed longevity to biotic defense-related pathways. Genotypic variation
of seed longevity in storage might be determined by two sets of genes [34]. A major set of
genes evolved specifically for storability, while the other set is linked to seed dormancy.
Metabolomics is a complementary approach to dissect the complexity of seed longevity.
A shorter-lived rice cultivar (IIT998) showed a 2- to 6-fold increase in the change of sugar-
related metabolites and glutathione-related proteins during natural seed aging compared
with another cultivar (BY998) with extended seed longevity [34]. The rapidly increas-
ing availability of reference genomes and pan-genomes constitutes another approach to
dissecting and understanding the complexity of seed longevity [34].

Experiments with seeds of several vegetable crops have shown that RNA integrity
declines with storage time in dry seeds [94]. As a decrease in RNA integrity was usually
observed before viability loss, this assessment can be used to predict the onset of viability
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decline. Observing DNA and RNA integrity loss and understanding repair pathways
in stored seed could help predict seed longevity and determine seed viability testing
intervals. This information could also be used to develop crop varieties with improved
seed storability and enhanced germination performance [89,95].

4.2. Role of Functional Genomics and Phenomics in Facilitating the Use of Plant Genetic Resources
Conserved in Genebanks

Different strategies have been developed to select and prioritize potentially useful
accessions from gene banks that can be used for crop improvement. Among those is the
development of core or mini-core collections. Frankel [96] coined the term “core collection”
meant to “represent with a minimum of repetitiveness, the genetic diversity of a crop
species and its relatives”. A core collection is a subset of a large collection, consisting of
about 10% of the accessions and capturing most of the genetic diversity available in the
entire collection [97]. As core collections of large crop collections such as those maintained
by CGIAR gene banks are still too large for use by breeders, Upadhyaya and Ortiz [98]
developed a mini-core collection concept, which is based on the evaluation and selection
of a further subset of about 10% accessions from an existing core. ICRISAT has sent mini-
core collections of chickpea, groundnut, pigeonpea, sorghum, pearl millet, foxtail millet,
and finger millet to different research groups in 14 countries [99]. The World Vegetable
Center has developed mungbean core and mini-core collections [100] and even a core
collection of the wild tomato species Solanum pimpinellifolium [101] and offers these special
collections together with the respective accession-level phenotypic and genotypic data
for distribution to interested researchers and breeders to enhance the access to biodiverse
vegetable germplasm for breeding and research.

Another strategy of selecting accessions based on their phenotype and associated
passport data is the focused identification of germplasm strategy (FIGS) that is based on
the assumption that the adaptive traits expressed by accessions are the direct result of
environmental conditions of their respective place of origin and that the genetic diversity
of the specific traits of interest can be maximized by sampling accessions based on their
diverse contrasting geographic regions [102,103]. However, accessions conserved in gene
banks around the globe are often lacking phenotypic data, and passport data might also
be incomplete or have incorrect location data, which limits the application of FIGS. Hence
other methods are required to facilitate the use of germplasm for breeding.

With the advances in molecular biology and genomics, DNA extracted from nuclei,
mitochondria and chloroplasts are increasingly being used to evaluate patterns of genetic
variation within and among species, map and characterize desirable traits and underlying
genes of interest for breeding, for taxonomic studies telling species apart [104] and to infer
the evolution of genome structure in plants [105,106]. Genotyping-by-sequencing (GBS)
combines genotyping and genome-wide molecular marker discovery in one and the same
process [79]. It facilitates the exploration of new germplasm sets or species that have not
yet been characterized without the need to first discover and characterize polymorphisms
through molecular marker studies. Moreover, with the advancements of bioinformatics,
the development of new reference genomes, and the availability of an increased volume of
sequence data, GBS data sets can later be reanalyzed to uncover further information, such
as new polymorphisms or annotated genes.

Large crop collections cannot be sequenced in one go. There is a need to develop
or use existing core collections and to transform them into genetic stocks for reference
purposes and comparative and integrative genomic studies [107]. Heterogenous accessions
must be purified through single-seed descent (SSD) before DNA extraction and initiating
systematic molecular characterization. The purity of accessions can be assessed through
genotyping with various molecular marker types such as inter-simple sequence repeats
(ISSRs) or amplified fragment length polymorphism (AFLPs) [78].

These purified accessions or lines will also serve as the source material for pheno-
typing and ensure that phenotypic information can be properly linked with the sequence
information in a meaningful way [77]. As has been demonstrated for rice, the demand
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for core subsets may substantially increase if all the accessions in the subset have been se-
quenced, and this information is made easily accessible to breeders or other researchers [42].
This information allows users to perform their own genome-wide association studies to
elucidate the genetic control of multiple traits of interest. Therefore, this concept should
be applied to all major crop collections conserved by a gene bank. DNA genotyping and
sequencing results in combination with precise phenotyping are perfect assets for trait
mapping, gene analysis, and allele mining in support of modern plant breeding.

An important objective of functional genomics in agricultural species is the use of
sequence polymorphisms for phenotypic predictions and the selection of improved plant
types. Prediction models are built by correlating phenotype and genotype in a breeding
population of interest, and these models allow the identification of individuals with su-
perior breeding values [108,109]. The suitability of GBS markers in developing genomic
selection models has been verified in the complex wheat genome with the prediction for
yield and other agronomic traits [108]. In rice inbred lines, genomic prediction models
outperformed prediction based on pedigree records alone for three traits, i.e., grain yield,
plant height, and flowering time [110]. Meanwhile, genomic selection has been recog-
nized as an excellent tool to estimate genomic breeding values and is widely used in crop
breeding [111].

Even if genetic stocks required for GWS and genomic prediction do not contain
unique genetic novelty and, therefore, do not merit long-term conservation, they constitute
important assets for genomic research. They could be kept together with specific breeding
populations in the active collection under medium-term storage conditions to support
future research and breeding needs [77]. Such specific breeding or discovery populations
created through introgressiomics [112] would include collections of recombinant inbred
lines (RILs), backcross introgression lines (BILs), chromosome segment substitution lines
(CSSLs), multiparent advanced generation intercross (MAGIC) lines, nested association
mapping (NAM) populations [113] and other training populations developed to represent
different breeding pools [77]. It should be noted that many of these genetic stocks are very
difficult to regenerate and that it might require the involvement of the breeders concerned
to assist in such efforts.

With the current advances in NGS and GBS, the growing volume of fully annotated
genomes, and knowledge of candidate genes, genotypic accession-level data is no longer
of major concern [76]. The lack of high-quality phenotypic data is currently the major
bottleneck for functional genomics and the efficient exploitation and use of germplasm
accessions in modern breeding. With the advances in high-throughput phenotyping
(HTP), there should now be a major focus on phenomics in crop collections to complement
genotyping data. Phenotyping is an expensive yet indispensable component of plant
research and crop improvement programs that helps to understand the genetic basis of
traits and the interaction between genotypes and the environment [41]. Phenomics aims at
bridging the gap between genomics, plant function, and agricultural traits [114]. While
“forward phenomics” uses phenotyping tools to “sieve” collections of germplasm for
valuable traits, such as yield components, biotic or abiotic stresses, “reverse phenomics”
dissects those traits to reveal underlying mechanisms, such as biochemical or biophysical
processes and ultimately the gene(s) regulating those processes [114].

Genebank phenomics is a novel approach in modern gene banking, and Nguyen
and Norton [41] shed light on new HTP methods that enable capturing traits during seed
regeneration events. One of the valuable features of HTP is that multiple sensors can
be deployed at the same time to simultaneously and non-destructively capture several
independent observations, which would not be possible through manual observations and
measurements as practiced until recently in most gene banks. HTP will allow for more
targeted prioritization of accessions from large crop collections for further downstream
studies and identification of traits of interest for breeding. Seed phenomics has also been
shown to aid genomic prediction for seed traits in barley breeding lines [115]. A convention
on the minimum information about plant phenotyping experiments (MIAPPE) has been
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recommended by the plant phenomics community to ensure easy and correct interpretation,
assessment, review, and reproducibility of published data [116].

However, the majority of gene banks might not be able to afford the investment
needed for setting up and operating a phenotyping platform. Imaging costs include the
imaging hardware, the cost of the vector (e.g., manual measurements, drones, hand-held or
automated/robotized ground vehicles), and associated software/pipelines for data capture,
storage, organization, and analysis [117]. The latter may represent 30–200% of the cost
of image capture, a considerable cost factor of phenotyping, and might best be achieved
through research consortia.

Nguyen and Norton [41] proposed a strategic phenomics approach to benefit the
management of gene bank collections and to enhance the value and use of PGRFA. If
possible, seed regeneration blocks should be replicated with a reasonable number of
individuals to facilitate statistical analysis and ensure that the sample size is sufficient
to maintain the genetic diversity and integrity of accessions. Using HTP from routine
seed regeneration events over subsequent years, an enormous volume of morphological,
agronomic, physiological, and environmental data [118] can be collected simultaneously.
As most quantitative traits, such as grain yield, cannot be assessed in small regeneration
plots, the measurement of secondary correlated traits such as early vigor, height, canopy
properties, and biomass during the growth phase may serve as indirect indicators of
grain yield and can be used together with GBS data for phenomic and genomic selection
from diverse landrace accessions [119–121]. The described strategic gene bank phenomics
approach has been implemented, for example, in the Australian grains gene bank (AGG)
using different HTP platforms [41].

With the advances in biotechnology, the term “synthetic biology” has been created,
which may be described as combining functional elements in novel configurations to
modify existing properties or to create new ones [122]. Synthetic biology comprises a
variety of techniques ranging from systems biology, metabolic engineering (“Golden Rice”),
protein engineering, and genetic engineering and is a topic of regulatory concern regarding
the biosafety of new products that could potentially fall into the category of living modified
organisms (LMO). In addition, the use of digital sequence information (DSI) derived from
germplasm is of concern regarding the third objective of the CBD on access to genetic
resources and benefit-sharing and the recently concluded Nagoya Protocol [123]. These
regulatory concerns are discussed further below in Section 4.4.

Synthetic biology encompasses genome editing and the respective enabling tools
such as the “CRISPR” (clustered regularly interspaced short palindromic repeats) tech-
nology [124], and applications of CRISPR such as organisms containing engineered gene
drives, a genetic strategy to control populations of disease-vectoring insects [125]. Fur-
thermore, synthetic biology also allows de novo domestication of species, such as wild
Solanum pimpinellifolium with enhanced fruit size, number, and nutritional value of the
fruits [126], and multiplex editing, i.e., the simultaneous targeting of several genes with a
single molecular construct [126,127].

The discovery of sequence-specific nucleases, including zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALEN), and the CRISPR-Cas system [128],
enabled targeted genome editing in a precise and predictable manner in transformable plants
by inducing a DNA double-strand break (DSB) at a target site [129]. Thereafter, either the
non-homologous end joining (NHEJ) pathway or the donor-dependent homology-directed
repair (HDR) pathway repairs the DSB, thereby introducing genetic changes [128,130],
which might take the form of gene knockouts or gene replacements.

Gene knockouts are useful to eliminate genes that are detrimental to food quality or
that confer susceptibility to plant pathogens [128]. For example, CRISPR/Cas-9 targeted
mutagenesis has been used to knock out the powdery mildew susceptibility gene PMR4 in
tomatoes, resulting in enhanced resistance against this pathogen [131]. Wang et al. [132]
used both TALEN and CRISPR/Cas9 technologies to target the genes of the mildew-
resistance locus (MLO) in hexaploid bread wheat and successfully knocked out all three
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MLO homoeo-alleles resulting in heritable, broad-spectrum resistance to powdery mildew.
The CRISPR–Cas9 system has also shown the potential to directly target plant-infecting
gemini viruses by inhibiting virus replication and, thus, enhancing plant resistance to those
virus diseases [127,133,134].

While the NHEJ pathway for DSB repair is error-prone and the HDR pathway has a low
editing efficiency, newly developed precise CRISPR-Cas technologies rely on deaminase-
mediated base editing and reverse transcriptase-mediated prime editing that do not induce
DSB formation and do not require donor DNA [130]. These newly developed technologies
allow precise nucleotide sequence editing, are more efficient than HDR in plant genome
modifications, and show great promise for rapid plant improvement. CRISPR-Cas tech-
nologies can work alone or can be combined with conventional breeding methods, thus,
accelerating the breeding progress. This has been demonstrated for haploid induction in
wheat, maize, and rice, for generating male sterile lines (wheat, tomato), inducing apomixis
for fixation of hybrid vigor, for overcoming and restoring incompatibility, and crosses
among distant gene pools [130].

The value of underutilized species and wild food plants for food and nutrition se-
curity and crop diversification aiming at more sustainable production systems has been
demonstrated (see, for example, the work of [135,136]). CRISPR-Cas technologies, with
their capacity for precise genome editing, could be used to accelerate the domestication
and breeding process of such underutilized crops. For example, the wild tomato species
Solanum pimpinellifolium shows salt tolerance as well as resistance to fungal and bacterial
pathogens [101,137]. Using a multiplex CRISPR–Cas9 strategy to edit genes related to
unsatisfactory traits in the wild form such as day-length sensitivity, shoot architecture,
flower and fruit production, and nutrient content, Li et al. [138] were able to accelerate the
domestication process of S. pimpinellifolium without compromising its abiotic and biotic
stress tolerance traits. Similarly, the orphan solanaceous crop ground cherry, also called
husk tomato (Physalis pruinosa), was partially domesticated by mutating orthologous do-
mestication genes of tomato, resulting in plants that were shorter and had more flowers
and larger fruits [139]. This is clear evidence that knowledge from model crops such
as tomatoes can be used to edit genes to improve agronomic traits of distantly related
underutilized crops.

According to Gao [140], the use of CRISPR technology in plant breeding could simply
be considered as “a new breeding method that can produce identical results to conventional
methods in a much more predictable, faster and even cheaper manner”. Seeing genome
editing with CRISPR technology in such a way could eventually help overcome the current
prohibition of using this technology in the European Union, where the resulting products
are still defined as “GMOs” even if no foreign DNA is introduced.

4.3. Specialized Databases, Portals and Networks for Genomics and Phenomics Data Related to
Plant Agrobiodiversity

DNA or digital sequences in themselves are of no real value in the absence of in-
formation about the samples they were derived from [141]. It is crucial that a collection
of plant DNA extracts is intricately linked to the original plant material (and associated
information) from which the genomic DNA was derived. To manage the huge amounts of
genetic and phenotypic data and make this and other valuable information pertaining to
germplasm accessions available for users around the globe, a cooperative platform for data
collection, analysis and sharing is required [41,42,142]. Information networks need to be
unified, globally accessible, and updated as new research results become available [143].
For this to succeed, the gene bank community will need to link with other information
specialists to build a truly global information system with a searchable interface [42]. With
the Plant Treaty’s global information system (GLIS), introducing digital object identifiers
(DOIs) for gene bank material [60], a first step has been made in that direction. The DOIs
assigned to germplasm accessions allow the storage of omics data in specialized databases
without losing the link to the original accession from where it was derived from.
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Several components and international initiatives already exist to develop different
aspects of the required information infrastructure and are listed below. The first three are
widely used in the gene bank and germplasm user community, while other listed resources
try to better connect the user community with gene banks or with phenomics and genomics
data portals.

• Genesys, a global platform on PGRFA with free online search engines, provides
access to passport and characterization data on accessions conserved in gene banks
worldwide [144];

• GRIN-Global [145], the global germplasm resource information network, provides a
scalable version of the USDA-ARS Germplasm Resource Information Network (GRIN)
that is suitable for use by any interested gene bank around the world;

• EURISCO [146], the European plant genetic resources search catalog, receives data
from the European National Inventories (NI) and provides accession-level information
of PGR conserved in European gene banks or other collections;

• The DivSeek network, founded in 2012, aims at catalyzing the advanced conserva-
tion, management, and traceability of PGRFA through a collaborative network of
gene banks, breeders, plant and crop scientists, and database and computational
experts [49]. To achieve the goal of value addition to germplasm conserved in gene
banks, DivSeek has assembled three working groups that are focusing on genomics,
phenomics, and policy;

• The Breeding API (BrAPI), an interface for exchanging plant phenotype and genotype
data between crop breeding applications [147];

• The Research Data Alliance (RDA), which aims at enabling data sharing, exchange,
and interoperability [148];

• The Global Open Data for Agriculture and Nutrition (GODAN) with the objective
of making agricultural and nutritional data available, accessible, usable, and unre-
stricted [149];

• The Global Biodiversity Information Facility (GBIF) [150] was established in 2001
in Copenhagen, Denmark, based on a recommendation from the Organization for
Economic Cooperation and Development (OECD) Global Science Forum as an in-
ternational mechanism to promote standardization and aggregation of biodiversity
data and (updated) information and make it accessible worldwide. As of 8 May 2021,
GBIF had registered an amazing 1.7 billion occurrence records. However, despite this
impressive number, only about 21% of preserved collections are digitally accessible
via GBIF [151];

• The Global Genome Biodiversity Network (GGBN) [152], created in 2011 [153], links
through its data portal globally distributed biodiversity databases of genomic samples,
ensures easy access to DNA and/or tissue samples, and bridges the gap between
biodiversity repositories, sequence databases and research results [154]. Within GGBN,
a pilot project called GGI-Gardens focuses on the approximately A total of 460 vascular
plant families [153]. Under CGBN, access is governed through standard material
transfer agreements in compliance with regulations of the Convention on Biological
Diversity [155], the Nagoya Protocol on Access and Benefit Sharing [156], and the
Convention on International Trade in Endangered Species of Wild Flora and Fauna
(CITES) [157];

• The International Nucleotide Sequence Database Collaboration (INSDC) [158], com-
prising the DNA DataBank of Japan (DDBJ), the European Nucleotide Archive (ENA),
and GenBank at the National Center for Biotechnology Information (NCBI), an anno-
tated collection of all publicly available DNA sequences. It is an archival database that
rarely provides updates about specimen or locality data;

• The International Plant Phenotyping Network (IPPN) [159] represents plant pheno-
typing centers globally, runs multidisciplinary working groups, and facilitates the
sharing of up-to-date information about new HTP infrastructures and methodolo-
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gies for various crop phenotypes [41,160]. Several regional and national partners are
associated with IPPN, two of which are mentioned below;

• The North American Plant Phenotyping Network (NAPPN) [161] brings together
scientists in the evolving area of plant phenomics and is a regional partner of IPPN;

• EMPHASIS, also a regional partner of IPPN, enables researchers to use facilities,
resources, and services for plant phenotyping across Europe [162].

There are also crop-specific consortia such as the International Rice Informatics Con-
sortium (IRIC) [163], the International Wheat Improvement Network (IWIN) [164], the
APSA/WorldVeg Vegetable Breeding Consortium [165], and many others.

Taxonomic and evolutionary studies make increasingly use of information provided
through data portals or virtual collections where specimen data and images are made
available through the Internet. To annotate virtual specimens, online annotation tools
are required. A generic online annotation system called AnnoSys [166] has recently been
developed to access collection data from both conventional web resources or the Biological
Collection Access Service (BioCASe) and accepts XML-based data standards such as Access
to Biological Collection Data (ABCD) [167] or DarwinCore [168] for data exchange [169].
GBIF and other biodiversity portals are already integrating AnnoSys. Filter types for speci-
men records in queries and for notifications include: family, genus, species, collector name,
collector’s number, country, institution code, collection code, catalog number, identified by,
and annotator.

4.4. The Political Dimension of Digital Sequence Information (DSI) Sharing

Progress in life sciences, including health, biodiversity protection, and working toward
reaching the sustainable development goals is relying on open access to sequence data
provided by public sequence databases. A clear example is the current pandemic caused by
SARS-CoV-2. Without the rapid sharing of pathogen genetic resources and digital sequence
information (DSI) (called genetic sequence data (GSD)) by the World Health Organization
(WHO), it would not have been possible to create effective vaccines within a truly short
timeframe of under a year. While rapid progress by the scientific community relies on
openness and public availability of genetic sequences, fears have been expressed regarding
the increasing ease with which genetic material can be transformed into digital information,
transmitted, reproduced, and manipulated through advances in sequencing technologies,
genome editing and synthetic biology [170,171]. Progress in synthetic biology might soon
enable de novo biological design [170], thus, confirming fears of the dematerialization of
genetic resources, i.e., making physical access superfluous and in that way threatening the
principles of ABS as established under the International Treaty and the Nagoya Protocol of
the CBD [171].

Free-for-all access to sequence information (and associated germplasm) is considered
by biodiverse countries to be mainly beneficial for user countries and the biotechnology
industry and is seen as counterproductive for provider countries, their local communities,
and indigenous people who are the custodians of plant agrobiodiversity and who will not
be able to benefit if access to DSI is not subject to ABS regulations of prior informed consent
(PIC) and mutually agreed terms (MAT) under the Nagoya Protocol of the CBD [172].
Discussions on the current and future access to digital sequence information are currently
ongoing under the Plant Treaty, CBD, Nagoya Protocol, and the multilateral Prepared
Influenza Preparedness (PIP) Framework as reviewed by Lawson et al. [173]. The United
Nations Convention on the Law of the Sea (UNCLOS), which governs international waters
and the deep sea, is also developing a new multilateral treaty with the aim to enhance the
conservation and sustainable use of marine biological diversity in areas beyond national
jurisdiction [174]. Best practices have been outlined to regulate access to marine genetic re-
sources and sequencing data while sharing the benefits derived from such access, a process
that is meant to support science and society.
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For the time being, DSI is still used as a placeholder, lacking a precise and generally
agreed definition [175]. According to Houssen et al. [176], the term DSI may comprise four
groups of information:

(i) Narrow, covering DNA and RNA only;
(ii) Intermediate, including DNA, RNA, and proteins;
(iii) Intermediate, including DNA, RNA, proteins, and metabolites;
(iv) Broad, including DNA, RNA, protein, metabolites, and traditional knowledge, eco-

logical interactions, etc.

The unsolved definition of DSI is of major concern for gene banks as they share
germplasm with associated accession-level information. Should a broad definition of DSI
(group iv of Houssen et al. [176]) be adopted, this would seriously affect the disclosure
of passport and descriptive data of accessions, and in consequence, would have a major
impact on the distribution of germplasm to users [15]. A narrower definition of DSI with
restricted access to that information would be less harmful. Should more countries include
DSI in the national ABS legislation, gene banks may no longer wish to conserve material
from those countries due to increased complexity of germplasm handling and distribution.
As has been shown by the current use of an SMTA under the MLS of the ITPGRFA for
germplasm sharing, a multilateral approach to the DSI issue would be the best solution;
hence, the incorporation of DSI into the SMTA of the ITPGRFA has been proposed to
facilitate the smooth operation of gene banks including germplasm distribution in the
future [15]. A further open question is whether ABS regulation would only apply to DSI
acquired after entry into force of this regulation or would be applied retroactively.

While the next UN Biodiversity Conference of the Parties (CBD COP15) to be held in
October 2021 in Kunming, China will discuss the DSI topic, some countries went ahead and
have already included DSI interpretations in their national ABS legislation, thus creating
legal uncertainties for scientists accessing publicly available DSI. In fact, 15 countries have
already adopted legislation on DSI, and 18 more are planning to do so [171]. If a country
decides to include DSI in its national ABS regulation, access to and use of DSI derived
from their genetic resources may not be free anymore. This means that PIC and MAT
would apply to the use of DSI as well in case access to genetic resources is governed by the
Nagoya Protocol.

To solve this contentious issue, Lawson et al. [173] proposed two options: (i) a risk
framework matrix for valuing information as part of the ABS transaction by attributing an
estimated worth to a particular kind of information; (ii) a charge, tax, or levy that would
allow externalizing the costs so that information would remain available to be disclosed
and exchanged in support of the scientific community. Based on the matrix, passport data
on accessions would be considered as of low value, without restrictions (public domain
data), while descriptive (phenotypic) data would be treated as restricted public access data,
and sequence data would have a time limit restriction with the requirement for reporting
the results obtained to the germplasm/DNA provider. The tax or levy might need to be
paid by the party accessing the resources (similar to the PIP Framework) or as a levy on
contracting parties, similar to the Norway seed sales tax under the MLS of the International
Treaty. For 12 consecutive years, Norway has made an annual contribution to the benefit-
sharing fund of the International Treaty, an amount that is equivalent to 0.1 per cent of the
value of seed and plant material traded in agriculture in Norway every year [177]. The
tax or levy option avoids the high ABS transaction costs required to negotiate the value of
information in every single transaction and allows the scientific community to disclose and
share the generated information freely [173].

The International Nucleotide Sequence Database Collaboration (INSDC) is the central
foundation for global sequence information as it connects over 1700 scientific databases
and platforms [178]. The INSDC provides the free core infrastructure for DSI deposition,
preservation, and global dissemination as part of a scientific collaboration between the Eu-
ropean Molecular Biology Laboratory (EMBL; inter-governmental treaty organization), the
National Center for Biotechnology Information (NCBI); USA), which is hosting GenBank,
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and the DNA Databank of Japan (DDBJ) [179]. Rhoden and Scholz [171] noted that tracking
and tracing the movement of nucleotide sequence data (NSD) in GenBank, the largest
public database platform, is challenging and that scientists in every country of the world
are accessing this platform for their work. Therefore, any financial or administrative burden
for accessing NSD will affect all scientists worldwide and limit their ability to undertake
research and collaborate. A recently published white paper formulated five different policy
options under which DSI could be governed, generate revenues for benefit sharing while
preserving the current open access system for scientific discovery and publication [178].
Similar options have been proposed by Oldham [141].

Scholz et al. [178] noted historical parallels between CGIAR gene banks that became
part of the MLS of the International Treaty about 25 years after the creation of the CGIAR
institutes and the INSDC, established in the early 1980s, which now has assembled DSI
from every country, continent, ocean, and region in the world and its databases are accessed
by users in every country in the world. There is hope that a multilateral perspective, or even
a multilateral mechanism that covers multiple international organizations/agreements,
such as the CBD, the International Treaty with its MLS, WHO with its PIP Framework,
and UNICLOS, could be a practical way forward to solve the contentious DSI issue. From
the foregoing, it becomes apparent that the scientific community requires a multilateral,
universal framework for accessing DSI if it is to thrive and to contribute to solving current
and future global challenges, similar to the situation of PGRFA.

Despite the growing concern of reducing germplasm collections to dematerialized
and digitized genomic sequences, the conservation of physical specimens (seed, tissue,
living plants) will retain value for future research beyond the DNA code, although we may
not be able to anticipate and specify those values right now [180].

5. Strengths, Limitations and Opportunities of the Existing Regulatory Framework,
the International Network of Ex Situ Base Collections and the Routine Genebank
Operations for Genebanks to Effectively Participate in and Contribute to Regional or
Global Long-Term Conservation Efforts

Having described the global long-term conservation and exchange/use system above,
in this section, we will take a closer look at the existing policy framework in which the
global system is embedded (for a detailed description of the policy framework, please see
the previous paper [3]). We provide an assessment of the strengths and weaknesses as
well as of possible limitations of this framework that exist from the perspective of national,
regional, and global gene banks regarding their ability to participate in the regional/global
system. We will conduct a similar assessment of possible strengths, weaknesses, and
limitations that characterize the current international network of ex situ base collections
with a view on the possible participation of gene banks in that network. In the second part
of this section, we will critically assess the strengths, weaknesses, and limitations of routine
gene bank operations that have an impact on the effective and efficient participation of
national, regional, and global gene banks in the global system.

5.1. Regulatory Strategic Framework

The Global System for the Conservation and Sustainable Use of Plant Genetic Re-
sources is a system that evolved in and is being managed and coordinated by FAO, under
the oversight of the commission, with the aim to ensure safe conservation and to promote
the availability and sustainable use of PGRFA. The global system was also an element
of the International Undertaking on Plant Genetic Resources. The latter was adopted in
1983 and entirely devoted to the conservation and facilitation of use [181]. More details
on this global system are provided in Engels and Ebert [3]. This global system is largely
based on the national PGRFA programs around the world, the botanic gardens maintaining
PGRFA, the gene banks of the regional and international research centers of the CGIAR and
AIRCA (Association of International Research and Development Centers for Agriculture,
among which the World Vegetable Center and ICBA [International Center for Biosaline
Agriculture] maintain considerable germplasm resources), the regional PGRFA networks,
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the global crop networks and other loosely related institutions that are concerned with the
conservation and research of biodiversity.

As in any global “project”, it is important to have a well-defined strategy that de-
termines the scope (the “what”), procedures (the “how”), timeframe (the “when”), the
participants (the “whom”) and the rules (the “commitment”, including operative principles,
financial, infrastructural, and human resources). The most important elements of the policy
framework for the international network of ex situ base collections address: a. the strategy;
b. the global plan of action; c. monitoring and reporting; d. the international network of
ex situ base collections as the implementing agencies; e. the International Treaty and its
MLS as an oversight body; f. the CGRFA that provides oversight, in close consultation with
the treaty.

Components of the global system listed below contribute in their respective capacity
to such a strategy, including the listed “political” elements that underpin the actions.

5.1.1. The Global Strategy for Plant Conservation (GSPC)

The GSPC was adopted by the Convention on Biological Diversity (CBD) in 2002. It
provides a framework for the policies and actions required to prevent the loss of plant
diversity and promote plant conservation. Target 9 of the GSPC is closely linked to Aichi
Target 13 [182], which addresses the key objective relating to genetic diversity and provides
a clear entry point to the work carried out in the framework of FAO, its Global Plan of Action
for Plant Genetic Resources for Food and Agriculture (see below) and the work of the CBD.
While crop diversity is well represented in crop gene banks, crop wild relatives (CWRs)
and other socio-economically important species are significantly underrepresented. In this
respect, botanic gardens and other plant conservation organizations play an important role.
The FAO Commission reports to the CBD on progress achieved with the implementation of
the GSPC and participates in the post-2020 strategy. The GSPC addresses PGRFA through
the implementation of the strategic plan of the FAO Commission. As such, it is at a rather
high level for actual gene bank operations and impacts mainly at setting priorities for
actions through the GPA, as mentioned below. The FAO agreed on a strategic plan for
the Commission on Genetic Resources for Food and Agriculture (2019–2027), providing
high-level strategic guidance to the commission and its member states [183]. There are
no specific points to mention that directly impact our assessment as this strategic plan
provides merely a framework of its components.

5.1.2. Global Crop Conservation Strategies

For 26 food crops, global crop conservation strategies have been developed over the
past 20 years. These global crop conservation strategies provide a very useful framework
for prioritizing and planning collecting activities for the most important food crops, based
on existing collections, on gaps in terms of geographical areas that are underrepresented
in collections, for conservation approaches followed, including research and what needs
to be performed based on latest knowledge and information to help plan and prioritize
actions to ensure the long-term conservation and availability of plant genetic resources
for food and agriculture. The evolution toward a rational global system necessitates the
identification of the location and status of unique genetic diversity and the outlining of
the processes by which this diversity can be most efficiently and effectively conserved and
used for the benefit of the global community [184]. The strategies cover not only the crop
species but also the related crop wild relatives and treat the different types of germplasm
to some extent and make mention of in situ and on-farm conservation activities. They do
set priorities for recommended actions and thus, are a particularly useful and important
starting point for gene banks to consult when planning new activities that would include
one or more of the food crops covered by these strategies.

The most common constraint in developing such crop strategies is the lack of sufficient
accession- and collection-level information to categorize collections by importance, to
identify duplicates, and to fulfill other tasks needed for the ideal strategy. In addition, the
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use of different taxonomic systems for the same crop and misidentification of accessions are
reported problems to generate well-informed crop strategies [184]. Another constraint is
obviously that only a limited number of crops are covered, that only information has been
covered that was readily available to the crop experts, and thus, that the holdings of many
(smaller) gene banks in several countries are not covered. At the same time, the strategies
do provide ample information on gene banks holding major collections, existing networks,
and other useful aspects. The global crop strategies represent a major undertaking in
the field of plant genetic resources conservation, mobilizing experts to collaboratively
design plans for more efficient and effective conservation and use of crop diversity ex
situ. Supporting the development and updating of crop strategies allows moving forward
toward a more efficient and useful global system of (long-term) conservation and use
of these invaluable plant genetic resources [184]. The Crop Trust provides access to the
existing 26 strategies and is in the process of revising and updating several of the existing
strategies and developing new ones for 10 more crops/crop groups [185].

5.2. Global Plan of Action (GPA) for the Conservation and Sustainable Use of PGRFA (GPAII)

The GPA is one of the important instruments for countries and gene banks to obtain
relevant and useful information about general conservation and use aspects, identified
global priorities, reported needs and opportunities, etc., for 18 global priority activities.
The GPA is the most important reference document for national, regional, and global efforts
to conserve and use PGRFA sustainably and to share the benefits that derive from their
use in an equitable and fair way. The strength of the GPA is that it squarely addresses all
PGRFA, in a general sense, in situ and ex situ conservation, sustainable use, and building
institutional and human capacity. It also provides guidance in linking conservation and
use in achieving more sustainable production through breeding and broadening crop
diversity. Strengthening of national programs, the promotion, and strengthening of PGRFA
networks, constructing comprehensive information systems, and strengthening public
awareness of the importance of PGRFA are important topics addressed. Furthermore, it
was a very consultative process that had led to the formulation and adoption of the plan,
involving experts and specialists for the main activity areas. The updating of GPAI was
based on the first state of the world’s PGRFA (SOW) report [186]. The GPA also anticipates
developments and trends in agriculture that might impact the conservation and use of
PGRFA, e.g., the industrialization of agriculture, low input agriculture, the globalization
of markets, including the seed sector, the increasing use of genetically modified varieties,
the strategic use of PGRFA to better cope with climate change, major advances in sci-
ence and technology, the advances in molecular and genomic methods as well as policy
developments [187]. For more details, see also Section 2.5 of [3].

A possible weakness of SOWs to be guiding documents to gene banks and countries
is that each (updated) GPA covers a relatively long period of 10 and more years, that it is a
complex and rather bureaucratic process, and that its implementation is “voluntary”, with
limited opportunities for monitoring its implementation. The lack of financial resources is
one of the constraints to implement the GPA to its full extent.

The opportunities the GPA offers to governments, research, and conservation com-
munities, as well as to the users of PGRFA, are directly related to the extent of its imple-
mentation. The more the GPA is used as a priority-setting mechanism, the better it will be
implemented, and the more efficient and effective the conservation and sustainable use
efforts become worldwide.

Reports on the State of the World’s Plant Genetic Resources for Food and Agriculture
(SOWs) [186,188] present the outcome of periodic assessments by FAO of the state of
the world’s PGRFA, thereby facilitating analyses of changing gaps and needs and, thus,
contributing to the process of updating the “rolling” GPA. To facilitate this monitoring
process, and thus the preparation of the SOW report, an online reporting tool of WIEWS
has been made available [189] for the preparation of SOW III, scheduled for 2023. The
monitoring for SOW II was conducted through a participatory process with the appointed

81



Plants 2021, 10, 1904

national focal points in the member states that were guided to formulate a country report
through a nationwide consultation and to use tools to guide this process. Ninety-one
country reports have been prepared between 2014 and 2017 [190]. These country reports
are particularly useful and important documents as they contain ample and typically
detailed information on the state of PGRFA conservation and use in the respective country.
The preparation process of the SOW report is possibly the most comprehensive global
assessment on the state of PGRFA, in countries, in regions (in the past through regional
consultation meetings), and globally and thus, the publications this process generates are
indispensable resources for planning activities, for prioritizing efforts at the various levels
and to obtain a better overview of the current situation of individual crops, crop gene
pools as well as of countries. It should be noted that the individual country reports vary
greatly in quality, but all follow a defined structure and can be (relatively) easily consulted.
A major drawback might be that almost half of the countries did not produce a country
report, and thus, the coverage of the country reports collectively might well be incomplete
on aspects such as distribution of species, their conservation, and use status, etc.

5.3. International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) and Its
Multilateral System (MLS)

As the successor of the International Undertaking, the International Treaty with its
MLS [191] is the most significant policy instrument that we have for PGRFA. For details
on this legal agreement, operational since 2006, see the work of [3]. In November 2020,
the treaty had 148 contracting parties, including the European Union. The treaty aims
at establishing a global system to provide farmers, plant breeders, and scientists with
access to plant genetic materials. Its main provision is the establishment and operation
of the MLS, which puts 64 of the most important crops into an easily accessible global
pool of genetic resources that are freely available to potential users in the treaty’s ratifying
nations for specified uses. With the creation of the MLS and placing genetic resources of
the above-mentioned 64 crops and species into the public domain, it was intended to make
access to PGRFA easy and simple.

However, it should be mentioned that this access is somewhat “bureaucratic” as it is
regulated by a relatively complex standard material transfer agreement (SMTA) that defines
several conditions and restrictions, including for the use of such materials. Furthermore,
despite the impressive number of contracting party states, many of them did not contribute
materials to the MLS, thus limiting the total genetic diversity in the pool. Until mid-2019,
a total of 58 notification letters designating PGRFA to the MLS were submitted to the
secretariat of the treaty by 44 countries and six organizations. Furthermore, 18 international
and regional centers have included their ex situ collections in the MLS [192]. In addition,
the rather restricted list of 35 crops and 29 grass and forage species that have been included
in Annex 1 of the treaty is a significant limiting factor. For instance, only a small number
of vegetables and neglected and underutilized species has been included in the list, no
commodity crops, etc. Consequently, for many countries, the current MLS is of limited
interest. Yet, another limiting factor of the MLS is the hesitation of the private sector to use
materials from the MLS, especially triggered by the benefit-sharing conditions. Because
of the difficulty to ease the access conditions through negotiations at the Governing Body
meetings, many of the bigger breeding companies have established their own private
collections, partly officially through the MLS and partly through their own initiatives with
gene banks and countries [193].

The strong link between the Global Crop Diversity Trust and the treaty is a major
strength of the MLS. The Crop Trust has fully embraced supporting the major food crops
and their wild relatives that are included in Annex 1 as their priority crops, but also realizes
that other important and minor food crops would further strengthen the MLS and started
a project to develop global crop strategies for gene pools that have not yet been covered
so far. Since the Crop Trust is a major partner in the international network of ex situ base
collections and as Genesys (initiated and operated by the Crop Trust) is one of the main
information resources on global germplasm collections at the accession level, there is a
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direct link between effective and efficient long-term conservation of major food crops’ gene
pools and the MLS.

5.4. The FAO Commission on Genetic Resources for Food and Agriculture (CGRFA)

The CGRFA provides a platform for all the PGRFA as well as for animal, aquatic, and
forest genetic resources [194]. For details on the historical achievements of the Commission,
see Engels and Ebert [3]. With the establishment of the International Treaty, replacing
the International Undertaking, and the inclusion of other sectors of genetic resources,
in particular forest, animal, and aquatic resources for food and agriculture, the role of
the commission changed. However, as most of the food and agricultural crop species
are not covered by the treaty, the commission continues to be of direct relevance as an
oversight body for most of the PGRFA. The relevant provisions of the commission for
the international network of base collections and global conservation system have been
mentioned by Engels and Ebert [3], in particular, the Genebank Standards, the rolling GPA,
WIEWS, and the SOW and country reports. In terms of global coverage of countries, in
July 2014, 178 countries and the European Union were members of the commission [195].

The strength of the commission is that it has a broad scope and covers all genetic
resources of relevance to food and agriculture, with a clear focus on food security and
sustainability issues. Another strength is that most of the countries are members of the
commission. A possible weakness is a fact that many member states do not place the con-
servation and sustainable use of PGRFA high on their agenda and that the commission as a
forum for discussion has no possibilities for sanctioning members that do not implement
agreed activities or do not adhere to agreed standards. Furthermore, the commission has
to share the oversight over the international network of base collections with the treaty,
and thus, a clear focus is somewhat lost. When looking at the global conservation system,
it should also be noted that other elements, organizations, operations, and activities that
directly or indirectly contribute to international collaboration on conservation and use
of PGRFA are currently outside the global system, or their contributions are not fully
appreciated, e.g., many NGOs, farmers’ organizations, botanic garden networks, and
others. The global system does not provide many opportunities to strengthen linkages
and connections between the existing components of the system. The global dimension
of in situ conservation is not well developed. In addition, the financial arrangements that
support the system are underdeveloped [196].

The following websites provide relevant information regarding the different elements
of the international network of ex situ base collections:

• WIEWS—World Information and Early Warning System on Plant Genetic Resources
for Food and Agriculture (http://www.fao.org/wiews/en/) [197];

• CGIAR Genebank Platform (https://www.genebanks.org/the-platform/) [198];
• Multilateral System of the International Treaty (http://www.fao.org/plant-treaty/

areas-of-work/the-multilateral-system/overview/en/) [191];
• Svalbard Global Seed Vault (https://www.seedvault.no/) [199];
• Global Safety Backup Cryopreservation Facility, still being developed (http://www.

fao.org/3/CA1371EN/ca1371en.pdf) [200]. The Global Safety Backup Cryopreserva-
tion Facility is an initiative that has been developed by many key players in the field
of cryopreservation and coordinated by the CGIAR gene banks, as a parallel to the
SGSV in Norway, to provide a global security backup for cryopreserved accessions.
This mechanism is awaiting political acceptance;

• The European Cooperative Program on Genetic Resources (ECPGR; https://www.
ecpgr.cgiar.org/about/overview) [201];

• GRIN-Global (https://www.nal.usda.gov/grin-global) [145] is based on the plant
database of the Germplasm Resources Information Network (GRIN).
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5.5. International Network of Ex Situ Base Collections

In the following, we will focus on the base collections maintained by the CGIAR
centers, CATIE, and the Pacific community, as they have concluded agreements with
the secretariat of the International Treaty and thus, formally included their designated
germplasm in the MLS. In addition to these international centers, also the national collec-
tions in countries such as the USA, South Korea, Japan, Germany, The Netherlands, and
some others are important partners in the MLS. The 5th largest international gene bank in
the world, dedicated to the conservation of global and indigenous vegetable germplasm
and maintained by the World Vegetable Center in Taiwan [69], is distributing germplasm
globally under the SMTA, thus applying the guidelines of the International Treaty and the
MLS but is yet to officially sign an agreement with the Treaty Secretariat.

The CGIAR collections, as well as those maintained by the World Vegetable Center
and CATIE, are to a large extent collections with global coverage, have a strong focus on
(major) crop gene pools, are relatively large, well-managed, and form the backbone of the
MLS of the International Treaty. Furthermore, most of the centers that included germplasm
in the MLS also have active breeding programs with a global focus and actively distribute
breeding materials as well as newly bred varieties worldwide. The integration of the gene
bank and its collections and the breeding cum research activities into a research institute
has many advantages and has proven to work well. It should be noted that materials of
other (minor) crops that are maintained by international and regional centers (Article 15
species) are also included in the MLS and thus available to all users through a standard
material transfer agreement (SMTA).

The maintenance of global germplasm collections, usually with a suitable representa-
tion of the total genetic diversity, and targeted (mandate) crop breeding activities “under
one roof” are important strengths that the international centers offer. Furthermore, the
global coordinating role that these centers play with respect to the conservation of their re-
spective mandate crops, in many cases following the elaborated activities in the respective
global crop strategies, and the coordinated management of these collections with respect to
gene bank standards, policies on access and distribution, information and research, through
the Genebank Platform should be mentioned as another significant strength. In addition,
the assurance of stable funding over the long-term, thanks to arrangements through the
Endowment Fund of the Crop Trust, combined with the provision of training and advice to
collaborating scientists from developing countries, this network of international centers is
a true pillar of the international network [188].

The current international network of ex situ collections also has some obvious weak-
nesses. Possibly the most important one is the strong focus on the major food crops, i.e.,
those listed in Annex 1, and the relative neglect of minor (including global and regional)
crops, such as vegetables and the locally adapted NUS or orphan crops. Another weakness
is the, in general, less active involvement of smaller developing countries with collections
consisting of mostly local minor crops, frequently enriched with breeding materials and
varieties of the international research centers. As many of the centers of diversity are
situated in developing countries, and since these are usually less well collected (possibly
except for the mandate crops of the international research centers), there is likely also
a bias toward the more accessible and bigger developing countries. Yet another factor
that relates to the previous points is the lack of functional breeding programs, possibly
also other research programs worldwide for (most of) these marginal crops, and thus, the
countries that are “left out of the system” do hardly benefit from the genetic resources in
their territories. However, more recently, some donors have recognized this aspect and
initiated regional or continental programs or projects to address, for instance, the genetic
diversity of African orphan crops [202] or to build molecular research capacity as part of
an agricultural transformation program [203].

The Governing Body of the treaty is well aware of the limitations of the restricted
coverage of Annex 1 crops and species causes, and for a number of years, negotiations
have been ongoing to overcome this shortcoming. An “Ad hoc open-ended working group
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to enhance the functioning of the multilateral system” has been meeting nine times, but no
results could yet be achieved [204].

For the CGIAR centers, optimal functioning of the MLS is critically important to
fulfill their mission. Unfortunately, some challenges have been faced since its inception.
Since 2018, only one payment has been made to the Plant Treaty’s benefit-sharing fund,
in line with the mandatory monetary benefit-sharing conditions included in the SMTA
that are triggered when breeding products derived from MLS germplasm materials are
commercialized. Furthermore, many potential providers are demonstrating reluctance [16]
to proactively provide access to plant genetic resources in the multilateral system until
more money from commercial users is contributed to the benefit-sharing fund of the
treaty. In addition, the treaty’s relatively low profile in many countries makes it difficult
to obtain political support to implement national measures. Moreover, some companies
and universities have declined to take germplasm materials from the MLS because of
difficulties with the SMTA. Finally, very few requests for CGIAR germplasm come from
farmers or farmers’ organizations, civil society organizations, or countries with small or
no plant breeding programs for direct use [16]. In this context, it should be noted that
direct use of materials from the MLS is not explicitly foreseen by the SMTA. In addition,
other aspects that limit the transfer of germplasm from the MLS to users have been noted,
including the uncertainties whether SMTAs are used when passing germplasm on to third
party users, the lack of reporting evaluation results by recipients of the germplasm to the
CGIAR centers, despite reminders. The same is the case with respect to feedback regarding
improved lines that are being released by countries as cultivars and thus, no, or only limited
value adding on the germplasm in the MLS takes place through information sharing [16].

Whereas through the establishment of the MLS, a global system is, in principle.
Available for placing and keeping (including for the long-term) PGRFA important for food
security, nutrition, and sustainable production practices in the public domain, thus making
those freely available, there is a need to further strengthen the system. One important issue
is the restrictive and very limited list of species included in Annex 1; it should rather be all
PGRFA. Furthermore, the benefit-sharing arrangements are too bureaucratic and complex,
and they should be replaced by a system that altruistically supports the financially poorer
but genetic diversity-rich countries with their conservation efforts. A global system could
play a key role in this, especially through the establishment of close linkages between
conservation and use. The international network of ex situ base collections could be the
central conservation component of such a system, ensuring the effective and efficient
long-term conservation of unique, carefully selected, and representative samples that are
being made readily available to users worldwide. The efficient management of the related
information is another key aspect of such a rational global PGRFA system.

5.6. Observations on Strengths and Weaknesses of Routine Genebank Operations, and
Opportunities to Facilitate Cooperation between Genebanks at Large to Contribute to the
Global System

In this subsection, we will assess strengths and weaknesses for each of the key routine
gene bank operations vis-à-vis the relevant aspects of the global conservation system
and, where opportune, identify and describe possibilities for more active participation of
individual gene banks in the global system. In order to provide a more concrete context,
global data are reported, sometimes repeating earlier facts that might help to understand
this context better; they stem largely from the comprehensive but somewhat outdated
SOWII report [188], from the Genebank Platform [198], and have been updated with
personal observations and experiences, whenever possible.

5.6.1. Exploration and Collecting; Prioritization

• Whereas for most of the major food crops, a large part of the genetic diversity is
represented in collections, for many other crops, especially many neglected and
underutilized species, and CWR, comprehensive collections still do not exist, and
considerable gaps (genetically as well as geographically) remain to be filled [188];
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• Crop conservation strategies are possibly the most powerful tools to set priorities
where to collect what as they typically provide a global account of existing collections,
their diversity coverage (as far as known), reported threat status, etc. For details, see
Section 5.1.2. For understandable reasons, there has been a strong focus on major
food crops, in particular orthodox seed-producing crops. However, of the 10 new
crop gene pools, several vegetables, and neglected and underutilized species have
been included;

• About 55% of accessions that are being conserved in gene banks globally, and for which
the country of origin is known, has originated in the country where the collection is
maintained [188]. The lack of information on the other 45% of accessions is a serious
limiting factor in planning as well as developing convincing crop strategies to guide
collecting priority setting;

• Since the mid-1980s, the average number of accessions collected annually decreased [188].
The number of newly acquired materials by the centers to be included in the interna-
tional collections dropped down to the lower levels that characterized the mid-1990s
to 2009 [47];

• Largely triggered by particularly the legal access and benefit-sharing issues, a signifi-
cant shift from internationally organized toward national collecting missions has been
observed since the mid-1990s. This has resulted in slower growth of new accessions
that are globally being made available. Thus, increased technical and financial support
to national and local programs will be indispensable to ensure that timely collecting
will be undertaken;

• Priorities for collecting at the local and national level should be on local and threatened
genetic resources, whenever possible, with support from national or international crop
gene pool specialists to ensure the highest possible quality sampling and treatment of
the genetic resources;

• Collaboration with partners from outside a given country can be critically important
to obtain specific expertise (e.g., taxonomic knowledge of targeted taxa for collecting)
in preparing and conducting this demanding and complex activity;

• Sharing collected materials with other gene banks can be important to ensure ef-
fective and efficient long-term conservation if specific expertise is required for the
conservation, e.g., cryopreservation, need for specialized infrastructure, and possibly
other aspects.

5.6.2. Conservation, General

• Of the total 7.4 million accessions, national government gene banks conserve about
6.6 million, 45% of which are held in only seven countries [188];

• Of the analyzed 6,998,760 accessions, 10% were CWR, 24% landraces, 11% breeding ma-
terials, 9% advanced cultivars and 46% others and/or no information available [188].
A more balanced overall representation of some germplasm types is desirable;

• Total number of reported accessions in approximately 1750 gene banks or germplasm
collections is about 7.4 million; of these, approximately 2 million are unique [205], and
about 4.6 million are Annex I crops [188];

• Percentages of duplication within and between collections have been estimated to be
high; only about 25%–30% (or between 1.9 and 2.2 million) are distinct [188];

• Many crops and important collections remain inadequately safely duplicated; for
vegetatively propagated species and species with recalcitrant seeds, the situation is
worse [188];

• Total number of accessions notified to be included in the MLS through a notification
letter is 532,545, and 1,256,680 have been reported on the treaty website [192]. The
number of CGIAR accessions reported in Genesys having been included in the MLS
as of May 2021 is 766,680 [192];

• With respect to the security of stored materials, there are two main areas of concern,
i.e., the extent of safety duplication and regeneration backlogs [188];
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• Whenever possible, locally occurring or cultivated and thus, likely adapted germplasm
should be locally/nationally conserved, either in situ and/or on farms, and preferably
a copy of the material be included in an international collection as well. It would
be ideal if such locally adapted and ex situ conserved materials could be regener-
ated/multiplied under local conditions that would allow a high-quality performance
with limited risks of losing genetic diversity due to constraining conditions in the field.
Where possible and/or necessary, collaboration with national or regional, and ideally
with international experts and gene banks, should be sought;

• Priority setting at the local and national level will logically be based on criteria that
are best known at the national level, especially regarding the threat status of taxa
occurring in nature or on-farm;

• Whereas local limitations for conservation can be manifold, reasons and needs for
participation in global (and regional) conservation efforts might be important and
justified in case-specific infrastructure is missing, specialized expertise is not available,
or local capacity constraints for storage and/or management exist;

• Participation of countries, including their relevant local gene banks, in the global
system through the respective national PGRFA program is strongly encouraged and
recommended in order to add value to and increase the safety of the nationally
conserved genetic resources. This can be achieved through international collaboration
but also through more sustainable “bottom-up” approaches;

• As for exploration and collecting, global crop conservation strategies do provide an ex-
cellent tool for planning and participation in global (and regional) conservation activities.

5.6.3. Conservation—Linking in Situ and Ex Situ

• As already implied in a recent publication by Engels and Ebert [3], linking in situ
(including on-farm) conservation with ex situ conservation might well be indispens-
able to combine the strengths of each of these approaches and to complement the
efforts at the local level with those at the national and international levels. This
would ensure that a maximum amount of genetic diversity is conserved in the most
appropriate and effective way and that biological and cultural information is not lost
inadvertently [188];

• As in situ and on-farm conservation is per definition an activity that can only take
place “locally”, it is a given that the coordinating national PGRFA program should
provide the link between such in situ conservation efforts and complementing national,
regional, or global ex situ activities;

• The important aspect of enabling effective and efficient (long-term) conservation ap-
plies predominantly to the local situation, i.e., there where the genetic materials occur
in nature or on-farm and where also ex situ conservation should be applied. However,
such complementary effort could also be applicable to situations where materials are
being conserved “only” ex situ (and possibly under very constraining conditions for
the germplasm itself) but where, for instance, a permanent evolution/adaptation of
this material to changing conditions would be important;

• There is one more reason to actively promote collaboration between in situ and ex
situ conservation efforts, and this concerns the facilitation of germplasm use. While
direct access to populations or landraces conserved in situ is difficult, after collecting
such material and storing it in a gene bank, access to those accessions by users can be
targeted and routinely provided;

• Whenever genetic diversity occurring locally is being collected for conservation and
use elsewhere, adequate arrangements should be made to ensure that benefits deriving
from the use of such resources will be shared, in whatever form, with the local
communities;

• There could be strong justification to combine the two conservation approaches in
case materials are predominantly conserved in nature or on-farm, and a “strategic
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representation” of the genetic diversity in the gene bank would be important to ensure
easy and targeted access to materials;

• Direct and effective links between germplasm conserved ex situ using techniques such
as in vitro storage or cryopreservation and the corresponding materials maintained
on-farm (and/or in field gene banks) will be important in case genetic instability is
critical and regular “refreshment” of the ex situ conserved materials is required;

• The establishment and operation of local “community gene banks” might well be
considered to strengthen local conservation capacity and to facilitate collaboration with
the national (and eventually international) level and thus, to empower/strengthen the
ownership over the local resources by the local communities [206].

5.6.4. Germplasm Management, including Processing

• An important prerequisite for effective and efficient germplasm and gene bank man-
agement is the formulation of clear conservation and use objectives. Knowing why
and what to conserve allows better planning and priority setting [14];

• Strong germplasm (and gene bank) management capacity is a prerequisite for efficient
and effective long-term conservation. Many of the routine operations provide oppor-
tunities for increasing the longevity of conserved germplasm, of improving the quality
of the management and thus of the materials, facilitating the use of the materials by
adding value through characterization and evaluation, etc. Such improvements will
make the gene banks more attractive to play a more prominent role in regional and
global efforts, to access more easily additional funding through projects, etc., and thus,
to become increasingly more attractive as a partner in collaborative research activities
locally, nationally, and internationally;

• A well-coordinated national conservation effort [207] enables the country to be cost-
efficient and effective with its national conservation activities, including in situ and ex
situ, to make strategic decisions on assigning conservation responsibilities, strength-
ening the link between conservation and use, participating actively and effectively in
regional and global initiatives, etc. [207];

• The CGIAR gene banks have a well-developed germplasm quality management
system [208], basically following the Genebank Standards [5], the division of active
and base collections with the most original sample concept [5,67] and other aspects
such as risk management and user satisfaction [209] and thus, could well provide
guidance to national and local management efforts.

5.6.5. Storage—Seed; Field; In Vitro; Others

• Of the reported more than 1750 gene banks worldwide, about 130 maintain more than
10,000 accessions each [188];

• Of the reported 3.6 million accessions (about half of the global total), maintained by
488 gene banks and germplasm collections, about 6% is conserved in field gene banks;
almost 1% is conserved in in vitro collections, and 0.2% accessions are cryopreserved.
Another 1.458 accessions are “conserved” as DNA [209]. For the CGIAR gene banks,
most accessions are held and distributed as seed; just 23,862 (3.1%) are conserved as
tissue in in vitro and 29,122 (3.8%) in field gene bank collections [16];

• About 96% of all conserved accessions in gene banks are maintained as seeds [188,198];
• In CGIAR gene banks, about 18,500 or 2.5% of the accessions are cryopreserved or

safety duplicated as in vitro samples [198];
• Germplasm of crops listed in Annex 1 of the ITPGRFA is conserved in more than

1240 gene banks worldwide, and they add up to a total of about 4.6 million samples. Of
these, about 51% is conserved in more than 800 gene banks of the Contracting Parties
of the ITPGRFA, and 13% is stored in the collections of the CGIAR centers [188]. The
fact that 96% of accessions are being kept as seeds in cold storage, it can be expected
that the “global system” is being dominated by the conceptual thinking that relates
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to this type of genetic resources, possibly at the detriment of the non-seed conserved
genetic resources or those with recalcitrant seeds;

• However, many of the gene banks do maintain germplasm falling in two or more
categories and not seldom managing big numbers of different species, as for instance,
botanic gardens do;

• A useful tool for planning and/or rationalizing gene bank operations and germplasm
management practices is the published guide to effective management of germplasm
collections [14];

• In cases that gene banks do not meet the aspired thresholds in conservation, such as
the number of seeds per accession, seed viability, etc., it might be advantageous to
seek advice and possibly assistance from experts, either in the national network or in
the regional or certainly the global network. CGIAR centers are well geared toward
providing such assistance, including capacity building;

• As human and infrastructural capacities for the more demanding conservation method-
ologies such as in vitro and cryopreservation are often missing in small or national
gene banks, collaboration with other gene banks/countries that do possess such
facilities will enable access to required knowledge and resources.

5.6.6. Safety Duplication

• The Crop Genebank Knowledge Base is a slightly outdated but still a very resourceful
tool for most of the routine gene bank operations, including on the safety duplication
for seed, clonal, and in vitro materials [210];

• It is estimated that more than one-third of the globally distinct accessions of 156 crop
genera stored in gene banks as orthodox seeds are conserved in the Svalbard Global
Seed Vault, with high coverage of Annex 1 crops and of those crops for which there is a
CGIAR mandate. Cereals and food legumes together constitute 87% of the accessions
in the Seed Vault [211];

• As per the CGIAR criterion for mitigation of risk of loss, seed accessions in long-term
storage should be safely duplicated in two external locations, one of which is the
SGSV; on this basis, 73% of the seed accessions have been adequately secured against
risks of loss [16];

• The number of accessions stored at SGSV is 1,081,026 seed samples from 87 gene banks
and 66 countries [199];

• The safety duplication of accessions is an essential step to increase the security of base
collection materials as this germplasm is unique and forms part of a global inheritance.
However, this should also apply to local and national germplasm collections to avoid
possible losses;

• Safety duplication does not have to be in all instances under long-term storage condi-
tions, in particular when germplasm is maintained in field gene bank collections. The
duplication of the collection (or part thereof) at another location or another gene bank
might be sufficient;

• Arrangements for safety duplication are best made with and through the respective na-
tional PGRFA program to ensure adequate coordination, conclude proper agreements
and use the existing network of gene bank contacts.

5.6.7. Germplasm Health

• The Crop Genebank Knowledge Base provides very useful information on plant health
testing [212];

• In 2018 and 2019, the germplasm health units (GHUs) of the CGIAR facilitated 3900
events of international germplasm transfers from gene banks and breeding programs,
reaching >100 countries per year. In this process, GHUs tested 453,972 samples and
eliminated 6% of those that were pest-affected [213];

• The CGIAR gene banks reported that during 2019, out of the 717,693 total accessions,
76,766 accessions were tested on their health status [213];
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• Germplasm conserved as part of the international network of base collections, in fact,
stored and distributed from the related active collections, should be free of pests and
diseases when being distributed, in particular of quarantine pests and diseases [54];

• In addition, during regeneration/multiplication activities, regular inspection of the
cultivated accessions in the field/greenhouse will be important to ensure the health
status of materials that are conserved for long-term storage or maintained for dis-
tribution. For the latter, IBPGR created a series of technical guidelines for the safe
movement of crops [214];

• Even for well-equipped and staffed gene banks, this specific routine operation on
germplasm health continues to be a challenge, and collaboration with specialized
institutions nationally or internationally might be required to handle germplasm
in conformity with the rules and regulations of the International Plant Protection
Convention (IPPC) and National Plant Protection Organizations (NPPOs) to avoid
distributing harmful pests and diseases with germplasm samples;

• In the case of local conservation efforts, e.g., nature conservation, on-farm manage-
ment, and community gene banks, proper links to the national PGRFA system that
can provide germplasm health assistance will be important. Such contacts can also
be useful to introduce, for instance, germplasm with resistance to locally occurring
devastating diseases from elsewhere.

5.6.8. Distribution and Exchange

• The Crop Genebank Knowledge Base provides a section on germplasm distribution,
including related biological as well as legal aspects [215];

• Relevant information on the transfer of germplasm of 18 crops/crop groups with
respect to import and export requirements, guidelines for the detection and treatment
of relevant pests and diseases, and best practices for seed and clonal germplasm
materials can provide useful assistance [216];

• The total germplasm distribution remained steady over the period from 1996 to 2007
at about 100,000 accessions each year, and it peaked in 2004 [203];

• Over the last 10 years, the CGIAR gene banks have distributed more than 1.1 million
PGRFA samples to recipients in 163 countries, or 23% of all PGRFA samples transferred
following the rules of the MLS [47,217]. Over the first 10 years of operation under the
MLS of the treaty, the CGIAR centers distributed almost 4 million samples of PGRFA
with over 47,000 SMTAs. This represents 93% of the reported global distribution of
germplasm under the multilateral system [16];

• The CGIAR breeding programs were the source of an additional 66% (approximately
3.3 million samples) of the PGRFA transferred through the MLS in addition to the
above-mentioned 23%. The remaining 11% of materials exchanged were transferred
by organizations and individuals outside the CGIAR [47];

• The CG gene banks reported 1238 external germplasm requests during 2019, and a
total of 45,941 germplasm samples were distributed outside the CG, belonging to
38,099 accessions [218];

• Germplasm exchange and distribution have been important activities of gene banks
and possibly the main source of acquisition of germplasm for many gene banks around
the world (also recorded as donations). This has certainly been triggered by the fact
that the first (oldest) gene banks were all outside the centers of crop diversity, and
thus, germplasm collecting missions were typical to foreign countries, costly, and
demanding. Consequently, interesting germplasm from the main crops was in many
cases of interest to many other gene banks, and over time, such samples were globally
distributed, resulting in a significant duplication, certainly from a global perspective;

• As described above, careful and detailed planning of new collecting missions, also
with a clear understanding of what had already been collected in the past (also by
other gene banks), is an important step to avoid unnecessary duplication. This also
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applies to the acquisition of germplasm from other gene banks. Consequently, this
check should possibly be best performed at the national level;

• Since there are many steps involved in germplasm management that might jeopardize
the genetic constitution or authenticity of the sampled populations or landraces, there
is a growing recognition to a stronger focus on genetic diversity-related aspects of
individual samples/accessions and to avoid steps that put this at risks;

• The above also requires better and comprehensive information to be provided along
with the exchanged or distributed samples or accessions;

• As for some other routine gene bank operations, also the exchange and distribution
of germplasm from a given country, especially when numerous gene banks and
collections exist in the country, is best carried out in a coordinated manner by and
through the national PGRFA programs, as they know the rules and procedures, know
the collaborating institutions, etc.

5.6.9. Regeneration and Multiplication

• The Crop Genebank Knowledge Base provides a section on germplasm regeneration,
why, and how it is being performed [219];

• Guidelines for the regeneration of 16 predominantly minor crop plants are an impor-
tant tool and can be found at the Crop Genebank Knowledge Base [220];

• With respect to the security of stored materials at the global level, FAO identified
two main areas of concern, i.e., the low extent of safety duplication and the large
backlogs with respect to regeneration [188];

• Regeneration (and multiplication) is a complex, demanding, costly, and rather risky
gene bank activity, certainly from a genetic diversity point of view. Consequently,
significant backlogs have built up in many gene banks, with all the risks this might
have of losing materials due to loss of viability. In particular, CWRs present many
problems and challenges for their regeneration, as many are cross-pollinating, produce
little seeds, and are highly shattering [184];

• One of the major constraints is that germplasm, in particular crop wild relatives,
obtained from other gene banks outside the country might not be well-adapted (e.g.,
photoperiod and ecological requirements) to the growing conditions of the gene bank
in question, and this can result in losses of genetic information or even of entire
accessions and may need international collaboration [184];

• The CGIAR gene banks reported that during 2020 of the 721,574 accessions maintained,
11,414 were regenerated and 68,616 multiplied [221];

• Information reported and gathered on almost 900,000 accessions for the period
2012–2014 showed that 18% had been regenerated, whereas 38% needed regener-
ation. For about 40% of those that were due for regeneration, an adequate budget was
reported not to be available [209];

• As regeneration requires solid knowledge of cultivating a given species, it might well
have advantages to seek cooperation with institutions that possess such knowledge
and experience. For instance, the Dutch gene bank CGN developed such collaboration
with interested plant breeders in the country to regenerate accessions for the gene
bank according to the gene bank standards. The breeder concerned was entitled to
keep a subsample of the regenerated materials and expected to return the harvested
produce along with any pertinent information to the gene bank. The World Vegetable
Center followed the same procedure with Asian breeding companies [222];

• The Crop Trust offered countries assistance with the regeneration of germplasm
accessions in the country, during the operation of a big global regeneration project,
and expected materials of these accessions to be included in the collection of the
respective center for long-term conservation with the intention that this material
would be made available to users under an SMTA;
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• Regeneration of germplasm materials provides several opportunities to complement
gene bank functions such as gathering characterization data, increasing seed stock,
and eliminating diseased plants in accessions [184].

5.6.10. Characterization and Evaluation

• The Crop Genebank Knowledge Base provides very useful and practical information
on the characterization of germplasm materials [223];

• Characterization is regarded as a routine gene bank activity, typically using char-
acteristics that are highly heritable. It is an essential activity that facilitates proper
management of the materials and provides a solid information basis for its use. In
contrast, evaluation is a step that requires specific knowledge of the conserved species,
usually advanced facilities, and it needs proper experimental design to eliminate the
generally high dependence of the evaluated traits on the environmental circumstances;

• Characterization produces valuable agronomic and breeding data and allows the
identification of unwanted duplicates in the collection and thus, provides the basis for
rationalizing the collection(s) by eliminating unnecessary duplicates [184];

• Collaboration of the gene bank with, for instance, plant breeders or specialized re-
searchers is a common approach to get accessions evaluated. However, it seems
advisable for the gene banks to make clear agreements with the plant breeders as their
willingness to return evaluation results seems to be limited;

• The extent of characterization of collections held by CGIAR centers and World Veg-
etable Center (a total of 585,193 accessions were analyzed) is 77%, varying from 17%
to 88%, depending on the crop [188]. Please note that these percentages vary greatly
from one species or crop group to another;

• The average extent of characterization and evaluation of national collections in 40 re-
porting countries for the main crop groups is 64% of almost 320,000 accessions, 63%
of the 410,000 cereal accessions were morphologically characterized, and 65% of the
48,000 vegetable accessions [188];

• When characterizing local germplasm materials, it is important to use characters
and traits that are of interest to the local communities and, whenever possible, to
use descriptors agreed among gene banks and to engage the local community in
this activity.

5.6.11. Documentation

• Proper gene bank documentation and information management are essential pre-
conditions for any gene bank to be effectively linked with any larger conservation
system, to share germplasm and related information, and to be able to effectively and
efficiently conserve PGRFA;

• Many attempts have been made since the 1970s to develop gene bank information
management systems to ensure connectivity and the easy exchange of information
between gene banks and users. The advances of the Internet, the recent development
of management systems such as GRIN-Global [145] have greatly improved the myriad
of approaches by individual gene banks or national PGRFA programs;

• Greater standardization of data and information management systems is needed [188]
to facilitate their exchange, analysis, and thus their use in setting priorities, facili-
tating monitoring, and allowing the creation of a more effective and efficient global
conservation system;

• Unfortunately, information management in many gene banks remains weak, and thus,
this situation does not support effective and efficient participation in coordinated
national or international conservation efforts;

• Of the accessions maintained in CGIAR gene banks, 87% have passport or charac-
terization data accessible online [16]. This figure is much higher than the average
percentage of passport and characterization data of gene banks at large;
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• Well-organized and comprehensive information management in a gene bank is the
basis for efficient and effective conservation; for orchestrating the active and base
collections efficiently; to monitor the viability of stored accessions timely and efficiently
(and thus, among others, avoiding unnecessary regeneration efforts); providing a
sound and solid foundation for decision-making; enables targeted rationalization of
collections and conservation practices; is a prerequisite for local, national, regional and
global collaboration and cooperation; facilitates targeted use of conserved germplasm
material, etc.;

• As for conservation activities, especially those that are integrated into a bigger “system”
or network, the availability and curation of high quality and comprehensive data at
all levels is an indispensable prerequisite for effective and efficient collaboration, as
has been mentioned already in Section 4.3.

5.6.12. Research

• Whereas research can be regarded to steadily improve and strengthen gene bank
operations, it is not an essential requirement per se to conserve germplasm efficiently
and effectively. However, as already mentioned above, several routine conservation
operations require at least some applied research activities to identify, for instance, the
optimum SMC of seeds of less well-known species, to adjust conservation procedures
to locally prevailing conditions, etc.;

• In general, a gene bank that fosters the culture of research, of interacting with re-
searchers to understand local genetic resources better, to seek solutions of farmers
to improve sustainable production, etc. will play a more important role in local and
national PGRFA conservation and sustainable use and thus contribute to sustainable
development, to better incomes for farmers and to protect the environment;

• Active researchers in gene banks are also more attractive to others that seek col-
laboration, increase the willingness of governments to support routine and new
activities, etc.;

• Whereas applied research might not require collaboration, more advanced research
activities certainly do, as the infrastructure might be lacking, the right expertise
has not yet been built, or for other reasons. In addition, research on important
contextual aspects of the germplasm in question might further add value to the
germplasm. Examples could be on gathering specific traditional uses of collected
landraces, agronomic information obtained from local farmers, and others.

5.6.13. Collaboration and Networking

• As conservation of PGRFA is still a relatively new science, as conservation operations
are frequently localized, not widely recognized as critical, and in general rather
complex by nature, collaboration offers solutions for problems that can hardly be
resolved in isolation. Such need for collaboration applies at all levels and offers
opportunities to learn new aspects, to share strengths and overcome weaknesses, etc.
For aspects related to international collaboration, see also Section 6;

• Greater efforts are needed to build a truly rational global system of ex situ collec-
tions. This requires particularly strengthened regional and international trust and
cooperation [188], and, as observed by the authors, this has significantly decreased
in most of the regions over the past 10 years or so (among others triggered by the
disengagement of regional and/or crop networks coordinated for several decennia by
Bioversity International and others);

• To improve the management of collections and to facilitate increased use of the
germplasm collections as part of a network, documentation, characterization, and
evaluation need to be strengthened and harmonized, and the data need to be made
more accessible [188];

• As plant genetic resources for food and agriculture are global for many of the cul-
tivated crop species and, to a much lower extent for the related wild species, it is
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obvious that some sort of coordination from a global perspective is indispensable to
achieve effective and efficient rational conservation of PGRFA and to facilitate their
sustainable use. Thus, it is advantageous for all involved in conservation activities to
seek collaboration with others, certainly at the national, depending on the scope and
objectives of the conservation and use activities at the regional level, and whenever
possible through the national program with the international efforts;

• Participation in regional or global PGRFA networks has proven to be advantageous to
all involved from a contributing, receiving, and capacity-building perspective;

• Rationalization of collections is best performed at the regional/international level,
requires comprehensive data and information about the local accessions/collections,
and is an important step toward more cost-efficient and effective PGRFA activities;

• Active engagement of the lower in the next higher level in PGRFA activities through
networking is a key prerequisite to enable and strengthen collaboration. One or more
focal points for key areas might be one way to organize such participation effectively;

• Active and inclusive engagement of individual partners and participatory approaches
seem to be pre-conditions to facilitate open, transparent, and motivating participation
in conservation activities.

5.6.14. Human Resources, Infrastructure, and Financial Resources

• Many countries do not have the adequate human capacity, funds, or facilities to carry
out the necessary work to the required standards. Many valuable collections are in
jeopardy as their storage and management are suboptimal [188];

• In view of the afore-mentioned point, also, in this case, cooperation with other gene
banks and institutions involved in the conservation and sustainable use of PGRFA
locally or nationally is a possible solution to strengthen human capacity, to share
facilities, etc.

• Many countries lack the resources needed to maintain adequate levels of the viability
of the materials conserved [188], thus resulting in frequent regeneration cycles with the
related difficulties of geneflow, loss of materials due to weather, and other conditions,
at a high cost, and others. Thus, networking at the different levels is an important step
in overcoming problems, constraints and in building capacity;

• Capacity building is at the core of the CGIAR centers’ work. CGIAR research programs
support about 1000 students in their BS, MSc, and Ph.D. degrees annually [16];

• Training and education at schools, high school, and university in PGRFA conservation
and use are important premises to build a sufficiently strong force of human capacity,
as well as to create a broad awareness;

• A comprehensive overview of strengthening institutions and organizations and build-
ing capacity for the conservation and use of agricultural biodiversity was compiled in
2017 [224];

• In order to participate effectively in local, national, or international networking, a coun-
try needs a minimum level of conservation expertise;

• Additional resources for ex situ conservation need to be mobilized. Greater efforts
are required to raise awareness among policymakers and the general public on the
importance of PGRFA and the need to conserve it [188];

• In case farmers and other members of a community actively engage in conservation
(and use) activities, it seems to be beneficial to place the local activities in a broader
context and to explain the basic principles of evolution, genetic diversity, breeding
and improvement, genetic erosion and of conservation activities in general.

Without a minimum of well-trained and knowledgeable human resources, effective
and efficient conservation activities are not possible. Thus, reaching such a minimum
“threshold” is an important step to achieve this. Seeking the best possible means and ways
to achieve this would be to consult and possibly collaborate with the next higher level and
certainly with the national-level PGRFA program.
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5.6.15. Linking Conservation and Use

• Stronger links are needed between the managers of collections and those whose
primary interest lies in using the resources, especially for plant breeding [188];

• An aspect of strengthening the link between conservation and use is the provision
of adequate and comprehensive information on the germplasm materials, either
conserved in situ, on-farm, and/or ex situ in genebanks;

• Typically, access to the materials is easier when conserved ex situ involving healthy
and vigorous seeds or propagules and in adequate sample size for the user (albeit that
this size is always small, such as research materials but hopefully sufficiently large to
represent the genetic diversity the accession entails);

• Yet, at another level, users also expect to receive materials that can be easily used. In
case the requesting user would like to have an adequate representation of the diversity
present in the collection, the gene bank might want to create a core or mini-core
collection to facilitate the use. Such subsets of a collection might also be “constructed”
of accessions that possess a specific trait. An alternative approach for heterogeneous
accessions that possess a defined trait at the accession level could be to split such
accessions into either pure lines or in single-seed descents and to keep such “pure”
lines separate, evaluate such materials for individual traits, and offer those with the
wanted trait to users. This practice could work for self-pollinating species and be a
real service to users;

• Constraints in using conserved germplasm in gene banks include accession-level
data existence and accessibility, quality and status of the material, policy and legal
obstacles, and awareness/education/ outreach [184];

• Priorities outlined in the crop strategies to enhance user relationships with collec-
tions include refinement of collections for breeders (use of marker-assisted selection
technologies, creation of advanced core and mini-core collections, pre-breeding, fur-
ther work on identifying diseases and resistance), and strengthening or creating
new relationships with other users [184]. Further aspects have been mentioned in
Section 3.4.

5.6.16. Genebank Standards

• Another important operational element of this international network of base collec-
tions is the Genebank Standards, a formally endorsed set of standards for routine
gene bank operations for the conservation of orthodox seeds, non-orthodox seeds,
and vegetatively propagated plants by the FAO Commission [5]. They do provide
the foundation for worldwide collaboration between gene banks, as in fact is being
demonstrated by the gene banks of the CGIAR using the CGIAR Quality Management
System [208]) and the European gene banks using AQUAS, the Quality Management
for AEGIS [225].

Whereas the use of standards has been widely accepted, it is very difficult to pro-
vide actual data on percentages of accessions that are conserved under “standardized”
conditions. Only a handful of gene banks have implemented a gene bank-level quality
management certification system (e.g., ISO 9001:2000), e.g., CGN (The Netherlands), IPK
(Germany), CRI (Czech Republic), and the CGIAR centers CIP and CIMMYT, whereas the
other CGIAR gene banks have a strict and active quality management system in place.
Unfortunately, many of the gene bank collections are maintained without clear adherence
to the Genebank Standards for a range of reasons. However, to effectively engage in
a region of global conservation effort, following agreed standards is a prerequisite that
cannot be avoided. The importance of quality management is demonstrated in the context
of operating a regional virtual collection, i.e., AEGIS, in Europe [225]. Further details on
the quality management of gene banks are provided by the Crop Genebank Knowledge
Base [226].
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5.6.17. International Information Sources on Conserved PGRFA

A third important operational element of the global system is an information manage-
ment system that includes relevant information on the materials included in the interna-
tional network of base collections. An inventory that was started by IBPGR in the late 1970s
eventually provided the foundation for WIEWS, a global information system on PGRFA
facilitating information exchange. It consists of a global network of national focal points, a
registry of more than 17,000 national, regional and international institutes and organiza-
tions dealing with the conservation and use of PGRFA. The WIEWS database is populated
with information from direct contributions made to the 2020 data assemblage by countries
on the implementation of the GPA and, as of July 2021, has registered over 5.7 million acces-
sions from 420 genera and 54,306 species, conserved under medium- (30.4%) or long-term
conditions (61.6%) in 831 gene banks from 114 countries and 19 international/regional
centers [227].

CGIAR centers, and IRRI in particular, are contributing to the creation of the Global
Information System for PGRFA (GLIS) [228] under the framework of the Plant Treaty. Work
on the GLIS has focused on the development of digital object identifiers (DOIs) as perma-
nent, unique identifiers for PGRFA accessions. Through the CGIAR Genebank Platform,
the global version of the Germplasm Resource Information Network (GRIN-Global) and
Genesys [145] have been enhanced to accommodate DOIs and link with the GLIS server.
The CGIAR gene banks have already assigned DOIs to 73% of their accessions as of 1 April
2018 [16]. Other important international PGRFA information sources are EURISCO, the
European Search Catalog for Plant Genetic Resources [229], linked to Genesys; the Svalbard
Global Seed Vault’s Seed Portal [199], also linked to Genesys; the Kew Millennium Seed
Bank List [230]; and the Global Biodiversity Information Facility (GBIF) [150].

6. Suggested Measures to Achieve a More Rational, Effective, and Efficient
Conservation System

In the foregoing, we have addressed the weaknesses of the current long-term PGRFA
conservation and facilitating use system. Here we identify measures that should be under-
taken to overcome those weaknesses with the aim to obtain a more rational, effective, and
efficient global system. In this process, we have been guided by the following statement:
“The ideal future genebank will be part of a rational, efficient, and effective system in
which genebanks work in close partnerships with each other, and in harmony with the
scientific and the policy dimensions of research-for-development, ensuring that the benefits
of innovation reach those who most need them” [42].

The weaknesses, limitations, or deficiencies of the current system include:

1. Many crop gene pools are not adequately represented in gene banks, especially those
of neglected and underutilized species as well as of crop wild relatives, and/or the
genetic diversity of crops is inadequately represented in the gene bank collections.
Given the ongoing and accelerating threat of genetic erosion, there is a need to
systematically collect henceforth neglected genetic resources, following priorities yet
to be established;

2. In general, there is a lack of long-term storage and supporting facilities. Gene bank
management practices are weak, and severe regeneration backlogs have been reported;

3. Many gene banks have weak information management systems in place with con-
comitant poor coverage of basic information on the germplasm conserved;

4. Many gene banks do not have or use advanced genotyping and phenotyping tech-
nologies and do not collaborate with other gene banks having such facilities;

5. Many gene banks have only weak or no linkages with the breeding community and
other germplasm users;

6. There are many unwanted duplicates within and between collections that do not need
to be included in a long-term base collection system;

7. Over the past two or three decennia, a decrease in regional and global coordination,
as well as cooperation between gene banks, has been observed;
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8. The international distribution of germplasm materials included in the MLS as well as
of breeding materials is primarily performed by centers of the CGIAR and AIRCA
who have the technical expertise and resources to conduct adequate germplasm health
testing and to eliminate pathogens that fall under quarantine restrictions. Unfortu-
nately, most national gene banks do not have the facilities and expertise to fulfill the
increasingly demanding requirements for the safe distribution of germplasm;

9. The current legal and policy framework restricts rather than facilitates collecting,
conservation, and distribution/exchange of threatened plant agrobiodiversity;

10. The oversight and management of the global conservation system are weak, and there
is no strong, active participation of many countries in the system.

From the above list, it becomes clear that the current arrangements and mechanisms
need significant improvement and expansion to achieve efficient, effective, and rational
global PGRFA long-term conservation and facilitated germplasm use. While the current
global system has many of the required components in place, one must conclude that it
is not functioning well, possibly due to a high level of bureaucracy as well as mistrust
between diversity-rich, developing countries, and advanced countries with a stronger
economy. This can be deduced from the current lack of progress in negotiations on the
expansion of the list of Annex 1 species and the ongoing debate on how to solve the issue
of digital sequence information sharing (see Section 4.4). More visible and tangible benefits,
either monetary or otherwise, should become available to biodiversity-rich countries and
communities that are willing to participate in such a system for the sharing of genetic
resources and traditional knowledge.

The following measures might help to overcome some of the identified weaknesses
and contribute to a more rational, effective, and efficient long-term conservation system
with use facilitation.

a. Filling genetic and geographic gaps in current collections. While genetic diversity of
major food crops is generally well represented in collections, underutilized crops and
wild food plants, as well as CWR, are clearly underrepresented, and considerable
gaps (both genetically and geographically) do exist. Many of the underutilized
crops, wild food plants, as well as CWR, still play a critical role in achieving food
security of the people in developing countries, especially in rural areas. Existing crop
conservation strategies are powerful tools to set priorities where and what to collect
as they typically provide a global account of existing collections, their diversity
coverage (as far as known), reported threat status, etc. (for details, see Section 5.1.2).
However, those crop conservation strategies are currently only existing for major
crop gene pools and for only a few underutilized food crops.

b. Determining unique accessions of germplasm collections at the global level. The
total number of PGRFA accessions conserved in approximately 1750 gene banks
or germplasm collections is about 7.4 million [188], yet only about two million of
those are estimated to be unique [205]. With the current advances in genomics and
phenomics, we envision genetic curation across international, regional, and national
gene banks around the world to identify unique accessions across all crop collections
or crop gene pools (see also Singh et al. [87]) and the European AEGIS approach [231].
Each unique accession would receive a globally unique ID, and duplicate accessions
within and between collections could be removed, based on the decision of the
holding gene bank, from long-term conservation in the respective base collections
and could serve for germplasm exchange and user-oriented research. With such
global curation, ex situ long-term conservation of crop collections and their wild
relatives will become more effective and efficient.

c. International collaborations. Intensifying existing international collaborations among
institutes maintaining agricultural crop collections and forging new collaborations
with the botanic gardens’ community offer important opportunities for a more ratio-
nal, effective, and efficient long-term conservation system of plant genetic resources,
their sustainable use, including the exploration of useful traits to strengthen breeding
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programs around the globe, thus, enhancing food and nutrition security of a growing
population under the challenges of climate change. Intensification of collaboration
with the private plant breeding sector would be yet another step to achieve this.
Based on several case studies, Pearce et al. [232] highlight a number of key benefits
of such collaborations, such as (i) synergy by bringing together collaborative teams
with complementary skills and expertise; (ii) cost efficiency by sharing technologies
and gaining access to local knowledge and other local resources; (iii) enhanced confi-
dence for sharing and aggregating of resources such es accessions and specimens
and associated information kept in globally dispersed collections; (iv) long-term
positive change that brings about impact and leverage beyond the specific objectives
of the collaboration; and (v) transfer of knowledge and technologies lead to building
local expertise and strengthens national research capacity for plant diversity studies
and conservation efforts. Furthermore, setting and applying standards, potentially
extending plant breeding to “orphan crops”, and facilitating better coordination of
activities would be other significant benefits that enable the emergence of a more
rational and effective global system.

d. Investment in research. Conserving and delivering germplasm resources “in the right
way” requires investment in conservation research and user-oriented supportive
research and optimization of routine processes, which may include automation.
Research investment should be directed toward seed longevity studies and viability
testing intervals of orthodox, intermediate, and recalcitrant seed species and of crop
wild relatives as well as cryopreservation, as both areas are of critical importance to
improving efficiency and effectiveness of ex situ conservation protocols and gene
bank management [42]. Other examples of (applied) research activities are listed in
Section 5.6.12.

e. With a focus on facilitating germplasm use, targeted investments in characterization
(highly heritable descriptors that are also used by breeders), evaluation (including
“smart” phenotyping and genotyping) will be required, and collaborations among
gene banks need to be forged as investments in corresponding equipment and
expertise are significant and should be shared for effective use. To enable gene
discovery studies, it is essential to phenotype the pure lines (derived from single-seed
descent) that have been used for GBS. The resulting data needs to be professionally
managed and packaged for easy use by breeders and other researchers [42].

f. Digital quality information on accessions. A better accession-level description of the
genetic diversity of crop collections maintained in gene banks (including genomic,
phenomic, and ecological data) and easy access for users to quality data on con-
served germplasm and associated metadata is critical to meet evolving challenges in
crop diversity conservation and to facilitate more efficient use of those resources in
breeding and research [42,76,233,234].
Access to detailed digital information associated with each accession is increasingly
becoming as important for breeders and researchers as to the physical material itself,
although this is currently proving to be a very contentious issue [53]; see also respec-
tive references in Section 4.4).
According to Sackville Hamilton [42], forward-looking gene banks should envi-
sion “a digital catalogue of the functional genetic variants existing in each accession,
linked to the corresponding information on genomes outside the gene bank. This will
enable DNA-based decisions on conservation and, in conjunction with knowledge of
gene function and associated phenotypic data, on use”.

g. Legal and policy framework. The current legal and policy framework has evolved
“spontaneously” along with the global conservation system. Since the entrance into
force of the CBD, and the recognition of national sovereignty with respect to biodiver-
sity, its conservation, and sustainable use, a strong focus was given to issues related
to a property right, as well as access and benefit-sharing. With the establishment of
the International Treaty, the MLS was intended to play a central role with respect
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to ABS arrangements of germplasm that had been placed into the global system,
restricted to materials under governmental control and in the public domain, thus
largely confined to the species listed in Annex 1. From a PGRFA perspective, it would
make more sense to aim at the coverage of all PGRFA and to avoid any exceptions.
Whereas many countries are members of the FAO Commission on PGRFA as well as
the International Treaty, the active participation of many countries in the debates in
the Commission and Governing Body is limited, as is the level of implementation of
the agreed actions. Furthermore, the lack of trust (possibly caused by Western domi-
nance), impressive bureaucracy, the lack of clear assignments of responsibilities, and
the lack of shared benefits deriving from the use of the genetic resources provided
by the diversity-rich countries are some of the main impediments for a conducive
legal and policy framework that need to be addressed to achieve an inclusive and
effectively functioning global system.
Oversight and management. The co-existence of the FAO Commission on PGRFA
and the treaty as oversight and policy- and legislation-setting bodies are sometimes
difficult to understand and lead easily to non-transparent operations. With the
understandable focus on member states, many actively engaged entities in the man-
agement, conservation, and use of PGRFA feel not to be represented at “the table”,
and this leads to distrust and tensions, both at the national as well as international
level. Furthermore, the perceived non-committal role of the private sector makes
it difficult for countries to freely share their resources and to arrive at an effective,
inclusive, and rational oversight of any global PGRFA initiative and the global
conservation and use system.

The following “model” for a functional global network or system of base and active
collections is proposed:

1. For each crop gene pool, or where meaningful a set of related gene pools, a virtual
global base collection is created and coordinated by a carefully selected lead gene bank
to ensure that the identified unique base collection accessions (whenever possible
also the “most original samples (MOS)” that for any accession could be identified)
are stored under optimal conditions for the long-term. Such a virtual global base
collection facilitates cost-efficient conservation operations through strategic coordi-
nation; it requires the coordination of a global crop gene pool network, that among
other responsibilities, develops and keeps the global crop conservation strategy up to
date; the coordinating gene bank should have the facilities and personnel to manage
the virtual base collection under agreed quality standards, including the manage-
ment of the MOS accessions, where necessary through the support to the gene banks
that physically hold base collection accessions; each gene bank conserving acces-
sions of the global base collection will also manage the associated active collection
samples/subsamples for regeneration and arrangements for safety duplication, and
backup storage at the SGSV as well as for distribution; all activities will be conducted
in close consultation and agreement with the lead coordination gene bank;

2. It would make logical and practical sense that current CGIAR gene banks that do
hold global base collections for their “mandate crops” would continue these “assign-
ment(s)”, including the operation of their active collections;

3. Regeneration of the base collection accessions will be carried out by the gene banks
that physically curate the agreed “base collection accessions” when the viability has
dropped below the agreed viability threshold or the stock below the minimum stock
size; if cultivation conditions for to-be-regenerated accessions are better at one of the
other gene banks of a given accession, they could be asked to regenerate;

4. The gene bank holding base collection accessions take in principle responsibility
for the regeneration of those accessions and use the samples of a given accession
from the active collection for at most four regeneration cycles before turning to the
MOS subsample from the corresponding base collection accession; the gene bank
holding base and active collection accessions are also responsible for regenerating
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the MOS subsamples, in close consultation with the coordinating lead base collection
gene bank;

5. Characterization and evaluation activities are coordinated by the lead base collection
gene bank and in principle implemented by those gene banks holding physical base
collection accessions; obviously, characterization will be combined with the regener-
ation of the accessions, whenever possible; each gene bank holding base collection
accessions will coordinate research activities on their accessions, whenever relevant
with additional accessions, in close agreement with the coordination gene bank;

6. The coordinating lead base collection gene bank, in close consultation with all the
operational gene banks holding physical base collection accessions, looks after human
resources training and capacity-building activities; the lead base collection gene
bank represents the base collection for a given crop gene pool (or as a “general”
responsibility, with other lead crop base collection gene banks) in the network, and
triggers policy and legal framework related activities;

7. The base and active collection gene banks will conduct the distribution of those
accessions they hold physically, if applicable upon request from the coordinating lead
base collection gene bank, as the latter manages the global conservation as well as the
global user databases for that crop and is the proposed recipient of such requests from
users. The base and active collection gene banks are responsible for the germplasm
health aspects of those accessions they are physically managing;

8. It is foreseen that the “services” that gene banks provide for the management of the
assigned base collection accessions will be paid for through the coordinating lead
base collection gene bank from a to-be-formed global base collection fund, similar to
the arrangements the Global Crop Diversity Trust has made with the CGIAR and a
few additional gene banks;

9. Countries/gene banks that participate in the global crop conservation network, e.g.,
through the inclusion and management of unique accessions of the base collection,
and/or agree to conserve materials of the crop gene pool in situ or on-farm, or provide
other “services” to the network, are entitled to participate in the sharing of benefits
(e.g., monetary, non-monetary, membership in global and regional networks) that are
derived from the network activities;

10. All germplasm materials that are included in the global base collection network are
“automatically” part of the MLS of the International Treaty and thus, in the public
domain and freely available to all users without restrictions, as set out in the yet to be
adjusted standard material transfer agreement with the stakeholder community of the
group of global base collection networks. The International Treaty will be recognized
as the global policy setting mechanism, but for all PGRFA; and

11. A lean international organization, e.g., the Governing Body of the International Treaty,
should assume responsibility for the global coordination, facilitation, and oversight
over the various global base collection networks.

7. Conclusions and Recommendations

The current global conservation system has inherent weaknesses and limitations,
partially due to its spontaneous creation out of a felt need by concerned scientists and
visionaries and the subsequently required adjustments to the evolving political framework
and changing realities. Here we recommend some measures that might contribute to
a more rational, effective, and efficient long-term ex situ conservation system. These
measures include:

• Filling genetic and geographic gaps in current ex situ collections through continued
collecting of threatened genetic diversity with the aim of reaching an adequate repre-
sentation of crop gene pools in ex situ collections, especially of neglected, currently
underutilized species and crop wild relatives;

• Determining unique accessions of germplasm collections in base collections at the
global level and removing the many duplicates within and among gene banks from
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the base collections. Identified duplicates could be used for research and germplasm
distribution, rather than resorting to the base collection accessions;

• Intensifying existing international collaborations among gene banks maintaining
agricultural crop collections, and forging new collaborations with the botanic gardens’
community offer important opportunities as well as stronger linkages with the plant
science research community at large;

• The private sector, in particular the plant breeding community, is highly dependent on
genetic resources and genetic diversity, and thus, their involvement in the conservation
and sustainable use activities is desirable. Furthermore, plant breeders have specific
knowledge of “their” crops and have the required expertise for regenerating and
evaluating gene bank materials; hence, it could serve as a key link between long-term
conservation and sustainable use. At the same time, it is obvious that adequate benefit-
sharing arrangements, in the broadest possible sense, will be required to allow and
strengthen this collaboration;

• More investment in conservation research and user-oriented supportive research, as
well as optimization of routine gene bank processes, will help with conserving and
delivering germplasm resources of high quality and in the right form as required by
the users;

• A better accession-level description of the genetic diversity of crop collections main-
tained in gene banks (including genomic, phenomic, and ecological data) and easy
access for users to quality data on conserved germplasm and associated metadata is
critical to meet evolving challenges in crop diversity conservation and to facilitate
more efficient use of those resources in breeding and research;

• The legal and policy framework clearly requires improvements, ideally by including
all PGRFA in the MLS of the International Treaty and reaching a more equitable
sharing of benefits derived from germplasm use, benefiting those who most need
them and most often are the custodians of the rich agrobiodiversity on which people
around the globe rely to satisfy food and nutrition security;

• A model for a functional and efficient global network of base and active collections
and a lean international organization is proposed that assumes responsibilities for
the global coordination, facilitation, and oversight over the various global crop gene
pool base collection networks. This model should build on the existing gene banks of
the CGIAR, the World Vegetable Center, and ICBA, as well as on a handful of strong
national gene banks that form the core of the current global system on plant genetic
resources for food and agriculture (PGRFA);

• The political oversight over the proposed global model network of base collections
should remain with FAO and the Governing Body of the International Treaty.
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Abstract: Genebanks are crucial for safeguarding global crop diversity but are themselves exposed to
several risks. However, a scientific basis for identifying, assessing, and managing risks is still lacking.
Addressing these research gaps, this study provides risk analysis for three key risk groups: natural
hazards, political risks, and financial risks, carried out on a sample of 80 important national and
international genebanks, comprising at least 4.78 million accessions or roughly 65% of the reported
total of ex situ conserved accessions worldwide. The assessment tool of Munich Re “Natural Hazards
Edition” allowed a location-specific comparison of the natural hazard exposure. Results showed
that genebanks in the Asia-Pacific region are most exposed to natural hazards, while institutions
in African and some Asian countries are rather vulnerable to political risks. Financing is a major
problem for national genebanks in developing countries, whereas the Global Crop Diversity Trust
achieved considerable financial security for international genebanks. Large differences in the risk
exposure of genebanks exist, making a location- and institution-specific risk assessment indispensable.
Moreover, there is significant room for improvement with respect to quality and risk management at
genebanks. Transferring risks of genebanks to third parties is underdeveloped and should be used
more widely.

Keywords: genebanks; plant genetic resources; hazard assessment; natural hazards; political risks;
risk management; risk prevention; risk mitigation; risk transfer; insurance

1. Introduction

In the context of protecting agrobiodiversity, the conservation of plant genetic re-
sources (PGR) has become an important pillar whereby ex situ conservation realized off-site
in genebanks is the principal approach [1,2]. In about 1750 genebanks and collections,
nearly 7.4 million plant accessions are maintained worldwide [3].

Genebanks are essential for conserving and making available PGR not only for current
progress in plant breeding but also as a treasure for use by future generations. Despite
the growing worldwide awareness of this potential, it is often overlooked that genebanks
themselves are subject to several challenges and risks that might jeopardize their physical
integrity. Past incidents and events resulting in the partial loss of important crop collections
or even entire genebanks have shown this drastically. A recent example is the ICARDA
genebank, which was originally located in Aleppo, Syria. As a consequence of the Syrian
civil war and severe combat operations in Aleppo starting in 2012, the genebank had to
be relocated in 2016 to Lebanon and Morocco. Part of the germplasm collection could be
restored, with safety duplicates preserved at international genebanks and at the Svalbard
Global Seed Vault (SGSV) in Spitsbergen, Norway [4,5]. In 2011, the national genebank of
Thailand was flooded, which caused the loss of some of the 20,000 unique rice accessions
maintained there [5]. The national genebank of the Philippines at Los Baños was damaged
by flooding due to a typhoon in 2006 and hit again by a fire in 2012 [5,6]. Ukraine’s seed
bank in Kharkiv was at high risk as the city has been a staging ground of military operations
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since the start of the Russian invasion of Ukraine in February 2022 [7]. In a consolidated
effort, the collection was relocated in 2023 [8].

Genebanks are exposed to manifold endogenous and exogenous risks. However, a
systematic and comparative assessment of their exposure, risks, and vulnerabilities is
still missing. Also, risk management at genebanks—an emerging topic—has been barely
studied scientifically. This study aims to fill these research gaps based on a selection
comprising the world’s most important genebanks.

2. Objectives and Methodology

The objectives of this study were twofold: (1) to compare the most important genebanks
worldwide with respect to their exposure to natural hazards and political and financial risks,
and (2) based on this risk analysis, to develop risk management strategies for genebanks.

Based on these objectives, two methodological steps have been undertaken:

• Developing a risk analysis and risk management framework suitable for genebanks;
• Applying this framework to a selected, representative sample of the most important

germplasm holdings worldwide.

2.1. Risk Analysis and Risk Management Framework

A methodology was developed following definitions, concepts, and frameworks for
risk analysis and management used in the scientific literature of environmental hazard
appraisals [9] and entrepreneurial risk management approaches [10], which were deemed
the most suited for evaluating genebanks. The term risk management was used as defined
by Wolke [10], involving four steps. These were refined and interpreted for this study as
follows:

Step 1: Risk identification

Based on a literature review, expert interviews, and own assessments, the most impor-
tant risks were classified as follows:

• Natural hazards (exogenous risks);
• Political risks (exogenous risks);
• Financial risks (exo- and endogenous risks).

Step 2: Risk measurement and analysis

The definition of risk as proposed by Dalezios (2017) [9] was used in this study:

risk = hazard × vulnerability × amount o f elements at risk

The term hazard in the above formula is covered by the exposure assessment under
Section 3 and is a main part of the study. For exogenous risks, a site-specific quantitative
and comparative analysis of the sample of genebanks is provided for natural hazards and a
country-specific analysis for political risks. Financing risks are discussed in qualitative and
rather general terms due to a lack of data.

The term vulnerability of a genebank, i.e., “the extent to which an element at risk can
withstand the impact of the hazard” [11] (p. 7), is strongly influenced by its conserva-
tion mandate (crops conserved and conservation methods used), the infrastructure (e.g.,
adherence to building codes), institutional organization, and on-site management. As-
sessing the vulnerability for each of the sampled genebanks was beyond the scope of this
study; therefore, it is covered only in general terms (please note that the OECD [11] states,
“Vulnerability . . . is even more difficult to quantify. . . . The scarcity and inconsistencies of
vulnerability information often makes it the weakest link in a risk assessment” (pp. 7–8).).

The term amount of elements at risk comprises the buildings and facilities, personnel,
and the germplasm collections of a given genebank.
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Step 3: Risk steering

In this step, the strategies and instruments to control risks are discussed, especially
risk prevention measures and—in case risks cannot be avoided or prevented—risk transfer
solutions. Risk transfer means to transfer the financial consequences of a risk from the risk
owner to a third party through mechanisms like insurance or funds [12].

Step 4: Risk controlling

This step deals with the question of how risks can be controlled to guarantee that they
are properly addressed and managed. However, it is not a focus of this study, but it will be
included in order to give a comprehensive overview on the management of risks inside
genebanks.

Steps 3 and 4 will be combined under the term risk management and dealt with in
Section 4.

2.2. Methodology for the Selection of Genebanks

This study aimed to cover the world’s most important ex situ holdings of plant genetic
resources for food and agriculture (PGRFA) in terms of conserved accessions that are
maintained by genebanks, including seed and field genebanks, as well as in vitro and
cryopreservation facilities at international, regional, and national levels. Currently, only
crop-specific rankings of germplasm collections are available, e.g., by the FAO [3] or through
the global crop conservation strategies by the Crop Trust [13]), but s no global ranking of the
1750 genebanks worldwide with respect to their overall collection size in terms of number
of accessions [14]. Although the number of accessions does not always correspond with the
importance of the PGRA stored at a genebank, it is presently one of the least complex and,
hence, most operational parameters for a ranking of genebanks and, therefore, used here.
Unfortunately, there are still no good measurements for the total diversity that is included
in a collection.

To overcome above mentioned challenges, a sampling approach was developed that
was orientated towards the organizational structure of genebanks, in particular differenti-
ating between international and regional versus national genebanks. The classification is
according to the WIEWS [15]. International genebanks comprise the CGIAR genebanks, the
World Vegetable Center and the global safety duplication site SGSV. Regional genebanks
have a mandate for conserving PGR in specific geographical world regions (e.g., SADC
Plant Genetic Resources Centre (SRGB) in Zambia for Southern Africa). National genebanks
refer to holdings at the country level.

Key information for the sampling was compiled from two sources: the WIEWS
database [15] and the FAO’s second report on The State of the World’s Plant Genetic Re-
sources for Food and Agriculture [3] as well as the associated country reports. The data
analysed in this study stems from the year 2020 and comprises accessions of plant ge-
netic resources (including agricultural crops and its crop wild relatives) conserved under
medium- and long-term storage [15]. FAO (2010) and the respective country reports allow
identification and confirmation of the relevance of the sampled institutions. In a final step—
after the genebanks have been sampled—the precise location of the selected institutions
was validated via satellite images of DigitalGlobe/GeoEye.

The identification and selection of genebanks at international and regional levels
proved to be without major challenges due to the limited number of institutions world-
wide. In contrast to that, the relevant national genebanks were difficult to identify and
assess due to the lack of concise and comparable information across the large number of
countries, national institutions, and subsidiaries. In the following, the sampling approach
of these genebanks is outlined, differentiating between international, regional, and national
genebanks.
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Selection of international and regional genebanks

International and regional genebanks typically aim for long-term conservation and
facilitated access to accessions, predominantly of major food crop genepools that are in
the public domain. Consequently, it was deemed most appropriate to comprise in the
sample all 13 international genebanks and 8 regional genebanks. In addition, the safety
duplication backup facility SGSV at Svalbard in Norway was included and categorized
as an international genebank (resulting in 14 international genebanks). Being the world’s
largest backup facility for seeds designed with the highest security standards: located at
130 m above sea level in a mountain with permafrost conditions and an additional cooling
system bringing the seed storage temperature to minus 18 ◦C [16]. Electricity is provided
by a public power plant or in case of power outage by generators [16]. Despite this, climate
change is imposing new threats, e.g., in 2022, ice melted, and water entered the entrance
section of the facility [17]. Nevertheless it can be regarded as a benchmark with respect to
safety characteristics.

Selection of national genebanks

The selection was performed in different steps following specific criteria:

• Only state-managed and publicly funded national genebanks were included in the
sample.

• The selection of national genebanks was performed via the identification of the most
important agricultural countries using their gross production value for crops (GPV)
and the cropping area. The latter was based on two FAO statistics: (1) the total area
harvested and (2) the area of land used for agriculture. This approach followed the
underlying rationale that a country that is an important agricultural producer is likely
to possess a well-established agricultural (research) infrastructure, including facilities
for the conservation of plant genetic resources. The first criterium, the GPV, reflects
the economic value of the national agricultural sector, while the cropping area refers
to the spatial importance of agriculture. The data were accessed via FAOSTAT [18].
Thirty-six countries were selected.

• After selection of the countries, the most important ex situ holdings for PGRFA at the
national level had to be identified. For this step, the WIEWS database, the second report
on The State of the World’s Plant Genetic Resources for Food and Agriculture, and relevant
country reports were consulted, and an additional web research was conducted,
among others, to confirm that the sample comprised only state-managed genebanks.
In countries with a decentralized conservation system, more than one location was
included in the sample.

The result of the above sampling approach for national genebanks was 58 national
genebanks in the selected 36 countries, comprising a total of at least 3,857,013 accessions
(Please note: For the Chinese duplication genebank, information about the collection size
was not available. The Nottingham Arabidopsis Stock Center (NASC) was included in
the sample due to its importance for research and development in plant genetics and
breeding, despite the fact that the majority of the accessions is not PGRFA.), and is shown in
Figure 1, which indicates that a relatively good geographical distribution was achieved by
this sampling approach. Together with the selected international and regional genebanks,
the sample consists of 80 genebanks in total (see Appendix A).
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Figure 1. World map of sampled national genebanks and their collection size (circle size corresponds
to number of accessions per genebank). If collection size was not available, it is marked with +.
Source: adapted from WIEWS (2020) [15] and FAO country reports.

3. Hazard Assessment of Genebanks

3.1. Natural Hazards

The natural hazard assessment was done in cooperation with Munich Reinsurance
Company (Munich Re), which provided the results of the location-specific natural hazard
assessments of the 80 genebanks using their internal tool “Natural Hazards EditionThe
tool allows single-risk assessments for 12 natural hazards and geospatial data analysis. It
is based on the database NatCatService [19] and used by Munich Re worldwide for their
single risk assessments. (Please note that natural hazard assessment tools are not publicly
available. Therefore, presently there is no benchmark available to assess the quality of the
“Natural Hazards Edition” tool. In general terms, OECD [11] states in this respect: “The
need for better risk assessment data and tools therefore remains high” (p. 3).)

Twelve natural hazards—those considered the most relevant—were analysed and
grouped into four categories:

• Geological hazards: earthquake, volcano;
• Hydrological hazards: tsunami, storm surge, river, and flash flood;
• Meteorological hazards: tropical cyclone, extratropical storm, tornado, hailstorm, and

lightning;
• Climatological hazards: wildfire.

The natural hazard assessment was done in cooperation with Munich Reinsurance
Company (Munich Re), which provided the results of the location-specific natural hazard
assessments of the 80 genebanks using their internal tool “Natural Hazards Edition”. The
tool allows single-risk assessments for 12 natural hazards and geospatial data analysis. It
is based on the database NatCatService [19] and used by Munich Re worldwide for their
single risk assessments. (Please note that natural hazard assessment tools are not publicly
available. Therefore, presently there is no benchmark available to assess the quality of the
“Natural Hazards Edition” tool. In general terms, OECD [11] states in this respect: “The
need for better risk assessment data and tools therefore remains high” (p. 3).)

The hazards are represented as ordinal data in discrete categories following a multi-
nomial distribution. Categories are defined individually for each hazard. The hazard
assessment was conducted in three steps: (1) a single hazard assessment, done individually
per hazard and aggregated across the sample of genebanks, (2) a hazard assessment per
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genebank location, and (3) the calculation of a global risk score per genebank location.
Here, only the results of steps 2 and 3 are presented and discussed in detail.

Table 1 presents the results of step 2 exemplarily for international genebanks (for all
genebanks, see Supplementary Materials). From a risk management perspective, attention
must be especially placed on locations with high to extreme exposure to individual hazards.
These have considerable exposure to either one major natural hazard (e.g., earthquake for
ICARDA in Lebanon and CIP in Peru) or to multiple hazards (e.g., volcano, flood, and
tropical cyclones at IRRI, Philippines, or earthquake, volcano, hail, and lightning at ILRI in
Ethiopia). However, because the hazard classes are not directly comparable across hazards,
step 3 of the analysis is required for a comparative analysis of the hazard exposure across
genebank locations.

Table 1. Natural hazard exposure assessment for international genebanks.
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BEL084 ITC Belgium 1 −1 −1 −1 0 3 −1 2 3 2 2 2 1

CIV033 Africa
Rice Côte d’Ivoire 0 −1 −1 −1 0 3 −1 −1 1 2 4 2

COL003 CIAT Colombia 3 2 −1 −1 0 2 −1 −1 1 3 4 1
ETH013 ILRI Ethiopia 3 2 −1 −1 0 4 −1 −1 1 5 5 −1
IND002 ICRISAT India 0 −1 −1 −1 0 4 0 −1 2 2 3 2
KEN056 ICRAF Kenya 2 2 −1 −1 0 5 −1 −1 1 3 2 −1
LBN002 ICARDA Lebanon 3 −1 −1 −1 0 3 −1 0 2 4 2 3
MARNA ICARDA Morocco 0 −1 −1 −1 0 3 −1 1 1 1 2 −1
MEX002 CIMMYT Mexico 2 2 −1 −1 0 4 0 −1 1 5 4 1
NGA039 IITA Nigeria 0 −1 −1 −1 0 2 −1 −1 1 2 4 3
PER001 CIP Peru 4 −1 −1 −1 0 2 −1 −1 1 1 1 −1
PHL001 IRRI Philippines 2 3 −1 −1 0 5 4 −1 1 2 4 1

TWN001 World
Veg

Taiwan,
Province of

China
3 −1 −1 −1 0 3 5 0 1 2 2 2

NOR051 SGSV Norway 0 −1 −1 −1 0 1 −1 3 1 1 / −1
1 Note: exposure class varies between hazards. In general, the higher the number, the higher the exposure, with 5
presenting the highest and 1 the lowest exposure class. Minus 1 means no exposure to the hazard. For details, see
Appendix B. 2 Highest exposure class per hazard in dark red, second-highest exposure class per hazard in light
red. Source: adapted from Munich Re (2022) [19].

For a comprehensive overview of a location’s exposure to natural hazards, Munich
Re developed a weighted global risk index and a risk score for “ordinary commercial and
industrial business” [20]. Because genebanks have similar risk characteristics as “ordinary
commercial and industrial business”, the index and score can be used here. The global
risk index and risk score build upon the hazard zones of the exposure assessment, loss
expectations, and expert knowledge of Munich Re to weigh the hazards adequately [20]).
As this is confidential information, Munich Re could not disclose it in detail [20]. Despite
this limitation, the risk index and score are considered useful for this analysis, as it allows a
quantitative comparison of the risk to natural hazards across locations.

The global risk index is a quantitative value calculated as the sum of three individual
risk indices that are considered globally the most important ones: the earthquake risk index
(comprising earthquake, volcano, and tsunami risks), the storm risk index (comprising
tropical cyclone, extratropical storm, hail, tornado, and lightning risks), and the flood risk
index (comprising river flood, flash flood, and storm surge risks) [21]. The global risk index
ranges from 0 (no risk) to 300 (extreme risk), whereby a risk index of 300 is of theoretical
nature, reached only if all three hazard groups would have the maximum value. Therefore,
values above 200 are considered highly unlikely in reality [21].
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The results of the exposure analysis for the sample of genebanks are shown in Figure 2
(the natural hazard exposure assessment with the respective risk indices and scores are
documented for all genebanks in the Supplementary Materials). On average, the analysed
genebanks have a risk index of 31.75 (arithmetic mean) and a median of 17. The lowest
risk index has been calculated for the subsidiary of the international genebank ICARDA
in Morocco (score = 5), and the highest index for the national genebank of the Philippines
(PHL129) with a score of 152. Regionally, genebanks in Asia and Oceania are the most
exposed, having a global risk index with an arithmetic mean of 57 and 54, respectively. The
global risk index for the assessed genebanks on the African continent is the lowest, with an
arithmetic mean of 14, followed by Europe with 21 and the American continent with 27.
Yet, considerable differences across locations within a given continent exist.

 

Figure 2. Natural hazard exposure analysis per individual genebank. (A) Global risk index (ranging
from 0 (no risk) to 300 (extreme risk)), grouped by continent and coloured by global risk score
(green = 1 (low), blue = 2 (medium), yellow = 3 (high), red = 4 (extreme)). Horizontal line means
continental arithmetic mean of sample. (B) World map with global risk score: green = risk score 1
(low), blue = risk score 2 (medium), yellow = risk score 3 (high), red = risk score 4 (extreme). Source:
adapted from Munich Re (2022) [19].
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Based on the global risk score, 35 genebank locations (44% of the 80 sampled genebanks)
were classified with a low (one location) to medium risk (34 locations); 17 genebank loca-
tions (21%) have a high and 28 (35%) an extreme risk score. Most of the genebanks with an
extreme risk score are located in Asia (14), followed by the Americas (6) and Europe (5). In
percentage terms, two-thirds of the assessed Asian genebank locations are classified with
an extreme global risk score. In Oceania, 33% of the genebank locations are rated with an
extreme risk; in the Americas, 30%, and in Europe, 26%. The lowest share of institutions
exposed to extreme risks can be found in Africa, where only 12% of the African genebank
locations are classified with the highest risk score 4.

To conclude, from Figure 2, it is evident that the risk exposure varies spatially to a
great extent.

Figure 3 shows the risk indices for the three hazard groups. It illustrates that the
exposure to earthquakes is most relevant for genebanks in the Americas and, to a lower
extent, for Asian and African locations. In Europa, flood risks are the most important, while
Asian and Oceanian genebanks are exposed to all three hazard groups, amongst which
storm is classified the highest, with extremely high risk indices.

 

Figure 3. Disaggregated risk index (per hazard group, ranging from 0 (no risk) to 100 (extreme
risk)) for sampled genebanks, grouped per continent, and coloured by risk group (green = risk index
earthquake, orange = risk index storm, purple = risk index flood). Source: adapted from Munich Re
(2022) [19].

Figure 4 gives a detailed analysis for the respective global risk indexes for international
genebanks. Six genebanks are classified with the highest risk. Among these, the WorldVeg
in Taiwan is the most exposed institution with a global risk index of 139, followed by IRRI
in the Philippines (global risk index = 112) and CIP in Peru (global risk index = 78). In
addition to Figure 4, three regional genebanks show an extreme high risk score. For the
regional genebank CePaCT in Fiji, an overall risk index of 142 has been calculated, one of the
highest exposed institutions of the entire group of sampled genebanks. Also, the regional
genebanks CATIE in Costa Rica and NORDGEN in Sweden show a high risk, with an index
of 49 and 42, respectively. The safety backup facility SVSG in Svalbard shows a comparable
low exposure to natural hazards (with a risk index of 9). As its exposure is mainly driven
by storm events, this is of minor relevance because the building’s infrastructure is mostly
located underground and, therefore, has a very low vulnerability to storm.
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Figure 4. Global risk index for international genebanks, grouped per continent and coloured by
global risk score (green = 1 (low), blue = 2 (medium), yellow = 3 (high), red = 4 (extreme)). Source:
adapted from Munich Re (2022) [19].

3.2. Political Risks

Due to the complex nature of political risks, they have been analysed at the country
level using two indicators: the Worldwide Governance Indicator (WGI), published by the
World Bank [22], and the Fragile States Index (FSI), published by The Fund for Peace [23].
To account for possible between-year differences, the six-year average from 2015 to 2020
was calculated for each of the indicators.

The WGI covers six dimensions of governance: (1) voice and accountability, (2) political
stability and absence of violence, (3) governance effectiveness, (4) regulatory quality, (5) rule
of law, and (6) control of corruption [24]. The indicators are expressed on a scale from
−2.5 (weak governance) to +2.5 (strong governance), centred around 0. For this study,
all WGI dimensions were considered to be of relevance when assessing political risks for
genebanks. Consequently, a total WGI score was calculated as the unweighted average
across the six dimensions, also ranging from −2.5 to +2.5.

The FSI by the Fund for Peace assesses the risk of a state failure based on a total score
ranging from 1 (low risk) to 120 (high risk). It is calculated as the unweighted sum of
twelve indicators covering five aspects of political stability: cohesion, economic, political,
social, and cross-cutting indicators [23]. For this study, the total score was used.

The results are illustrated in Figure 5 for the WGI indicator and in Figure 6 for the FSI
indicator, using score colours for all 47 countries where the sampled genebanks are located.
This gives a visual impression pointing to a good concurrency of the two indicators, despite
the methodological differences of the indicators and general methodological challenges
associated with quantifying political risks. The concurrency is further confirmed by Figure 7,
providing a ranking of the sampled countries for these two indicators. The countries most
at risk are ranked highest (left lower corner in Figure 7), rising to the most stable nations
(right upper corner). From this, it becomes apparent that the two indicators coincide for
the majority of the countries relatively well, i.e., graphically, the countries are close to the
plotted line through the origin.
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Figure 5. Mean WGI score: Map of all countries comprising the study’s genebank sample. Coloured
according to the country’s average WGI score (six-year average 2015–2020, averaged across the six
WGI dimensions) with a scale of −2.5 (low governance) to +2.5 (high governance); in grey = countries
not in the sample. Source: adapted from World Bank (n.d.) [22].

Figure 6. Average FSI total score: Map of all countries comprising the study’s genebank sample.
Coloured according to the country’s average FSI total score (six-year average 2015–2020, unweighted
sum of the 10 FSI dimensions) with a scale of 0 (low political risk) to 120 (high political risk); in
grey = countries not in the sample. Source: adapted from The Fund for Peace (n.d.) [23].

Overall, African and some Asian countries were assessed with a high political insta-
bility, whereas general European (except for Ukraine and the Russian Federation) and
North American countries, particularly Canada and USA, show a high political stability.
Notably, some important international genebanks are located in countries assessed with a
high political risk: IITA in Nigeria, ILRI in Ethiopia, ICARDA in Lebanon, ICRAF in Kenya,
and AfricaRice in Côte d’Ivoire.

120



Plants 2023, 12, 2874

Figure 7. Comparison of the country ranking for political risks by average WGI score and FSI
total score for all countries in the study hosting international, regional, and national genebanks,
coloured by continent (with 1st rank = high political risk to 49th rank = lowest political risk of
the sample). x-axis = country ranking according to the mean WGI score, calculated as the six-year
average 2015–2020, averaged across the six WGI dimensions. y-axis = country ranking according
to the FSI total score, calculated as the six-year average 2015–2020, unweighted sum of the 12 FSI
dimensions. Source: own representation based on data provided by World Bank (n.d.) [22] and The
Fund for Peace (n.d.) [23]. Country abbreviations: ARE = United Arab Emirates, ARG = Argentina,
AUS = Australia, BEL = Belgium, BGD = Bangladesh, BRA = Brazil, CAN = Canada, CHN = China,
CIV = Côte d’Ivoire, COL = Colombia, CRI = Costa Rica, DEU = Germany, EGY = Egypt, ESP = Spain,
ETH = Ethiopia, FJI = Fiji, FRA = France, GBR = United Kingdom and Northern Ireland, GHA = Ghana,
IDN = Indonesia, IND = India, JPN = Japan, KEN = Kenya, KOR = Republic of Korea, LBN = Lebanon,
MAR = Morocco, MEX = Mexico, NER = Niger, NGA = Nigeria, NOR = Norway, NPL = Nepal,
PAK = Pakistan, PER = Peru, PHL = Philippines, POL = Poland, POU = Romania, RUS = Russian
Federation, SWE = Sweden, THA = Thailand, TUR = Türkiye, UKR = Ukraine, USA = United States
of America, ZAF = South Africa, ZMB = Zambia, ZWE = Zimbabwe. Please note: Taiwan (hosting
the international genebank WorldVeg) needed to be excluded for the analysis because it is only in the
indicator WGI and not in FSI.

3.3. Financial Risks

Financing constraints, implying an insufficient level of funding and non-reliability of
funds, are a major threat to sustainable PGR conservation, as they adversely affect genebank
operations, functioning, and risk management. Based on the literature review and expert
interviews, a tentative qualitative exposure ranking (highest to lowest financial risk) can be
given as follows:

1. National genebanks in developing countries;
2. National genebanks in emerging economies and some developed countries with

decentralized structures (decentralized structures seem to be more vulnerable, as
their funding often comes from different sources, e.g., besides central, also regional
governments) and weak national coordination;

3. International CGIAR genebanks;
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4. National genebanks in developed countries with centralized management or decen-
tralized structures with strong national coordination.

In general, information on the actual and required budget per genebank, as well as
on the nature and provenance of funds, is scarce. Therefore, a thorough analysis of the
financial situation of the sampled genebanks could not be carried out. However, it can
be noted that the international genebanks have—in particular, through the professional
work of the Crop Trust operating the Crop Diversity Endowment Fund—a stable financial
backbone, whereas the situation of national genebanks is very diverse. It depends on the
organizational and management structure (e.g., centralized vs. decentralized), the overall
state budget, and the priority-setting of national governments.

4. Risk Management at Genebanks

After the above-described assessment of risks and hazards, in a further step, strategies
and instruments to manage risks should be addressed. There is a global tendency toward an
increased exposure to hazards—especially to natural hazards, largely as a consequence of
climate change and with respect to political risks due to increased international instability.
Therefore, risk steering and controlling are becoming more and more critically important
and should become a core activity for secured PGR conservation at genebanks. Hence, the
development of criteria and standards for an effective and efficient risk management, as
well as respective staff training, will be essential. Two areas are of particular importance:
(1) risk prevention and mitigation and (2) risk transfer.

4.1. Specific Risk Prevention and Mitigation Strategies for Genebanks

Risk prevention aims at avoiding emerging and existing risks from materializing, while
the objective of risk mitigation is to reduce the impact of hazardous events [25]. Hence,
both have a prospective character. For managing specifically exogenous risks at genebanks,
two important strategies can be identified: (1) increasing resilience of infrastructure and
(2) safety duplication of accessions [6,26–28].

Increasing resilience of infrastructure

Increasing the resilience of infrastructure, e.g., buildings, technical facilities, and IT
infrastructure, mitigates the impact of natural hazards, electricity outages, and malfunc-
tioning of technical devices. Based on the literature review, expert interviews, and own
assessments, Table 2 has been compiled, which summarizes the most important risk control
measures.

Table 2. Infrastructural risk control measures for each of the risk sources.

Risk Source Risk Control Measure

Natural hazards Building codes, standards, and practices (e.g., resistance to earthquake, strong wind, and
snow load). These are being regulated normally at the national level.

Outage or malfunctioning of technical facilities

Alarm systems (e.g., for open doors, sudden changes in light, temperature, and humidity);
early fire, gas, smoke, or water detection; backup equipment or additional rooms available
and ready; essential spare parts in storage; qualified staff for repairs or external standby
repair services

Fire (ignition point inside the facility)

Detection and mitigation devices: Smoke and fire detection; sprinkler systems; fire
extinguishers. Construction measures: fire walls; fire isolation doors; separated
compartments; sufficient separation between buildings. Organizational aspects: coordination
with external firefighting services like local fire brigades

Fire (ignition point outside the facility, e.g.,
wildfires) Fire breaks; fuel load control in the vicinity of the genebank

Power supply cut-offs Second power line, emergency power generator (for storage rooms, monitoring devices,
essential lighting, etc.), lightning rods and deflectors

Theft, vandalism, and terrorism Alarm systems, locks, surveillance cameras, and sensors to impede the entry of unauthorized
people (in addition to security surveillance)

Cyber-attacks to IT 1 High cybersecurity standards

1 IT risks are currently underestimated but are expected to become increasingly important in future due to
increased digitalization at the genebank level. Source: adapted from CGIAR Genebank Platform (2020) [26], Crop
Genebank Knowledge Base (n.d.) [27], Fu (2017) [6], and expert interviews.
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For the twelve assessed natural hazards, the infrastructural standards are suggested
according to Table 3. Here, only the genebanks that are part of the sample and have
been assessed with the highest exposure to the respective natural hazard are mentioned.
Especially for these genebanks, the standards are of high priority. However, the suggested
measures are obviously not limited to these genebanks only.

Table 3. Infrastructural risk control measures suggested for genebanks with highest exposure, per
natural hazard.

Natural Hazard Risk Control Measures Examples of Exposed Genebanks 1

Earthquakes Earthquake-proof infrastructure [26]
- international genebank CIP, Peru (PER001)
- national genebank of Peru (PER066) in Lima and of Japan

(JPN183)

Volcanoes
Strengthened roofs and walls, use of shutters on
openings and non-flammable materials, fix buildings
to foundation, etc. [29]

- international genebank IRRI, Philippines (PHL001)
- regional genebank CATIE, Costa Rica

(CRI134/CRI142/CRI085)
- national genebank of Indonesia (IDN179) and of the

Philippines (PHL129)

Tsunami Tsunami-resistant structures [30] - international genebank CePaCT, Fiji (FJI049)

Storm surge
Storm surge gates, flood barriers, floor plans for a
quick water outflow, shelving above ground
level [26,31]

- regional genebank NORDGEN, Sweden (SWE054)
- location Poel of national genebank of Germany (DEU271)

River flood
Flood barriers, dikes, spurs, etc., floor plans for a
quick water outflow, shelving above ground level,
water-proof ink and bags [26,32–35]

- national genebanks of Bangladesh (BGD002, BGD003),
Germany (location Gatersleben, DEU146), the Philippines
(PHL129), Poland (POL003), Thailand (THA300), and Great
Britain (GBR016)

Flash flood
Flood barriers, dikes, spurs, etc., floor plans for a
quick water outflow, shelving above ground
level [26,32,34]

- national genebank of India (IND001)

Tropical cyclone

Same as against storm surges and floods (e.g.,
embankment) [36,37], wind-resistant buildings [38],
clearing of surroundings (e.g., cutting of trees in
proximity to genebank) [39]

- international genebanks WorldVeg, Taiwan (TWN001) and
CePaCT, Fiji (FIJ049)

Extratropical storm Wind-resistant buildings, reinforcing/securing of
roofs [40]

- international genebank SGSV (NOR051)
- national genebanks of France (FRA139), Germany

(DEU271) and Great Britain (GBR004, GBR016)

Tornado Wind-resistant buildings, safe rooms (e.g., for seed
storage rooms), reinforcing/securing of roofs [41,42]

- national genebanks of Canada (CAN025) and the United
States of America (USA020, USA970, USA033)

Hailstorm Hail-resistant roofs and windows [43]
- national genebanks of Colombia (COL017), Ethiopia

(ETH085), and the United States of America (USA020)

Lightning Lightning rod [44] - national genebank of Pakistan (PAK001)

Wildfire Fire breaks, non-combustible materials and
fire-resistant structures, adequate vegetation [45,46]

- international genebank IITA, Nigeria (NGA039)
- regional genebank SRGB, Zambia (ZMB030)
- national genebanks of Kenya (KEN212) and Thailand

(THA300)

1 The genebanks listed here are the most exposed locations per hazard amongst the sample, i.e., falling in the
highest or second-highest class. This, however, does not mean that for other institutions, no infrastructural control
measures are recommended. Source: adapted from Munich Re (2022) [19], risk control measures compiled from
the literature cited in each risk measure cell.
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It should be highlighted that most of the above-mentioned risk control measures apply
to seed genebanks as well as in vitro and cryopreservation facilities. In addition, for in vitro
conservation, a high emphasis needs to be put on the control of technical installations and
equipment, as specific temperature and light requirements have to be met. A. W. Ebert
(personal communication, 25 July 2022) [39] points to the risk of high temperatures above
40 ◦C; if the air conditioning is defective, this could put the entire in vitro collection in
danger. By contrast, for field genebanks, specific risk control measures are needed, as
they are exposed to additional hazards (e.g., pests, diseases, theft and animal damages,
drought, and flooding). Most of these are difficult to control in the field, so the location
of the genebank and protective infrastructure like fences, hail nets, and irrigation are
crucial [33,39,47].

If a genebank will be constructed new or renovated it is recommended that a thorough
exposure and vulnerability assessment is conducted beforehand and that the respective
building codes are applied. As part of such an assessment, the risk of pathogen pressure at
a specific location should also be considered, as this can be mitigated substantially through
choosing a genebank’s location; for instance, in no cropping areas or dry areas to lower the
disease pressure on seeds.

Safety duplication of orthodox seeds

Maintaining safety duplicates of accessions at two or even three different locations in
another country and possibly on another continent [47] is an important risk management
strategy in ex situ conservation. It has proven to be effective already in the past to restore lost
accessions or even entire collections (e.g., of ICARDA in Syria). Therefore, it is promoted by
stakeholders and researchers and widely applied at national and international genebanks—
yet at a varying level [3,6,26,28].

As per the FAO Genebank Standards, most genebanks should have safety duplication
arrangements with one or more institutions, including international, regional, and national
genebanks, as well as the SGSV [3]. Preferably so-called black box agreements are applied,
meaning that the recipient institution conserves the duplicate but has neither rights over
it nor further obligations (i.e., is not responsible for viability testing and is not allowed to
regenerate, use, or distribute the material if not authorized by the depositor) [13,28].

Genebanks have adopted different strategies: either a system of duplicates (e.g., the
IPK in Germany where accessions are safety duplicated only at SGSV) [48] or of triplicates
(e.g., the Dutch CGN where accessions are safety duplicated at another national genebank
and at SGSV) [3,33,35,39]. Moreover, duplication at another active genebank is a valid
approach. This means that the collection is not only stored for conservation but also actively
used.

These risk mitigation strategies of safety duplicates come at a certain cost, requiring
substantial financial resources, sufficient storage capacities, legal and institutional agree-
ments, and a good documentation and information system [28,33,35,49]. This points to an
important implication for the global conservation system: the decision of what material
should be safety duplicated requires a prioritization (although it is desirable that all or
at least the majority of accessions of a collection are safety duplicated, this is often not
possible because of financial constraints). This implies a complex value judgment based
on a thorough assessment of the importance and value of individual accessions. At the
German genebank IPK and at Plant Gene Resources of Canada, this prioritization is purely
governed by logistics, i.e., only recently multiplied material is sent to SGSV [33], but over
time, the whole collection will be duplicated there.

Another important limitation is the high level of unintended duplicates within col-
lections. The FAO (2010) estimates that only between 25 to 30% of the accessions in ex
situ collections are unique. Therefore, despite recognizing that the ultimate goal should be
safety duplicating the whole collection, it is recommended to establish guidelines on how
to prioritize accessions for safety duplications based on common principles but flexible
according to the respective national context and financial resources. An interesting example
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is Canada, where results of molecular marker analysis such as accession distinctness are
taken into account when prioritizing [49].

With the opening of SGSV in 2008, an important milestone with respect to safety
duplication and backup of accessions was achieved. This unique storage facility with a
capacity of 4.5 million accessions has the highest safety standards and, therefore, is the
world’s most important safety backup facility. In February 2023, more than 1.2 million seed
samples of more than 5000 plant species coming from 98 institutions in 76 countries have
been stored there [16]. The largest numbers of accessions stored are varieties of rice and
wheat (each >150,000), followed by barley (close to 80,000), sorghum (>50,000), Phaseolus
bean species (>40,000), maize (>35,000), cowpea (>30,000), and soybean (>25,000) [16].
About two-thirds of the presently deposited accessions are from the international genebanks.
Among national genebanks, the USA, Germany, Canada, and the Netherlands are the main
depositors, while for regional genebanks, NORDGEN is the main depositor [16].

Despite the above-mentioned positive development and the considerable progress
made during the last two decades with respect to the percentage of safety-duplicated mate-
rial, important parts of ex situ collections still “remain inadequately safety duplicated” ([3]
p. 87). This applies especially to crops that cannot be maintained as seeds, i.e., vegetatively
propagated crops or recalcitrant seeds (see below) and to national seed genebanks in some
developing countries due to scarce financial resources [3].

The rate of accessions being safety duplicated is in general higher in CGIAR genebanks
than at most national institutions [3,16]. This achievement is especially triggered by
the Crop Trust, which links its financial support for genebanks to performance targets,
including the rate of safety duplications [50]. However, even there, the external reviews
conducted between 2017 to 2021 criticised a lack of sufficient safety duplications at some of
the CGIAR genebanks, e.g., the ICRAF in Kenya and ICARDA in Morocco and Lebanon [51].

Safety duplications of vegetatively propagated crops and non-orthodox seeds

Vegetatively propagated crops and non-orthodox seeds, comprising intermediate and
recalcitrant seeds, are predominantly maintained in field genebanks. The accessions have a
high vulnerability, as risk mitigation through infrastructural means is limited to irrigation
facilities, hail nets, and fences for their protection. This, however, is much less effective in
comparison to seed genebanks [47]. Notwithstanding this constraint, the level of safety
duplication is considerably lower compared to orthodox seeds. Therefore, from a risk
management perspective, more efforts to secure field genebank accessions are necessary.

For risk mitigation, there are two main ways of safety duplicating these crops, as
detailed by FAO (2014) [47]:

• Duplication of field collections at another location (not exposed to the similar risks as
the original field genebank);

• Duplication of field genebank accessions under alternative conservation methods,
such as in vitro conservation and cryopreservation.

These approaches are especially important, as presently, there is no global backup
conservation facility available for field collections, i.e., conserved in vitro or cryopreserved,
similar to the SGSV for seed collections.

In vitro conservation and cryopreservation are less susceptible to natural hazards
compared to field genebanks, which are directly exposed to environmental risks. In vitro
and cryostorage reduce the vulnerability to natural hazards by moving the collection from
an exposed outside location to controlled inside conditions. The level of vulnerability, then,
depends predominantly on the building infrastructure, the technical facilities securing a
controlled environment, and the operating staff. Moreover, a building can be better secured
against human-related damages, such as theft, vandalism, and political risks. Furthermore,
the accessions maintained in field genebanks are also directly and continuously exposed
to pests and diseases. Especially infections with viruses cause severe problems to the
genebank, as these might impede their distribution and exchange with other genebanks
because of quarantine regulations. During the process of preparing materials for in vitro

125



Plants 2023, 12, 2874

and cryopreservation storage, viruses can be eliminated through specific treatments; thus,
cleaned in vitro/cryopreserved samples can be safely exchanged.

However, there are two major drawbacks to these methods:

• The costs for setting up and introducing material to in vitro and cryopreservation are
considerably higher than for field genebanks. However, in the case of cryopreservation,
once the system is established, its running costs are relatively low [52]. (Note that
in vitro conservation is not suitable for mid-term and long-term conservation. But
in vitro is important in connection with cryopreservation, as the plant tissue material
first has to be prepared in vitro before it can be stored in liquid nitrogen [39].)

• Both alternative methods require a high level of training to manage conservation
appropriately [1,52].

According to Panis et al. (2020) [52], duplicating field genebank accessions in in vitro
or cryopreservation at another location is recommended. Cryopreservation is especially
suitable for secure long-term conservation, as it requires regeneration only after several hun-
dred years [52]. However, if financial resources are scarce, duplicating the field genebank
collection at another distant field location might be an appropriate alternative [28].

4.2. Risk Transfer Strategies

Risk transfer is a key strategy to manage risks and is particularly relevant if risks
cannot be prevented. It transfers the financial consequences of a risk from the risk owner
to a third party through different mechanisms like insurance schemes or funds [12]. Risk
transfer solutions are common in different economic sectors, among others in agricultural
production. However, in agrobiodiversity conservation, they are currently hardly applied.

Insurance solutions

The most common and widespread risk transfer solutions are insurance coverages [12].
Insurances are financial agreements to transfer defined risks to a third party, the insurer,
against the payment of agreed monetary terms (premium)—and this should be done before
the risk materializes [12]. The advantages of insurance covers are that there is a legal
entitlement for indemnification and that the insurance company normally carries out a risk
assessment, including identifying and requesting risk prevention measures.

There is only limited information available if and to what extent genebank assets
are covered by insurance schemes. Based on the literature review [53–55] and expert
interviews (F. Begemann (personal communication, 11 August 2022); A. W. Ebert (personal
communication, 25 July 2022); U. Lohwasser (personal communication, 15 July 2022); T.
van Hintum (personal communication, 28 July 2022) [33,35,39,56]), it can be concluded that
in most countries, genebanks are not insured. This is due to the fact that most genebanks
are in public ownership, and in case of an emergency, the state is supposed to bail out and
rebuild facilities and infrastructure. This premise, however, seems a questionable strategy
for the future, considering three trends:

• Natural hazards will increase in frequency and intensity due to climate change, aug-
menting the exposure of genebanks and other infrastructure [57].

• An increased concentration of ex situ conservation structures at the country and
institutional levels, as well as increased numbers of accessions stored, will increase the
values at risk in future [3,6].

• Financial constraints of states and decreasing political support for PGR conserva-
tion [6]; with the recent increase in interest rates in important economies like the USA
and Europe, governmental budget limitations are likely to become more important
while financing debts (e.g., as necessary in the aftermath of disasters) will probably
become more difficult in future.

Based on these considerations, it is recommendable to include insurance schemes for
genebanks as a complementary risk management strategy in future. The relevant issues
and challenges in this process are briefly discussed below.
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In most cases, insurance coverages are offered by nationally approved insurance
companies. Genebanks can access this insurance capacity. Additionally, for genebanks in
developing countries, risk pooling insurance instruments for natural hazards might also
be relevant. Interesting examples at the regional level are the Caribbean Catastrophe Risk
Insurance Facility (CCRIF) and the African Risk Capacity (ARC) (for further information,
see [58–60]). Internationally organized facilities like the CGIAR genebanks could potentially
also look for an umbrella cover for all its genebanks. This would primarily be offered by
globally organized insurance and reinsurance companies.

The insured perils in insurance contracts are usually fire and explosion as well as all
major natural hazards (e.g., earthquake, volcano, storm, hail, flood). However, locations
with a very high flood exposure, e.g., close to rivers and creeks, might not be eligible for
flood coverage. It is important to note that standard exclusions in insurance policies are war,
terrorism, and radioactive contamination. As genebanks have been damaged or destroyed
by war acts in the past, this is certainly an important limitation.

The most critical insured assets of genebanks are:

• Buildings and storage rooms;
• Technical facilities and equipment (e.g., refrigerated storage facilities, control units,

alarm systems, laboratory);
• Germplasm collections.

From a risk management point of view, it is recommendable to insure all asset classes,
but it is also possible to select specific ones, e.g., only buildings and storage facilities or
germplasm collections. Insured assets are covered for physical loss, damage, or destruction
caused by an insured peril.

An essential step in structuring an insurance contract is the valuation of the assets.
Based on the valuation, the sums insured per insured asset are defined, and these are the
basis for any indemnity paid after a loss event. For the genebank infrastructure (buildings
and technical facilities), this is relatively easy to estimate using market or replacement
values. However, valuing PGR collections is challenging because PGR accessions are non-
tradable items and, hence, do not possess a market or replacement value. For the valuation
of PGR collections, two approaches are most suitable:

1. Replacement value: In this approach, the cost to replace and rehabilitate any collec-
tion lost is determined. In the case of accessions, a replacement is only possible if
the accessions are stored as safety duplicates elsewhere and are accessible and viable.
Such a replacement exercise was undertaken in the case of the CGIAR genebank
ICARDA in Aleppo, whose collections have been restored in Morocco and Lebanon
since 2016 using backed-up accessions at other genebanks and SGSV [4,5]. The costs
of this operation are, however, not publicly available at present. Another reference is
the Dutch genebank, where replacement costs have been recently estimated at €25 to
€30 million overall [35]. This would result in a value of €1040 to €1250 per accession.
As replacement operations are complex and costly, the respective figures are on the
high side.

2. Costs of conserving accessions: Using the costs of conserving accessions as an ap-
proximation for estimating the value of germplasm collections is an indirect approach.
The advantage is that costs are relatively easy to establish [61]. Thereby, the costs of
conservation in perpetuity should be used, as they focus on the long-term preservation
of plant genetic material. As conservation costs are reasonable, this approach results
in a relatively low level of valuation. Koo et al. (2003) [62] also used this approach
and collected crop-specific in perpetuity costs at five international CGIAR genebanks.
These data—even though dating back to the late 1990s and early 2000s—are the best
available. Table 4 compiles the data of Koo et al. (2003) [62] and derives from these
present values. These authors worked with different interest rates (2%, 4%, and 6%),
which have a considerable impact on the value estimation (cf. Table 4).
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Table 4. Costs for in perpetuity conservation at selected CGIAR genebanks, per crop type, as a proxy
for collection value.

Crop Type
CGIAR

Genebank
Size of Collection Present Values at Different Interest Rates Collection Value

2001 2020 Reference Year 1 2021 2 2021
[No. of Accessions] 2% 6% 2% 6% 2% 6%

[US $ Per Accession] [in Million US $]

Common Bean CIAT 31,400 32,347 47.1 12.9 76.8 21.0 2.484 0.680
Forages CIAT 24,184 22,694 83.7 22.9 136.5 37.3 3.097 0.847
Wheat * CIMMYT 154,912 146,505 22.7 6.3 42.4 11.8 6.208 1.734
Wheat ** CIMMYT see above see above 25.9 9.6 48.5 17.9 7.098 2.625
Maize * CIMMYT 25,086 32,243 151.5 32.3 283.2 60.4 9.132 1.946
Maize ** CIMMYT see above see above 260.2 141.0 486.5 263.6 15.686 8.500
Sorghum ICRISAT 36,721 42,352 47.4 14.3 81.1 24.5 3.434 1.038
Pearl Millet ICRISAT 21,392 24,373 56.1 15.2 95.9 25.9 2.336 0.632
Chickpea ICRISAT 17,250 20,764 47.8 14.4 81.8 24.6 1.699 0.510
Pigeonpea ICRISAT 13,544 13,783 58.7 15.4 100.3 26.4 1.383 0. 363
Groundnut ICRISAT 15,327 15,622 49.7 14.6 84.9 24.9 1.327 0.389
Rice, cultivated IRRI 94,564 125,899 25.1 6.3 42.9 10.8 5.397 1.358
Rice, wild IRRI 4568 5813 37.1 7.5 63.4 12.8 0.368 0.074

* without initial regeneration, ** with initial regeneration. 1 Reference year for CIAT 2000, CIMMYT 1996, ICRISAT
and IRRI 1999. 2 Conversion to 2021 figures using OECD producer price index for OECD countries [63]. Source:
adapted from Koo et al. (2003) [62]. Collection sizes for 2020 are from WIEWS (2020) [15].

Additionally, Rabenau (2018) [64] collected in perpetuity cost data at the German
national genebank IKP in Gatersleben based on the methodology of Koo et al. (2003) [62]
(cf. Table 5).

Table 5. Costs of conserving accessions in perpetuity at the IPK Gatersleben, per crop type.

Crop Type
Costs in Perpetuity (2018)

[€ per Accession]

Wheat 13.00
Rye 13.00

Soybean—open air 11.98
Soybean—greenhouse 40.77

Chickpea—open air 12.26
Chickpea—greenhouse 29.57

Cabbage 41.88
Cauliflower 35.76

Lettuce 19.50
Source: own representation, adapted from Rabenau (2018) [64].

From both tables, it is obvious that the estimated value per accession varies consid-
erably between crops. Also, the way regeneration is conducted influences the results,
e.g., in Table 4, with and without initial regeneration of wheat and maize, and in Table 5,
regeneration in open fields vs. greenhouse regeneration for soybean and chickpea.

In summary, to determine the actual value of a specific germplasm collection, it would
be best to establish own cost data using the methodology of Koo et al. (2003) [62] and,
based on these, to estimate the total value of the collection, e.g., for insurance purposes
to establish the insured value of the collection. To account for particular features of the
collection, e.g., share of unique accessions, respective loading factors might be used.

Funds

Funds—defined as a pool of money that is allocated for a specific purpose [54]—are
another important risk transfer instrument. They can be financed through fees, donations,
or financial resources granted by the state and are administered either by state institutions,
self-governed bodies, or financial institutions [65,66]. Most funds are designed nationally,
but also a supranational or even global scope is possible. Funds are often set up to respond
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to natural hazards, but any other peril, e.g., nuclear risks or terrorism, can also be covered,
depending on the objective of the funders.

Similar to insurance coverages, funds allow the rapid mobilization of financial re-
sources, circumventing time-consuming approval procedures and negotiations for accessing
other financing sources after a disaster has occurred [67]. However, as funds are rather dif-
ficult and complex to set up, they are usually designed for circumstances where insurance
coverages are neither available nor cost-effective.

For designing and implementing a fund, the most critical issues to be addressed
include:

• The geographical scope of the fund;
• The assets to be covered;
• Value of the respective assets (as described for insurance solutions);
• The perils covered;
• Size and capacity of the fund;
• Financing of the fund: e.g., either through fees/premiums paid by the participating

genebanks, deposits of donors (state or private), or a mixture of both.

In this context, the Global Crop Diversity Trust has taken an active role in establishing
in 2021, jointly with the Secretariat of the ITPGRFA, the fund named Emergency Reserve
for Genebanks [68]. Although targeting national genebanks in developing countries, the
fund is open for national and international seed and field genebank collections, provided a
substantial financial need can be demonstrated. Different interventions can be financed, e.g.,
repairing technical facilities, relocations of collections, or safety duplications of threatened
unique accessions [50,69]. This fund, in contrast with the Endowment Fund, uses the
financial resources of donors allocated to the fund directly. Therefore, if financial resources
are spent, additional money has to be acquired. At present, a target for the financial volume
of the fund has not been specified, as the number and scale of future requests are difficult
to predict. Notwithstanding the presently limited volume, such a fund is considerable
progress towards an improved risk transfer for genebanks.

In addition, other national and regional funds covering the aftermath of natural
disasters exist. Two interesting examples that might be of use for genebanks are the
Mexican fund FONDEN at the national level and the European Union Solidarity Fund
(EUSF) at the regional level (for further information, see European Commission (2019) [70]
and World Bank (2012) [71]). FONDEN, established in the late 1990s, is designed to support
the quick rehabilitation of public infrastructure after adverse natural events [71]. Exploring
the integration of genebanks into these national and regional funds is recommended.

It can be concluded that funds solely or in combination with insurance schemes could
be a feasible risk transfer mechanism for genebanks that is worthwhile exploring and
developing further.

5. Findings and Conclusions

This study provides a comprehensive risk analysis and risk management framework
for genebanks worldwide. Its main findings and recommendations are summarized as
follows:

1. The natural hazard exposure analysis for a sample of 80 international, regional,
and national genebanks, covering 65% of the world’s accessions, shows that risk
exposure is highly location-specific and varies considerably between the analysed
genebanks. Overall, 35 genebanks (44% of the sampled institutions) show a low to
medium risk, while 17 genebanks (21%) present a high and 28 (35%) an extreme
risk. Most of the extremely exposed genebanks are located in the Asia-Pacific region
(Philippines, Fiji, Taiwan, Japan, and Bangladesh) as well as in South America (Peru)
and Europe (UK, Germany, and Poland) (see Appendix B and Table A3). On the other
hand, genebanks in Africa tend to have relatively low exposure to natural hazards.
Among the international and regional genebanks, the most exposed are CePaCT in
Fiji, WorldVeg in Taiwan, IRRI in the Philippines, and CIP in Peru. In contrast, SGSV,
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the global backup storage facility of safety duplicates, shows a relatively low risk
profile, being only exposed to extratropical storms and rising temperatures affecting
the permafrost. As the storage rooms are located underground, the vulnerability
of the facility towards storm can be assessed as very low. These findings entail the
following consequences for risk management:

• A location- and institution-specific risk assessment is indispensable to define and
carry out appropriate risk prevention methods using two main strategies: (1) ad-
equate infrastructural measures like natural hazard-resistant building codes,
storage facilities at higher levels (flood prevention), emergency backup gener-
ators, and alarm systems; and (2) safety duplication of accessions at another
location. Both strategies can be implemented without major obstacles in the
conservation of orthodox species but are more complicated when conserving
clonal and recalcitrant species in field genebanks.

• Risk transfer solutions like insurance coverages and funds, at present hardly
implemented at genebanks, should be considered when developing holistic risk
management strategies of genebanks. An important step in this direction was
taken by the Global Crop Diversity Trust with the set-up of the Emergency
Reserve Fund in 2021. Prices of these solutions vary significantly in line with the
site-specific risk exposure.

2. Vulnerability is very site-specific, depending mainly on the quality of infrastructure
and risk prevention measures in place. Furthermore, it differs according to the specific
conservation methods. Conservation in seed genebanks is the most resilient method
compared to in vitro and cryopreservation, as the latter ones imply high technical
and technological requirements. Field genebanks have a distinct risk profile and have,
among the common conservation methods, the highest vulnerability with respect to
natural hazards as well as pest and disease incidences.

3. Assessing the exposure to political risks is challenging due to the complex nature
of political risks. Using the two international indicators, the WGI by the World
Bank and FSI by The Fund for Peace, this study identified considerable differences
in the political stability of countries. Among the most exposed countries of the
sample, predominantly located in Africa and Asia, are countries hosting important
international genebanks. From a risk management perspective, it would be essential
to establish a centralized monitoring system for political risks (e.g., at FAO or the
Crop Trust) to be able to take safety measures proactively and on time.

4. The insufficient level of financing has widely been acknowledged as a key limiting
factor for genebanks. Yet, information on the actual and required budget per genebank,
as well as on the nature and provenance of funds, is scarce and difficult to obtain.
More research is necessary; it is recommended to include in the FAO country reports
a section about necessary financial resources. In addition, it can be noted that the
international genebanks have—in particular through the professional work of the
Crop Trust establishing the Crop Diversity Endowment Fund—a stable financial
backbone. In contrast, the situation at national genebanks is very diverse. It depends
on the organizational structure (centralized vs. decentralized), the overall state budget,
and the priority-setting of national governments.

In summary, progress has been made in the last few years to mainstream and strengthen
quality and risk management, in particular at international genebanks, with the Crop Trust
being a driving force. The CGIAR genebanks, as well as some national genebanks (e.g.,
in Germany, the Netherlands, the USA, and Canada), are more advanced regarding risk
management. However, at many national genebanks, considerable scope for improvement
remains. Therefore, a location-specific hazard and vulnerability assessment is recom-
mended in order to define appropriate risk prevention measures and risk management
strategies at the genebank level. Any progress in this respect can only be achieved with
adequate human and financial resources as well as political support.
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Appendix A

The following presents tables of the selected supranational genebanks (international
and regional) (Table A1) as well as of national genebanks and their collection sizes
(Table A2).

Table A1. International and regional genebanks and their collection size in number of accessions.

Status Country WIEWS Code Institution Name Collection Size

In
te

rn
at

io
na

lg
en

eb
an

ks

Belgium BEL084 Bioversity International Musa Germplasm
Transit Centre (ITA) 1625

Côte d’Ivoire CIV033 Africa Rice Center (AfricaRice) 21,815

Colombia COL003 Centro Internacional de Agricultura Tropical
(CIAT) 66,599

Ethiopia ETH013 International Livestock Research Institute
(ILRI) 18,641

India IND002 International Crop Research Institute for the
Semi-Arid Tropics (ICRISAT) 128,691

Kenya KEN056 Genetic Resources Unit (ICRAF) 15,157

Lebanon LBN002 International Centre for Agricultural Research
in Dry Areas (ICARDA, location Lebanon)) 151,858

Morocco MARNA 1 International Centre for Agricultural Research
in Dry Areas (ICARDA, location Morocco) n.a. 2

Mexico MEX002 Centro Internacional de Mejoramiento de Maíz
y Trigo (CIMMYT) 210,851

Nigeria NGA039 International Institute of Tropical Agriculture
(IITA) 36,531

Norway NOR051 Svalbard Global Seed Vault (SGSV) n.a. 3

Peru PER001 Centro Internacional de la Papa (CIP) 18,066
Philippines PHL001 International Rice Research Institute (IRRI) 132,141

Taiwan, Province of China TWN001 World Vegetable Center (WorldVeg) 59,954
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Table A1. Cont.

Status Country WIEWS Code Institution Name Collection Size

R
eg

io
na

lg
en

eb
an

ks

United Arab Emirates ARE003 International Center for Biosaline Agriculture
(ICBA) 14,524

Costa Rica CRI085/CRI134/CRI142
Centro Agronómico Tropical de Investigación y

Enseñanza
(CATIE)

10,972

Fiji FJI049 Centre for Pacific Crops and Trees (CePaCT) 2158
Kenya KENNA 1 ICRISAT regional genebank n.a. 2

Niger NER047 ICRISAT regional genebank n.a. 2

Sweden SWE054 Nordic Genetic Resource Center (NORDGEN) 33,272
Zambia ZMB030 SADC Plant Genetic Resources Centre (SRGB) 11,326

Zimbabwe ZWENA 1 ICRISAT regional genebank n.a. 2

1 Genebank does not possess a WIEWS institutional code. For consistency, the country code + NA was used as a
unique identifier. 2 For the ICARDA genebank at Morocco as well as the three regional genebanks of ICRISAT, no
collection size was reported at WIEWS [15] or by the FAO [3]. 3 SGSV was included in the study as a benchmark
for comparing exposure and risk; hence, information about its collection was due to its exclusive focus on safety
backups not being relevant. Source: own representation, data on collection size provided by WIEWS (2020) [15].

Table A2. Selected countries and their assessed national genebanks, including number of sampled
genebanks, WIEWS institutional code (if available), and their collection size in number of accessions
(of the sampled genebanks).

Continent Country Code Country WIEWS Code
No. of Selected

Genebanks
Collection Size

Africa

EGY Egypt EGY087 1 14,610
ETH Ethiopia ETH085 1 73,164
GHA Ghana GHA091 1 418
KEN Kenya KEN212 1 51,405
MAR Morocco MAR088 1 69,628
NGA Nigeria NGA010 1 7692
ZAF South Africa TZA016 1 6275

TZA United Republic of
Tanzania ZAF062/ZAF064 1 7279

Total Africa 8 230,471

Americas

ARG Argentina ARG1342, ARG1350 2 5025
BRA Brazil BRA003 1 107,537

CAN Canada CAN004, CAN025,
CAN064 3 111,157

COL Colombia COL017 1 15,776
MEX Mexico MEX208 1 27,100
PER Peru PER014, PER066 2 6542

USA United States of America
USA016, USA020,
USA022, USA029,
USA033, USA970

6 461,758

Total Americas 16 734,895

Asia

BGD Bangladesh BGD001, BGD002,
BGD003 3 22,961

CHN China CHN001, CHNNA 1 2 351,332 *
IND India IDN179 1 410,565
IDN Indonesia IND001 1 4594
JPN Japan JPN183 1 224,353
KOR Republic of Korea KOR046 1 152,272 *
NPL Nepal NPL069 1 6470
PAK Pakistan PAK001 1 33,003
PHL Philippines PHL129, PHL158 2 6875
THA Thailand THA300 1 31,887
TUR Türkiye TUR001, TUR034 2 38,961
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Table A2. Cont.

Continent Country Code Country WIEWS Code
No. of Selected

Genebanks
Collection Size

Total Asia 16 1,283,273

Europe

DEU Germany DEU146, DEU159,
DEU271 3 150,736

ESP Spain ESP004 1 20,826
FRA France FRA040, FRA139 2 16,143

GBR
United Kingdom of Great

Britain and Northern
Ireland

GBR004, GBR006,
GBR016, GBR140,

GBR247
5 836,237 2

ITA Italy ITA436 1 6962
POL Poland POL003 1 76,751
ROU Romania ROM007 1 16,428
RUS Russian Federation RUS001 1 200,717
UKR Ukraine UKR001 1 34,518

Total Europe 16 1,359,318

Oceania AUS Australia AUS165, AUS167 2 249,056

Total 58 3,857,013

1 Genebank does not possess a WIEWS institutional code. For consistency, the country code + NA was used as a
unique identifier. 2 The UK genebanks sampled comprise the Nottingham Arabidopsis Stock Center (NASC),
which holds—with a collection size of 684,495 accessions—the largest share of the reported collection size of
836,237 accessions. Source: own representation, data on collection size provided by WIEWS (2020) and—if marked
with *—by FAO country reports [72,73]. In case of China, the 351,332 accessions refer only to one genebank; as for
the other, no information about the collection size was available.

Appendix B

Table A3 provides an exhaustive risk assessment for the sample of 80 genebanks with
regard to the 12 selected natural hazards as well as the risk indexes and scores.
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Abstract: UN Sustainable Development Goal 2 Target 2.5 focuses on the conservation of genetic diver-
sity in soundly managed genebanks. In examining the term “soundly managed”, it becomes quickly
evident that there is much more to long-term conservation than placing samples of seeds or other
germplasm in long-term conservation conditions. There are several important factors that determine
whether germplasm samples will remain viable in storage for long periods of time. To manage these
factors efficiently and effectively, genebanks require sound data and quality management systems.
The CGIAR Genebank Platform, coordinated by the Crop Trust, put in place a number of mechanisms
that enabled effective online reporting, performance management, quality management, audit and
external review and validation. These mechanisms do not conform to the usual monitoring systems
put in place for research programs and have only been possible thanks to the flexibility of CGIAR in
recognising that the genebanks were exceptional. As a result, in the past 10 years, CGIAR genebanks
have significantly improved their performance and the conservation status of collections.

Keywords: seed quality management; long-term conservation; quality management system (QMS);
performance management; genebanks; standards

1. CGIAR Genebanks, Germplasm Conservation and Genebank Standards

The CGIAR genebanks safeguard some of the largest and most widely used collec-
tions of crop diversity in the world, critical to attaining the UN’s Sustainable Development
Goals (SDG) to end hunger and improve food and nutrition security [1,2]. Most CGIAR
genebanks are strategically located in centres of crop diversity, resulting in the collections
being founded on a broad and rich representation of diversity from the primary crop
genepools and, in some cases, a continued exchange with traditional communities culti-
vating landraces or even domesticating semi-wild materials. The collections that CGIAR
manages have grown over five decades or more in a relatively organic fashion with the
gradual introduction and occasional peaks of expansion resulting from collecting missions,
donations from partners and materials generated by breeders and researchers. As a result,
the collections represent a worldwide diversity of landraces, heritage varieties, crop wild
relatives, improved varieties and, to a lesser extent, breeding or research materials for
specific mandate crops (Table 1).
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Table 1. Crops and accession numbers of CGIAR genebanks in December 2020.

Centre Crop(s) Total Accessions in 2020 [3]

AfricaRice Rice 21,815

Alliance-Bioversity International Banana 1624

Alliance-International Center for Tropical
Agriculture (CIAT) Beans, cassava, tropical forages 64,635

International Maize and Wheat Improvement
Center (CIMMYT) Maize, wheat 147,842

International Potato Center (CIP) Potato, sweetpotato, Andean roots and tubers 18,156

International Center for Agricultural
Research in Dry Areas (ICARDA) Dryland cereals, grain legumes, temperate forages 152,609

World Agroforestry (ICRAF) Trees 14,919

International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) Sorghum, millets, grain legumes 129,034

International Institute of Tropical
Agriculture (IITA) Cowpea, maize, legumes, banana, cassava, yam 34,774

International Livestock Research
Institute (ILRI) Tropical forages 18,662

International Rice Research Institute (IRRI) Rice 132,140

Grand Total 736,210

The collections and their contents may be reviewed online through the global portal,
Genesys (www.genesys-pgr.org last accessed 24 November 2021). The importance of the
collections is recognized in international policy through agreements (Article 15) signed in
2006 between each CGIAR Centre and the Governing Body of the International Treaty on
Plant Genetic Resources for Food and Agriculture (Plant Treaty) [4]. Centres are obliged
to make collections and associated data under their management available under the
Multilateral System (MLS) of Access and Benefit-sharing of the Plant Treaty. CGIAR
genebanks act as a major source of international germplasm exchange and, together with
CGIAR breeding programs, were responsible for close to 90% of the reported distributions
under the Plant Treaty [5]. Between 2012 and 2019, the CGIAR genebanks distributed more
than 850,000 samples of germplasm to 163 countries in response to requests [3]. Only the US
Department of Agriculture National Plant Germplasm System distributes more germplasm,
about 250,000 samples yearly, of which about a quarter is distributed internationally.

The UN’s 17 SDGs were agreed by world leaders in 2015. SDG 2 has eight targets with
the aim to end hunger in the world. Target 2.5 specifically calls on countries and institutions
to maintain genetic diversity in food production, including in “soundly managed” seed
and plant banks [6].

Over many decades, hundreds of institutes, universities, research groups and com-
munities have carried out research, breeding and collecting and, as a result, have invested
in storing seeds in freezers or cold rooms. Which of these multitudes of efforts constitute
a formal seed or plant bank (‘genebank’) is not easily determined. Most countries have
formally designated a national genebank under the management of national agricultural
research organizations, but there are many other formal and informal collections and
gardens, large and small, managed within the public or private sector. Seeds in storage
ultimately perish if not planted out and regenerated before viability is lost. The genetic
composition and the rare alleles present in a seed sample will be increasingly lost over time
as more and more seeds in the sample lose viability. Germplasm conservation in genebanks
aims to maintain the viability and genetic integrity of collected samples in storage for the
longest time that is biologically possible. Multiple guidelines have been published over
the years to share best genebank practices [7–9]. Germplasm processing for conservation
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involves several critical steps that can have a prolonged and cumulative influence on the
viability and quality of the seeds in storage and their use in the future, as well as on the
efficiency of future operations [10]. The critical point, therefore, is not defining what is a
seed or plant genebank but in determining what is “soundly managed”.

Genebanks serve different purposes and clients. There are many different options for
localised communities to save seeds for sharing and planting in the near term. For pro-
longed conservation and for medium to large collections (e.g., more than 10,000 accessions),
the requirements in terms of capacity and processes are considerably more extensive. Any
institution wishing to manage a genebank today is ably guided by published Genebank
Standards, as endorsed by the FAO Commission on Genetic Resources for Food and Agri-
culture (CGRFA) [4,11], which provide quantitative thresholds, principles, and critical
points for genebank management. There is no formal system of monitoring or measuring
compliance with the FAO Genebank Standards, but institutes managing collections have
an option to undergo certification or accreditation with the International Standards Organi-
zation (www.iso.org; last accessed 24 November 2021) or the International Seed Testing
Association (for specific tests; www.seedtest.org; last accessed 24 November 2021). A small
number of genebanks have pursued a quality management system (QMS) certification
through ISO 9001:2015 which applies to businesses or organizations that seek to ensure that
their products or services meet customer needs. While there are benefits to the certification,
the Genebank QMS described below includes additional aspects that are outside the scope
of certification, e.g., adherence to the International Treaty on Plant Genetic Resources for
Food and Agriculture (ITPGRFA) (https://www.fao.org/plant-treaty/en/; last accessed
24 November 2021), the International Plant Protection Convention (www.ippc.int; last
accessed 24 November 2021) and the Convention on Biological Diversity and its Nagoya
Protocol (www.cbd.int/; last accessed 24 November 2021).

So, what evidence is there of sound management or even that reported accessions
really exist? Requesting and receiving seeds from genebanks is one way of telling whether
they exist and are viable—but relying on feedback from users is leaving it too late and
is hardly feasible for very large collections. If taxpayers are to fund and depend on key
institutions, such as CGIAR and other international or national genebanks, to safeguard
agricultural diversity for future generations, then the large body of stakeholders (including
donors, depositors and users) need to have some confidence that the methods in use meet
appropriate standards and will achieve long-term conservation objectives. Furthermore, we
need to know that institutions are actively improving processes and incorporating appropri-
ate technologies and approaches to conserve germplasm efficiently. Engels and Ebert [12]
provide an exhaustive critique of current conservation methods currently deployed in
genebanks with many points that should be addressed.

By describing our experience with CGIAR genebanks, we endorse the view that a
comprehensive system of quality and performance management is necessary to provide
assurance that key genebanks are complying with FAO genebank and other relevant
standards and to provide a continuous mechanism for exchanges and improvement. We
describe the challenges that lie behind long-term conservation objectives and the need
for serious investments to meet such a commitment, perhaps more than many actors
anticipated at the time of collecting seeds and putting them in storage. Such long-term
conservation objectives can only be managed through long-term and consistent quality
management [10]. In our experience, a quality and performance management approach
has helped to manage backlogs and to avoid mistakes, losses and duplication of effort, as
well as facilitating continuous improvement. The requirements of long-term conservation
objectives should be fully understood by all institutions that aim to accommodate such
long-term commitments within a predominantly research-oriented program of work.
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2. Why Long-Term Conservation Is Not as Easy as One Might Think

The effective conservation of seed germplasm samples with the aim of maintaining
genetic integrity involves the complex interaction of various factors, including biological
characteristics intrinsic to the species, the quality of the seeds and the conditions of the
seeds’ storage [10,11,13]. If seeds are stored in cold storage without attention to drying
and testing processes, packaging, monitoring and maintenance of conditions, then only
with luck will they maintain their viability to be germinated some years later. If the genetic
diversity of a collection is to be conserved over many decades and some of the unique and
rare traits occurring in the gene pool are to be retained for future research and breeding,
then an intensively evidence-based approach to long-term conservation is required. Four
main factors explain why long-term conservation efforts specifically for seed collections
require considerable investment:

(1) Biological factors: Although seed storage has been a fundamental aspect of agricul-
tural practice for millennia, the long-term storage of dry seeds at low temperatures
has only been applied scientifically for relatively few decades. Seeds of some species
are predicted to remain viable for perhaps hundreds of years under long-term condi-
tions in a genebank (typically at 3–7% moisture content and −20 ◦C temperature) [13].
Further, many genebanks have now reported the long-term maintenance of high
levels of viability, for many (but not all) seed lots (samples) of at least some crop
and forage species, over the course of the genebank’s existence [10,14,15]. However,
there are examples where seed lots have lost viability relatively quickly or abruptly
during genebank storage [10,16,17]. As more viability monitoring data becomes avail-
able, seeds of more species, particularly those of crop wild relatives, forage and tree
species, may be found to be relatively short-lived in conventional genebank storage.
In conclusion, the majority of crop species are thought to exhibit orthodox storage
behaviour, tolerating drying to low moisture contents and remaining viable in storage
for extended periods, but until more evidence is gathered through viability monitor-
ing of actual seeds in storage, we do not know the extent to which certain groups
of genotypes or species are not orthodox. Cryopreservation may be more suitable
for ‘minimally orthodox’ seeds with very short lifespans in conventional genebank
storage, though it may also be possible to improve their storage potential to some
extent. Cryopreservation itself, however, is an expensive commitment.

(2) Seed quality management: Seed longevity is a highly plastic trait, affected by factors
such as the environment during seed production, the timing of seed harvest and
how the seeds are processed after harvest [18–20]; maximizing seed storage potential
requires experience, experimental approaches to optimizing protocols and attention to
detail. Drying seeds appropriately before storage, maintaining conditions throughout
storage and careful practice when repeatedly accessing stored seed lots for distribution
or viability monitoring have a large and direct impact on the number of years that
seeds remain viable in storage. Different types of collections pose very different
challenges. Working with a small, diverse collection that is frequently being accessed
poses different challenges to working with a very large single crop collection where
efficiencies of scale mean seed lots can be processed at higher throughput, making
the whole genebank operation more efficient.

(3) Sustained data management needs: Maintaining a seed collection for both active use
and conservation demands a major investment in documentation if these two different
roles are to be fulfilled efficiently and effectively. All samples should be labelled to
ensure that the right seeds are in the right place at the right time. Over long periods
of time and many interventions, mislabelling events are inevitable. A study of lettuce
accessions conserved at the Centre for Genetic Resources the Netherlands (CGN)
found the highest rates of non-authenticity for samples that date back to the earliest
collections but even those more recently conserved materials (post-1960) showed
around 10% mislabelling [21]. Barcoding is believed to eliminate some mislabelling
errors thanks to the automated production of identification labels that reduces the
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human error caused by writing labels by hand. The value of barcoding, however, is
extremely limited without being fully integrated into a comprehensive seed inventory
data management system that follows the complete genebank workflow from the
introduction of a new acquisition to the point of its storage, including activities
that may be undertaken by associated teams or laboratories, such as health testing
and fieldwork. Data on post-harvest treatments, initial viability and the detailed
procedures followed at the time of germplasm processing and storage are basic pieces
of information required to manage a seed lot in the long-term. The data management
system should not only store these data points, or references to them, but should
follow the operational workflow providing prompts if data are not entered correctly
and assisting quality controls that underpin the smooth running of the genebank [22].
In the long term, staff will change and an effective data management system is
fundamental to enabling collection management to pass safely from one pair of hands
to another. In the future, such management systems could evolve with smarter tools
and algorithms to take some of the burden of data entry and decision-making away
from staff, but for now, even the basic functionality is an ambition for most genebanks.

(4) Sustained infrastructure needs: Finally, conserving with a long-term perspective
means that a one-off investment in a cold room is not enough. Cold rooms may have
a service life of up to 50–60 years but other critical equipment such as door seals,
cooling systems, incubators, driers, and temperature controls have a shorter service
life and require maintenance, replacement and backup on a regular basis.

These four factors apply to all genebanks, but the long-term conservation of ‘non-
seed’ collections is yet more challenging. A relatively recent assessment of vegetatively-
propagated crops in ex situ conservation estimated that there are at least 400,000 accessions
in genebanks worldwide, of which 75% are held in the field and 15% in tissue culture
collections [23].

Field collections are notoriously difficult to maintain over many decades because
actively growing accessions need repeated monitoring and intervention throughout the
year and, in many cases, yearly planting and harvesting to ensure the continued health of
the plants and to manage the effects of weather events and pests and diseases [9]. There is
little published information on how long accessions have been successfully maintained in
field collections for conservation purposes. There are, however, numerous cases of field
collections that have been destroyed due to typhoons, drought, disease, change in land
management, loss of interest in “low-income” crops that have been reported to the Global
Crop Diversity Trust (Crop Trust). There are, also, a few examples of field collections that
have stood the test of time, including stands of cacao and coffee in Turrialba, Costa Rica,
maintained by the Tropical Agricultural Research and Higher Education Center (CATIE),
which date back to 1947. Many botanic gardens will also include collections and old
specimens of crop species, but normally in very low numbers. All such collections remain
vulnerable and prone to losses.

Tissue conservation in vitro requires equally, if not more, intensive management and
infrastructure. This approach is frequently used more for the propagation of planting
materials than for conservation objectives. Although there are significant numbers of
accessions reported to be in tissue culture, it is not known what proportion of these is
conserved using slow-growth conditions for conservation purposes.

Neither field nor in vitro conservation approaches are sufficiently reliable or optimised
to be considered a “long-term” conservation approach [24]. Considerable investment,
however, has been made in cryopreservation [25], a technology that is coming of age for
certain crops (e.g., potato, garlic, banana, apple) but not yet as a standard technique for
all vegetatively-propagated crops and non-orthodox seed crops due to a general lack of
capacity both to develop and optimize the specific protocols required for more challenging
species, and sometimes genotypes within species, and to implement cryopreservation on
a large-scale for whole collections. In 2017, just 17 genebanks were identified as actually
using cryopreservation as a conservation procedure [23]. The costs of implementation
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and staff training remain insurmountable hurdles for most genebanks wishing to take up
cryopreservation. A globally coordinated initiative to build capacity would help to secure
such collections on a long-term basis [23].

3. Managing Genebanks for Long-Term Conservation Objectives

Even where sound processes and data management are established and conditions for
long-term conservation are optimized, it is very common for genebanks to be inadequately
resourced to carry out the required processes on all the germplasm in the collection on a
continuous basis [10]. Taking account of general guidance on viability monitoring, seeds in
long-term conservation should be re-tested for viability every ten years or more frequently
if short-lived—that is unless there is evidence that the viability of accessions will remain
above the accepted threshold for more than 30 years in which case longer periods between
re-testing may be appropriate [11]. Seeds in medium-term storage will potentially need
more frequent re-testing. In any case, given such standards, an average genebank managing
30–50,000 (the average number of accessions in 71 surveyed national genebanks worldwide
was 41,342 in 2014 [26]) accessions (and perhaps twice as many seed lots) will need to
conduct viability tests on thousands of seed lots per year (i.e., at least 3–5000 seed lots or
10% of the collection in long-term storage). Some seed lots will fall below the accepted
threshold of viability, triggering a demand for regeneration. An FAO survey of 488 national
and international genebanks in 2014 revealed that 5.7% of the collections were regenerated
that year and an additional 137,000 accessions needed to be regenerated but were unable to
be planted out because of insufficient funds to carry out the work [26]. Likewise, a review
of 26 crop conservation strategies identified regeneration backlogs as a critical issue for
all types of crop germplasm in all regions. For one of the easiest crops to conserve, wheat,
lack of regeneration was described as probably the single greatest threat to the safety of
key collections [27]. Lack of funds and trained staff is identified as a perennial constraint.
The situation worsens with every passing year, as the number of accessions that require
viability re-testing, regenerating and other basic operations increases. The words of Lewis
Carroll’s Red Queen, “it takes all the running you can do, to keep in the same place” could have
been written for genebanks.

In 2012, all the CGIAR genebanks, with one exception, had backlogs of materials
that required regeneration or processing and were essentially unavailable for distribution
unless seeds were tested or regenerated. CGIAR conserved 708,761 accessions in 2012, but
only 66% were physically available and 55% safety duplicated in two locations, including
the Svalbard Global Seed Vault [28].

The Crop Trust, as coordinator of the CGIAR Genebanks Research Program (2012–2016),
put in place a monitoring system for operations across all CGIAR genebanks. The system
comprises five elements: (1) performance targets, (2) online reporting, (3) a genebank qual-
ity management system (QMS), (4) system-level SOP documentation audit, and (5) external
review and validation.

3.1. Performance Targets

Targets related to general operations and performance provide a measurable goal and
help display the distance required to get there. There is much discussion on the application
of performance targets in private and public sectors, and the gaming or perverse incentives
that they provoke, especially if linked to financial rewards. The genebank performance
targets (Table 2) follow S.M.A.R.T. principles (specific, measurable, achievable, relevant
and time-bound) and are designed to measure the level of backlogs and, therefore, the level
of activity and time required for individual genebanks to reach a steady-state of operation
where backlogs are reduced to less than 10% of the size of the collection. The Passport
Data Completeness Index (PDCI) is used as a key performance indicator to measure the
level of completeness of passport data associated with genebank accessions [29]. The PDCI
range is between zero and ten and is periodically monitored to assess improvements in
data quality over time.
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Table 2. Performance targets adopted by CGIAR genebanks in 2014.

Key Performance Indicators and Targets

No. Area Indicator Target

1 Germplasm availability

% of collection clean of pathogens of quarantine risk, viable,
and in sufficient quantity to be immediately available for
international distribution from medium-term storage (or

local distribution for some tree species).

90% of accessions available

2 Safety duplication

For seed crops: % of collection in long-term storage at two
locations and also in Svalbard Global Seed Vault (except for

tree species).
For clonal crops: % of collection in long-term storage or

in vitro in slow growth conditions or in cryopreservation at
two locations.

90% of seed accessions safety
duplicated

50% of clonal accessions in
cryopreservation

(intermediate target),
90% of accessions duplicated

in vitro

3 Data completeness
and availability

Passport Data Completeness Index (PDCI) [29]:
quantification of the completeness of the passport data

based on the absence or presence of data points (range 0–10)
PDCI > 6

4 Quality management Implementation of a Quality Management System (QMS)
Eight minimum elements of

QMS in place (see QMS
section below)

Additional data are also collected on genebank activities and germplasm distribution,
but none of these indicators are used as targets for various reasons including consideration
of the kind of incentive that would be created. Activities to optimize collections were
planned and funded, and annual workplans and reports were designed to monitor the
progress in improving the status of the collections.

As a result, in 2020, CGIAR reported the availability of an additional 134,994 accessions
or 82% of the total collection [30]. This progress occurred in a context whereby, on average,
100,000 samples were being distributed annually from the genebanks and one of the largest
collections, at ICARDA (150,000 accessions), had to be regenerated from safety duplicated
samples deposited in the Svalbard Global Seed Vault after the genebank was forced to
move from Syria in 2012. There is no doubt that the targets focused efforts and resources
towards addressing regeneration and processing backlogs.

3.2. Online Reporting Tool (ORT)

Underpinning the performance targets is a comprehensive monitoring system with
some 200 data points related to the status of the collections, germplasm distribution, other
genebank services, activities of the genebank with relation to quality and risk management,
cryobanking, capacity building events and activities to respond to review recommendations.
The data are received from each genebank, reviewed by the Crop Trust as coordinator of the
responsible CGIAR program, and subsequently reported to CGIAR and Crop Trust donors
and management, as well as the Governing Body of the Plant Treaty and the CGRFA.

Online reporting is hardly a novelty. Many organisations have moved towards digi-
tal systems to manage workplace processes, including project management and annual
reporting. There are, however, several points to make about the process by which annual
reports were submitted by CGIAR genebanks online that contributed to the improved
quality of data and a stronger incentive to address performance targets. Firstly, the data
fields requested in the online reporting tool (ORT) were not easily answered through
existing genebank database systems, which led to considerable time being demanded by
genebank teams to manually calculate figures for each submission. For instance, requesting
“Total number of accessions with acceptable viability” or “Total number of accessions with
acceptable seed number” may require downloading results for seed lots from multiple
sources and years and a reconciliation at accession level. This highlighted the lack of a
coherent management tool to assess inventory data at the collection level and to respond to
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such questions with the click of a button. While no such capacity existed, the bespoke ORT
software has two specific features that play a significant role in improving the quality of
data submitted: (1) online correspondence between the submitter and the reviewer is linked
to each individual question, which allows real-time clarifications and revisions to take place
and be stored; and (2) a data quality control process is imposed on individual questions so
that the report submission is blocked until specific answers are revised. The reporting pro-
cess is intensive but contributes substantially to data quality regarding the collection status
and to a greater understanding of the performance targets and indicators across genebank
teams. In addition, trend analysis of ORT responses was used to monitor indicators and
other metrics to evaluate the genebank’s performance over time. As such, the tool relied
on historical analysis to plot trajectories and make funding decisions or take corrective
and preventive actions when necessary. This type of dynamic reporting tool underpins the
understanding of and adherence to the performance targets and monitoring system.

3.3. Genebank Quality Management System (QMS)

In 2014, the CGIAR Genebanks program adopted a QMS approach as a means to
formally implement and communicate the standards by which CGIAR genebanks operate.
Known as the “Genebank QMS”, the approach develops a unique resource of documents,
policies and scientific practices that comply with regulatory policy, genebank standards and
other relevant standards. The Genebank QMS provides the framework for the management
of the genebanks and the way that they are monitored, audited and externally reviewed. It
offers distinct advantages over other forms of quality management by being:

• Based on specific genebank standards and performance targets rather than generic
standards.

• Holistic and implemented along the entire genebank operation, from acquisition to
distribution, rather than for selected procedures or processes.

• Internally driven with collective and individual goals that lead to better technical
performance within the individual genebank’s operation.

• Efficient in terms of the amount of paperwork required following implementation and
establishment of the QMS.

• Dynamic and allowing the integration of topical issues affecting genebank manage-
ment, including protocol optimization, policy changes and emerging risks.

• Homegrown and easily tailored and rendered practicable to the unique situation of
each genebank.

• Adaptable to a network of genebanks with templates and elements that can be shared
and harmonized where appropriate across countries, crops and conservation systems.

At the core of the Genebank QMS are eight coordinated elements that serve as building
blocks for quality management (Figure 1). Emphasis is placed on the science of conservation
to provide an understanding of the underlying principles for adopted processes, including
factors affecting seed longevity, cost-efficient ways to conserve genetic resources and use of
the collections. The science and the conservation processes are mutually reinforcing, and
researchers and curators work together to optimize processes and drive each other forward
in the improvement cycle.

Standard operating procedures (SOPs) enable genebanks to comprehensively docu-
ment, validate, share and improve their operating procedures. The genebanks, therefore,
have the possibility to develop and adopt shared policies and approaches for certain
processes (e.g., acquisition, distribution, processes for the same crops, etc.) across the
system. CGIAR may also put in place certain technical and operational standards and
principles that go beyond the published FAO standards, (e.g., CGIAR safety duplicates
seed accessions in two locations, uses barcoding for labelling, follows specific standards
for cryobanking to name a few examples).
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Figure 1. Key elements and regulatory framework of the Genebank QMS.

Each individual Centre has the primary responsibility for developing and implement-
ing its own SOPs and QMS, while at the system level the templates, targets, training and
auditing are common across genebanks. Agreement to support and commit time to QMS
must be attained from the highest level of Center management and from departments
throughout the organization, from human resources to procurement. This is essential to
ensure that the relevant staff are able to implement core QMS practices (e.g., calibrating
equipment, implementing access controls, ensuring health and safety measures).

Staff have the responsibility of reviewing and updating genebank procedures and are
encouraged to use their expertise and knowledge to suggest methods for improvement
in their work areas. Centers may appoint a quality manager to coordinate QMS activities
and report to upper management about QM progress. The tasks carried out by the quality
manager may include overseeing the implementation of QM standards and processes by
all staff, managing the audit program, reviewing user satisfaction surveys, identifying
critical quality control points and preventive measures, monitoring procedure verification,
monitoring equipment inventories, and prioritizing risk management and staff training.

As the QMS prompts staff to document the steps actually implemented, i.e., going
beyond the function of generic guidelines and giving details of what happens if expected
outcomes do not occur, the SOPs can be highly individual and can vary substantially in
detail from one SOP to another and from one genebank to another. As the QMS matures
and staff see its worth, so the SOPs become more sophisticated with links to additional
policies, instructions, and other appendices. It can be challenging to balance the desire
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to document every detail against the need to have a document that acts as an easy-to-
understand reference source or guide.

In addition, fostering collaborations with genebanks outside the CGIAR is widely
considered a key strategic goal. The implementation of a QMS and the development of
SOPs and other key documents has provided an opportunity for long-serving staff to share
their SOPs and expertise with genebanks with little or no documented procedures. In
addition, SOPs can be effective teaching tools to disseminate information on best practices
and international policies to partners and those genebanks requiring capacity development.
Where genebanks manage the same or similar crops, the respective SOPs may be compared
and aligned as a means to improve efficiency or level up processes across locations. This
can also occur with genebanks outside CGIAR, who have decided to adopt the genebank
QMS (e.g., the World Vegetable Center).

3.4. System-Level SOPs Documentation Audit

Documentation audits are executed on documented information only and are un-
dertaken by independent consultants with quality management and relevant technical
expertise. They are the first step in assuring that individual genebank SOPs are prop-
erly documented and adhere to relevant treaties, standards and agreed principles. In the
Genebank QMS, SOPs, including decision trees, monitoring schedules and related policies,
are checked for compliance with the FAO Genebank Standards, the terms and conditions
of the standard material transfer agreement, international standards for phytosanitary
measures, international rules for seed testing and other relevant best practices that are
agreed within the CGIAR genebank community. The system is relatively agile, with recom-
mendations expected to result in improvement within two months of the initial audit and
clearance conferred within four months. The resulting SOPs are also subject to language
editing and translation for improved clarity. In addition, the SOP template is designed
so that the core of the procedures may be extracted to be part of a genebank manual for
publication and general circulation.

3.5. External Review and Validation

The first phase of CGIAR genebanks external review began in 2012 and followed a
relatively generic approach, whereby two or three experts were asked to make physical
visits to individual genebanks and undertake a review based on a small number of relatively
broad objectives. The second phase of external review, which started in 2018, however, was
able to profit from a vast amount of new information provided in the six years of detailed
annual reporting by the genebanks against performance targets and the documentation and
auditing of the SOPs. The reviews followed a standard format and involved an extensive
document review before the site visit, including review and discussion of the key SOPs,
annual report submissions, previous review documents, as well as a self-assessment by the
genebank staff.

The review performs an important audit function by validating the actual implemen-
tation of specific SOPs by genebank staff on the ground through demonstrations or other
evidence. One step in the review process involves checking the inventory data in the live
database and the physical samples in the cold rooms of a number of randomly-picked
accessions. The format of the reviews allows their implementation even remotely during
the pandemic.

Thanks to the QMS and annual reports, the second phase of the review was signifi-
cantly more evidence-based and in-depth than the first. Weaknesses in data and processes
that were not at all evident in the first phase of the review, were easily identified in the
second. By contrast, the reviews provided fewer strategic or subjective recommenda-
tions on the general direction in which the genebanks were going. The recommendations
were incorporated into recommendation action plans (RAP) that feed into the individual
genebank’s improvement and QMS development.
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4. Concluding Remarks

In summary, long-term conservation is a more challenging objective than may be
anticipated by many institutions that have stored germplasm in cold rooms. There are
several critical requirements of any genebank conserving genetic resources specifically
for the long term. Genebank processes involve sustained activities that are basic require-
ments for long-term conservation, such as viability monitoring and regeneration for seed
collections and cryopreservation for vegetatively propagated crops and detailed data man-
agement for both. A large number of under-resourced genebanks require more investment
to train staff, improve equipment and facilities, support operations and improve data
management systems. Key to such investments is the commitment to performance and
quality management.

The Genebank QMS does not provide a formal quality certification system, but through
the adoption of standard templates and approaches across the group of genebanks and
its integration into system-level auditing and review, it assists institutes in developing a
recognizable QMS that can be tailored to suit a variety of crops, locations, conservation
methods and budgets. Effectively implemented and monitored, the QMS leads to improved
administrative, technical and operational performance and the assurance that international
standards are being met [31]. Genebank users, regulatory bodies and donors may depend
more confidently on the Genebank QMS to recognize and confirm the competence of
the genebanks.

After the experience with CGIAR genebanks, we are persuaded that institutes that
manage globally important collections for long-term conservation objectives require:

• Either active conservation research projects or association with a university to address
research questions concerning recalcitrant or difficult-to-conserve species, improve-
ment of procedures and introduction of new technologies.

• A Genebank QMS with detailed SOPs and system by which they are regularly updated,
reviewed, audited and validated.

• A data management system that not only facilitates inventory management but also
supports the genebank workflow and quality control and the overall monitoring of
the collection.

• An overall monitoring, reporting and review system that incorporates the QMS
approach and provides appropriate incentives for genebanks to strive for improvement
and efficiency, and to reach and maintain performance targets.

• Adequate facilities and equipment that are accessed only by selected personnel, regu-
larly calibrated and maintained, backed up and replaced prior to reaching the recom-
mended service life.

It is worth noting that such requirements are not easily accommodated within typical
research projects or programs. While this may seem an obvious point to make, the fact
remains that most genebanks are part of research institutions and are inevitably subject to
monitoring and funding systems that are designed to manage research projects. Genebanks
are, therefore, obliged to develop budgets and proposals based on research questions and
outputs, theories of change and short-term impact for beneficiaries. Within a strongly
research-oriented environment, there will be little incentive for genebanks to invest in qual-
ity management processes, to share procedures with “competitors” or to seek efficiencies,
let alone work towards long-term conservation goals. Since 2012, CGIAR has recognised
that the genebank program is unique and requires a bespoke reporting system, which
has been further endorsed by two reviews. [32,33]. This support has allowed a unique
genebank performance and quality management system to develop and flourish, which
we believe has strongly reinforced the long-term conservation objectives of the genebanks
and their resilience for the future.

Indeed, CGIAR genebanks have been able to reliably distribute germplasm over the
past five decades thanks to their long-term commitment to conserving these collections.
They benefit from a high level of operation, modern facilities, field sites, equipment, backup
equipment, trained staff and they have had relatively secure funding, at least over the
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past 10 years. All of which feeds into CGIAR genebanks being secure places for long-
term conservation and in some cases the last refuge for landraces and species that have
now disappeared from farmers’ fields or in situ locations. Indeed, the importance of
having multiple layers of good practice and policy, including large-scale safety duplication,
production of good quality seeds, sound operating procedures, strong partnership with
national agricultural research systems and trained and dedicated staff was illustrated by
the reconstitution of the ICARDA collections after the civil war in Syria. If such processes
and backups had not been in place, there is no doubt that a considerable amount of unique
diversity of wheat, barley, grain legumes and forages originating from the fertile crescent
and beyond would have been lost to the world [34].
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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.

Keywords: breeding; database; genebank; genotype; phenotype

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.

Plants 2021, 10, 2260. https://doi.org/10.3390/plants10112260 https://www.mdpi.com/journal/plants154
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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.

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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Figure 3. Montage of fruit of Malus angustifolia (Aiton) Michx. accessions in the USDA-NPGS apple
collection in Geneva, NY. The red fruits are not characteristic of the species. Taxon assignment will
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].
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Abstract: Barley is a very important crop particularly in marginal dry areas, where it often serves
as the most viable option for farmers. Additionally, barley carries great significance in the Western
world, serving not only as a fundamental crop for animal feed and malting but also as a nutritious
food source. The broad adaptability of barley and its ability to withstand various biotic and abiotic
stresses often make this species the sole cereal that can be cultivated in arid regions. The collection
and utilization of barley genetic resources are crucial for identifying valuable traits to enhance
productivity and mitigate the adverse effects of climate change. This review aims to provide an
overview of the management and exploitation of barley genetic resources. Furthermore, the review
explores the relationship between gene banks and participatory breeding, offering insights into the
diversity and utilization of barley genetic resources through some examples such as the initiatives
undertaken by ICARDA. Finally, this contribution highlights the importance of these resources for
boosting barley productivity, addressing climate change impacts, and meeting the growing food
demands in a rapidly changing agriculture. The understanding and utilizing the rich genetic diversity
of barley can contribute to sustainable agriculture and ensure the success of this vital crop for future
generations globally.

Keywords: Hordeum vulgare; genetic diversity; crop improvement; biodiversity; climate resilience;
landraces; participatory breeding approaches; genetic resource centers

1. Introduction

1.1. The Diversity and Main Uses of Barley: An Outline of the Plant Domestication, Adaptation,
Agronomic Classifications, and Health Claims

Barley (Hordeum vulgare L.) is one of the most adaptable crops belonging to the Poaceae
family, serving as a vital source of food, feed, and malt for the brewing industry on a global
scale [1]. This self-fertile species is characterized by a diploid genome (2n = 2x = 14),
although tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 42) species are also described in
Hordeum. A high-quality genome sequence was achieved following the establishment of
the International Barley Genome Sequencing Consortium (IBSC) in 2006. This endeavor
was based on two main approaches: the BAC-by-BAC strategy, which exploited a large set
of genetically mapped BAC clones, and whole-genome shotgun sequencing, synergized
with deep RNA-Seq analysis [2,3]. A physical map encompassing 4.98 Gbp of the haploid
barley genome size (5.10 Gbp) has been successfully constructed, with a substantial portion
(exceeding 3.90 Gbp) aligned and anchored to a high-resolution genetic map [2]. The
genome was found to be rich in repeat sequences (more than 80% of the total genome) [2].
Later, chromosome conformation capture sequencing (Hi-C) was employed to order and
orient super-scaffolds. The final chromosome-scale assembly represents about 95% of the
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barley genome [3]. At extra-nuclear level, it was found that chloroplast sequences from
cultivated and wild barley were closely related [4,5]. The mitochondrial genomes of wild
and cultivated barley were also compared, showing only minimal differences in terms of
sequence and structure [6]. As expected, fragmented organelle sequences are reported in
the barley nuclear genome [3,6].

Barley has been cultivated and selectively bred for thousands of years, resulting
in abundant genetic and morphological diversity [7,8]. Although there are significant
taxonomic disagreements, particularly for the delimitations within the various species of
the Hordeum genus, all the cultivated forms are classified as H. vulgare subsp. vulgare, with
the wild progenitor considered conspecific (H. vulgare subsp. spontaneum (K. Koch) Asch.
et Graebn.); hereinafter H. spontaneum). This classification is supported by phylogenetic
analysis and the ability of these plants to interbreed [9]. A key morphological distinction
between wild and cultivated barley is the characteristic of the rachis (i.e., the main axis
of the spike). Wild barley exhibits a brittle rachis and when it reaches maturity, the spike
releases its triplets as dispersal units. On the other hand, cultivated varieties possess a
tough rachis that retain the intact spike, providing a fundamental trait for domestication.

Among cultivated forms, various types are commonly distinguished. These distinc-
tions are often based on characteristics such as growth habit, row type (two-rowed or
six-rowed), and the presence/absence of hulls [10,11]. All the species of the genus have
three one-flowered spikelets, with one central spikelet and two lateral spikelets arranged al-
ternately at each rachis node. In two-rowed and wild barley, the lateral spikelets are smaller
in size and are sterile, while in six-rowed barley cultivars, all three spikelets are fertile and
capable of developing into grains. The two-rowed spikes of the wild barley provide an
evolutionary advantage in nature, favoring seed dispersal and germination. The presence
of a six-rowed spike was determined by a single allele called vrs1 (previously known as v
for vulgare), which is recessive to the dominant allele responsible for the two-rowed spike
(Vrs1). Throughout domestication, the Vrs1 gene has undergone independent mutations
multiple times, resulting in the emergence of the six-rowed phenotype [12]. This is accom-
panied by the presence of vrs5, an allele that enhances lateral grain fill characteristics to
modern six-row cultivars [13]. Recent studies have unveiled the molecular basis of five
major row-type genes (Vrs1 to Vrs5), all involved in the regulation of the arrangement and
development of spikelets [14].

Coming to the different types of barley, hulled barley is encased in a tough outer layer,
while hulless (naked) barley, scientifically known as Hordeum vulgare L. var. nudum Hook.
f., lacks this outer layer. In relation to adaptability, winter barley is more suitable to colder
climates and typically sown in the fall, while spring barley thrives in warmer climates
and is usually sown in the spring in higher latitudes and in fall in the Mediterranean
climate. Furthermore, variants can be classified based on agronomic characteristics. Finally,
certain types of barley are particularly suitable for malting due to their content of amylase
and proteins. Protein content in barley seeds ranges from 8% to 30% of the total seed
mass [15–18]. Generally, for malting total protein, it should be from 9 to 12%, while alpha
amylase activity should be higher than 150 U/g [19]. These varieties are widely used in the
production of malt for the brewing industry, syrups, and other non-alcoholic beverages.
Other types of barley are better suited for food production (e.g., baked goods, soups, stews,
breakfast cereals, but also couscous, bulgur, and other types of mixed grain-based products
commonly used in various cuisines), animal feed (primarily for livestock such as cattle,
pigs, and poultry), and various biotechnological applications (e.g., enzyme purification,
cosmetics, pharmaceuticals) [1,10,11].

Recently, barley has gained renewed attention as a food source particularly with the
advancement of biofortified varieties that are enriched with beta glucans [20], a type of
soluble fiber found also in oat (Avena sativa) and some other cereals. Beta glucans are
known for their ability to lower cholesterol levels, regulate blood sugar levels, and promote
digestive health. They have been linked to a reduced risk of heart disease, improved
immune function, and enhanced weight management [21,22]. By incorporating biofortified
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barley into common food products (e.g., bread, biscuits, cereal breakfast), it would be
possible to provide consumers with an affordable and enjoyable way to integrate the health
benefits of beta glucans into their daily diet. A scientific opinion on beta-glucans has been
provided by the European Food Safety Authority (EFSA) [23]. The claim pertaining to
maintaining normal blood LDL-cholesterol concentrations was assessed with a favorable
outcome, while the claim regarding an increase in satiety, which should lead to a reduction
in energy intake, is not supported by a confirmed cause-and-effect relationship between
the consumption of beta-glucans and sustained satiety. The claim for the reduction of
post-prandial glycemic responses was confirmed by a cause-and-effect relationship, with
a recommended wording “Consumption of beta-glucans from oats or barley contributes
to the reduction of glucose rise after a meal”. It is recommended to consume 4 g of beta-
glucans from oats or barley for every 30 g of available carbohydrates per meal to achieve
this effect. Finally, the claim regarding an improvement in digestive function was deemed
insufficiently defined because it lacks clarity (i.e., the claim does not specify the targeted
nutrients) [23].

1.2. Aim of the Review

Barley possesses extensive phenotypic and genetic diversity, due to its long history
of cultivation and adaptation to diverse environments worldwide, which is preserved in
governmental or international gene banks and germplasm collections in research institu-
tions, universities, breeding companies, and agricultural organizations across the globe
(Figure 1).

 

Figure 1. Morphological variations in barley head types: (a) examples of two-rowed and (b) examples
of six-rowed ears.

The progress made in genomics and biotechnology has facilitated the identification
and characterization of genes and molecular markers associated with essential agronomic
traits in barley [24]. These advancements have not only led to the development of new
barley varieties but have also deepened our understanding of the diversity and utility of
barley genetic resources [25,26]. For example, exome sequencing and a combination of
genome-wide analyses of a set of barley geographically diverse landraces revealed signifi-
cant associations between days to heading and plant height with seasonal temperature and
dryness variables, suggesting that these traits were major drivers of environmental adapta-
tion in the sampled germplasm. A further detailed analysis of flowering time genes showed
that patterns of single and multiple haplotypes exhibit strong geographical structure that
have contributed to the wide ecogeographical adaptation of barley [27].

This review aims to provide an assessment of the genetic resources of barley, including
its wild relatives and cultivated varieties. It will explore the management and exploita-
tion of these genetic resources, highlighting the importance of strategies such as gene
bank establishment and core collections’ development. The review will also delve into
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the management and exploitation of barley genetic resources, considering participatory
breeding approaches and the importance and limitations of including local knowledge
and perspectives. Finally, the historical contributions of the International Center for Agri-
cultural Research in the Dry Areas (ICARDA) in the exploration and utilization of barley
genetic resources will be highlighted. We conclude by discussing how advanced genomics
and phenomics tools can be harnessed and exploited by institutions in an equitable man-
ner, prioritizing principles of fairness and equal access among different institutions or
organizations globally involved in the conservation of barley genetic resources.

2. Genetic Resources of Barley

There is little doubt that environmental changes, agricultural intensification, urban-
ization, land degradation, and economic factors have significantly contributed to loss of
traditional farming practices and, hence, crop diversity in barley, as well as in many other
crop species [28,29]. To limit this loss, several political, economic, social, and scientific
strategies should be implemented. Among them, the documentation, conservation, and
characterization of barley’s genetic resources are central to promote the continued use
of barley’s genetic diversity. The achievement of these activities includes a variety of
approaches and procedures, which are summarized below.

2.1. In Situ Conservation of Barley Genetic Resources: Main Natural Habitats and Traditional
Cultivation Areas Worldwide

In situ conservation of genetic resources involves their preservation in their habi-
tats [30]. Specifically, this approach aims at maintaining the genetic diversity of plant
populations in their natural environment, but it also requires the protection of traditionally
cultivated areas from land degradation and over-exploitation [30]. Barley is conserved
on-farm in various regions where it has adapted to specific environmental conditions.
These regions are often areas with a long history of cultivation (mainly within traditional
farming systems) or are represented by the natural habitats of its wild relatives.

Briefly, it is possible to identify the following main agro-ecological regions in which
barley has thrived and adapted: the Near Eastern area (i.e., Fertile Crescent including Asia
Minor and the Caucasus), the European–Siberian area, the Ethiopian area, the East Asiatic
area, and New World centers (Americas and Oceania). In each area, the combination of
geographic isolation and significant climatic variations has led to the emergence of an
ample set of agro-ecological groups of varieties that also include further subdivisions [8].

The Fertile Crescent, which is considered the area where barley was domesticated,
is home to a diverse range of wild and cultivated varieties of barley [24]. This region
exhibited a vertical zonality and a diverse range of environmental and climatic factors,
leading to the development of various barley types, including two-rowed hulled and naked
forms, as well as six-rowed barley with different spike densities. Barley is probably the
primary cereal crop in regions with less than 300 mm of annual rainfall, where there are
significant fluctuations in rainfall in terms of amounts and distribution. In the Middle East
and North Africa, barley is mainly grown as animal feed. The two-row barley is possibly
the most common form of barley currently found in Syria and Turkey, while six-row forms
are predominant in Jordan, Tunisia, and Lebanon. Landraces have been described in
virtually every area of the Fertile Crescent, such as Syria, Tunisia, Lebanon, Jordan, Iraq,
and Turkey [7,31–34]. In North African countries, six-row landraces remain prevalent,
primarily due to limited adoption of improved varieties and the perception of barley as
a risk-averse crop among the majority of farmers. These farmers often rely on traditional
practices and show minimal or no uptake of certified seeds and other agricultural inputs.

It is also worth adding the widespread occurrence of wild barley, which can be found
across a vast geographic range spanning from Morocco to China [35,36]. Among the 45 taxa
of the Hordeum genus, wild barley is the sole wild representative in the primary gene pool,
and it is the only wild species utilized for genetic improvement in cultivated barley [9,37].
Wild barley (H. spontaneum) is normally considered a weed in barley and wheat fields,
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but it can also be used as forage for livestock. This plant presents a significant amount of
genetic variation related to various traits such as biomass, yield, nitrogen content, drought
and salinity tolerance, and resistance to diseases [38].

The Ethiopian highlands are another important region for in situ conservation, with
several barley landraces that are considered important for food security and livelihoods
in the region [39]. In Ethiopia, barley is predominantly cultivated as landraces across
all regions by subsistence farmers with limited (if any) use of fertilizers, pesticides, or
herbicides. Barley is considered a major source of protein in highlands also because of
limited alternative crops. The recent introduction of malting varieties has led to a shift
among farmers towards cultivating malting barley to boost their incomes, resulting in
an overall diversification in the types of barley being grown, with an increasing focus on
meeting the demands for both animal feed and human consumption. Ethiopian landraces
have been instrumental in the development of powdery mildew-resistant barley varieties
in Northwestern Europe. This resistance is conferred by a naturally occurring recessive re-
sistance allele at the Mlo gene (mlo-11), most likely present in landraces from the highlands
in the southwest region of Ethiopia collected during German expeditions in the 1930s [40].

In the East Asiatic area, the Himalaya is another important center of diversity for
barley, and the region is home to several wild and cultivated varieties of the crop. Among
the former, it is necessary to cite Hordeum agriocrithon Åberg, a wild species discovered by
Åberg in 1938 known because of its resistance to abiotic and abiotic stress [41]. Among
cultivated varieties in Central Asia, noteworthy mentions include the Tibetan, Nepalese,
Ladakhi, Bhutanese, Kinnauri, Kumaoni, and Sikkim barley [42–47]. These groups of
varieties are named after the regions or ethnic groups where they are traditionally grown
or have originated from. Although thorough comparative evaluations are not available,
each of these barley varieties may have distinct characteristics, including variations in
growth habits, yield potential, grain quality, and adaptation to specific environmental and
cultural factors such as altitude and culinary traditions (including the production of specific
beverages) [42–47]. It had been reported that East Asiatic barley is generally characterized
by short straw, early maturity, and a high temperature requirement during ripening [26].

The Americas and Oceania have a relatively recent history of barley development
compared to other regions and are dominated by six-row types. In South America, barley is
a valuable staple crop and even today represents an important source of food and income
for local communities. Although introduced, this crop is embedded in some traditional
cultures, playing a role in traditional festivals and rituals. For example, the Puno region
(Peru) is home to the Feast of the Virgen de la Candelaria, a festival that includes drinking
of chicha, a traditional fermented beverage made from the two-rowed Andean barley [48].
The Andean region is home to unique varieties of barley because of their adaptation
to specific environmental conditions. The two-rowed Andean barley, often classified as
Hordeum vulgare var. coeleste, is well suited to the high altitude and cool temperatures of
the region [49]. The six-rowed Andean barley is more common in the lower altitude areas
and is often used for animal feed or to produce malt for the brewing industry. The Andean
regions are also the origin of H. chilense Roem. et Schult., a wild species of barley, known
for its crossability with the genera Triticum and Secale [50,51].

2.2. Ex Situ Conservation of Barley Genetic Resources: The Role of the Gene Banks

Ex situ conservation of barley includes establishment of gene banks, botanical gardens,
and other facilities that store plant genetic resources. Figure 2 visually reports the key
steps and core activities to collect and manage the plant germplasm. Even though different
approaches can be used, barley is mainly conserved as seed material, whose longevity
is usually highly increased by reducing seed moisture (3–7%) and temperature (around
−18 ◦C) during storage [52,53].
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Figure 2. Illustrated workflow for barley germplasm collection and utilization. This figure provides a
visual representation of the step-by-step process involved in collecting and utilizing barley germplasm
for breeding and research purposes. (A) Expedition: Expeditions are organized to collect barley
samples from diverse geographical regions, with the highlands of Georgia provided as an example.
These expeditions may encompass remote and challenging environments, ensuring a broad range of
genetic diversity is captured. (B) Collection: Diverse barley accessions, exemplified by the barley
with dark-colored grains in the picture, are identified, collected, and documented. This stage also
involves carefully cataloging the barley samples for further utilization at experimental stations.
(C,D) Characterization, multiplication, and regeneration: Collected barley accessions are cultivated
often under optimum field conditions or less frequently, under greenhouses, and are characterized
for major descriptors and agronomic traits. This step also ensures an abundant supply of seeds for
distribution to users for evaluation for breeders sought traits. (E) Field trial: This panel depicts a field
trial specifically focused on drought tolerance. Barley accessions with potential drought tolerance
traits undergo rigorous field evaluations under drought-stress conditions. The primary objective of
this stage is to identify promising genotypes for further breeding programs and the development of
climate-resilient barley varieties.
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Barley is well-represented in gene banks, evidenced by the considerable number of
accessions available. The species is considered among the 14 most important crops for
food security by the International Union for Conservation of Nature (IUCN) Red List
of Threatened Species, a comprehensive inventory of the conservation status of plant
and animal species worldwide. However, more diversity can be collected targeting more
wild relative species and populations with adaptive traits to climate change. According
to the Second State of the World’s Plant Genetic Resources for Food and Agriculture
report published by the Food and Agriculture Organization of the United Nations (FAO)
(http://www.fao.org/3/i1500e/i1500e.pdf; accessed on 1 May 2023), there are a total of
466,531 barley accessions (including all taxa) in ex situ collections, and this genus ranks
third following Triticum and Oryza. Nonetheless, as for many other plant species, the level
of duplication is not well defined, with estimates indicating that around 120,000 accessions
could be distinct (http://www.fao.org/3/i1500e/i1500e.pdf; accessed on 1 August 2023).

A global inventory of barley genetic resources in ex situ collections was performed
through the development of the Global Strategy for the Ex Situ Conservation and Use
of Barley Germplasm. This collaborative approach was led by the ICARDA, the Global
Crop Diversity Trust, and the Leibniz Institute of Plant Genetics and Crop Plant Research
(IPK) (Gatersleben, Germany), with the support of CGIAR and FAO, and the contribution
from international barley experts (https://www.genebanks.org/resources/publications/
barley-strategy-2008/; accessed on 1 August 2023). The inventory revealed that there are
47 major barley gene banks (holding more than 500 accessions), with a total of 402,000 ac-
cessions [11]. The major ones include the following: the Plant Gene Resources of Canada
(PGRC), Saskatoon, with around 40,000 accessions, the USDA National Small Grains Collec-
tion in Aberdeen (Idaho, USA) and the Recursos Genéticos e Biotecnologia of EMBAPRA
(Brazil), the ICARDA-CGIAR, with each having around 30,000 accessions, the John Innes
Centre in UK and IPK in Germany, each with holding exceeding 20,000 accessions, and
the NordGen’s, with more than 12,000 barley accessions [26,54]. PGRC is a gene bank that
maintains a global collection consisting of wild, cultivated varieties and genetic resources
for specific traits of interest. Many of the barley accessions are six rowed, although there are
also several naked types. The collection includes Canadian and North American varieties,
as well as a diverse range of accessions from around the world. The USDA maintains a
large gene bank of barley (wild, cultivated, breeding line, etc.) from around the world,
with an estimated 18% of national origin. The Recursos Genéticos e Biotecnologia of the
Brazilian Agricultural Research Corporation focuses on various aspects of genetic resources
and biotechnology, including crop improvement. ICARDA, an international research orga-
nization and member of the CGIAR group, has the global mandate for the improvement
in barley productivity in dry areas, and maintains a unique and diversity rich collection
with more than 32,400 accessions, with approximately two-thirds of landraces [55]. While
major descriptors have been used to characterize the ICARDA’s accessions, only a subset of
2400 accessions have been genotyped thus far. NordGen’s collection by a large part (over
11,000) is made of cultivated germplasm, with a focus on locally adapted landraces (mainly
to the Nordic and Arctic regions). The collection also includes breeding lines, mutants, and
hundreds of wild relatives. The IPK besides a large collection of barley, has developed a
deeply phenotyped core collection of 1000 genotypes [56].

3. Leveraging Barley Resources: Utilization, Participatory Activities, and Capacity
Enhancement in Breeding

3.1. Participatory Breeding Approaches to Empower Farmers for Genetic Diversity Conservation
and Variety Selection

Participatory approaches involve local communities in the conservation and use of
plant genetic resources. Farmers play a central role in identifying, selecting, and preserving
local varieties, landraces, and wild relatives, thereby contributing to the overall genetic
diversity and adaptive potential of the barley germplasm. Participatory Plant Breeding
(PPB) refers to a breeding approach that involves farmers and other stakeholders by actively
engaging them in variety cultivation, evaluation, and selection. In barley, PPB has long

174



Plants 2023, 12, 3186

been an important complementary process within the broader context of preserving and
exploiting biodiversity [57]. A key feature is that this approach is expected to ensure that
breeding outcomes are context specific and able to address local challenges and needs,
including the resistance or resilience to stresses prevalent in specific environments. On
the other hand, PPB faces challenges in not being supported by large, centralized seed
production and marketing systems. These systems are currently dominated by a small
number of corporations not only for barley, but also for a number of arable crops. A main
obstacle in integrating the PPB more widely in barley is the requirement for a different seed-
managing system that can accommodate the agrobiodiversity fostered by PPB over time and
across different locations. Small seed companies should be sustained by a model that goes
beyond traditional profit-driven approaches, recognizing the value of farmers’ knowledge
and prioritizing long-term benefits. Since 1991, ICARDA has been gradually decentralizing
barley selection work to national programs, paving the way for experiments in several
countries, including Syria, Egypt, Jordan, Tunisia, Morocco, Yemen, and Eritrea [34]. These
programs have generated valuable insights, including the capacity of farmers to handle
breeding material and properly select traits of interest, and also confirmed the feasibility
and potential of the approach [34]. Briefly, this experience indicated significant differences
between the lines selected by breeders on research stations and those chosen by farmers
in their fields and a limited phenotypic correlation between research stations and farmers’
fields. Moreover, farmers primarily focused on grain yield as a selection criterion, while
also considering other traits including grain filling, straw yield, and the color of straw and
leaves, due to the crop’s importance as animal feed [34,58]. Notably, disease resistance
received much less emphasis from farmers compared to breeders [34].

PPB, despite demonstrating its efficiency, has not been widely embraced mainly because
of the reluctance in accepting the “implicit paradigm shift regarding seed sovereignty” [59].
To address this, Evolutionary Participatory Breeding (EPB) was proposed as an alternative.
This approach involves planting mixtures of diverse genotypes of the same crop in farmers’
fields, preferably using early segregating generations that should maximize (allelic) diver-
sity, especially for the trait(s) of interest. The creation of a diverse, mixed population, along
with the repeated sowing without the active selection of individual genotypes, represents
the main conceptual and technical differences within PPB. Over successive crop cycles in
the same environment, the genetic composition of the whole population will differ from the
originally planted seeds because it is expected that the population will gradually evolve
and adapt to the specific environmental conditions such as soil type, fertility, agronomic
practices, rainfall, temperature, and more. As climatic conditions differ from year to year,
the genetic makeup of the population should be considered always dynamic, but the
fraction of genotypes more adapted to that environment will progressively become more
prevalent, while the relatively less amenable genotypes will represent a genetic reservoir to
guarantee resilience to extreme conditions and long-term adaptation [59]. In essence, EPB
retains the main advantages of PPB but is more effective in reintroducing an ample diver-
sity in farmers’ fields without necessarily relying on the long-term support of a scientific
institution and formal breeding activities.

The improvement in landraces through participatory selection also encompasses the
enhancement of seed quality through seed cleaning and treatment against seed-borne
diseases, which have proven to be effective approaches for increasing yields of landraces
and contribute to the on-farm conservation of landraces [60].

Irrespective of the approach employed, the active involvement of farmers in the
breeding process strongly decreased the risk of developing cultivars that do not meet their
preferences or needs. Participatory plant breeding is crucial to preserve germplasm and
sustain cultivation for indigenous communities in agroecological niches or marginal lands
but also to address needs of specific stakeholders such as smallholder famers, local food
processing and brewing industries, consumer groups and associations focused on food
quality, safety, and nutrition, and more generally, of agricultural systems that do not rely
heavily on off-farm input. To provide an example in cereals, Morocco has experienced a
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significant increase in wheat productivity through the replacement of local landraces with
contemporary cultivars. However, the campaign to replace cultivars halted in the early
1990s, and therefore, most of the currently cultivated varieties were released decades ago.
Although breeding programs have continuously released improved varieties, their adoption
has been typically low [61], and only recently, we are observing a rising trend towards the
adoption of new cultivars, mainly because traditional farming methods are merging with
modern agricultural techniques. Coming to barley, it is estimated that landraces still make
up over 70% of the cultivated material. Even if different political and socio-economic factors
contribute to this situation, this phenomenon has also technical reasons [62]. It has been
highlighted that there is clear misalignment between Moroccan farmers’ preferences and
North African breeders’ targets, suggesting that the development of participatory weighted
selection (PWS) indices could be implemented to increase the likelihood of acceptance of
new releases [61]. Briefly, PWS indices are numerical representation that combine multiple
data in a weighted way (i.e., not all traits are given equal importance) taking into account
the priorities and preferences of the end-users and are designed to allow local knowledge
to be incorporated into the selection process.

Participatory Variety Selection (PVS) is an approach that aims to expedite the adoption
of new improved varieties in farmers’ fields by involving farmers in the selection pro-
cess [63]. PVS complements ongoing, centralized varietal development efforts by offering
farmers a broader, often preselected range of germplasm options to evaluate and adopt
under their own local conditions. The primary contrast between PVS and PPB revolves
around the extent of farmers’ engagement throughout the breeding program. PVS focuses
on directly addressing farmers’ requirements, which commonly encompass agronomic and
quality traits, with the aim to ensure that the attributes of interest are immediately selected
and tailored to their preferences. This approach has proven to be efficient in disseminating
new varieties and addressing farmers’ specific requirements that may not be recognized
through conventional non-participatory methods of varietal development [64]. Successful
implementations of PVS have been reported for maize in Africa and for rice in South
Asia [65–67]. In barley, PVS has been fruitfully employed for the selection of rainfed barley
in Iran [68], malt barley in North–West Ethiopia [69,70], and food barley in Ethiopia [71].
While it should be acknowledged that PVS was not designed as a conservation approach, it
is important to recognize that the implementation of PVS can inadvertently impact the con-
servation of traditional local germplasm. Moreover, in addition to the common restrictions
related to resource availability and long-term economic sustainability of participatory and
decentralized efforts mentioned before, recognized limits of PVS are issues related to the
scale and representativeness (including gender equity considerations) of the stakeholders,
and the level of their involvement, which may be a simple visit or visual assessment of
experimental stations. Finally, it is accepted that PVS like any participatory selection pro-
cess may compromise some elements of scientific rigor of plant breeding, such as statistical
analysis and replications, posing intrinsic limitations on the evaluation and comparison of
the varieties.

3.2. Key Policy and Legal Frameworks to Sustain the Conservation and Use of Barley
Genetic Resources

In response to the increasing concerns on the loss of diversity in barley and in other
crops, international efforts are underway to promote the sustainable use and conservation of
barley genetic resources. These frameworks provide guidelines, regulations, and incentives
to promote the effective management of plant germplasm. They also facilitate access to
genetic resources for research, breeding, and development purposes while ensuring fair
benefits for all stakeholders involved. The Convention on Biological Diversity (CBD)
established in 1992 and the International Treaty on Plant Genetic Resources for Food and
Agriculture (ITPGRFA, also known as the “Plant Treaty”), adopted by FAO in 2001, are
arguably the most important international agreements that aim to promote the conservation
and sustainable use of biodiversity, including plant genetic resources. They recognize the
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sovereignty of countries over their genetic resources and are calling the parties to contribute
to their conservation and sustainable use and for a fair and equitable sharing of the benefits
arising from their use. These two binding agreements call for the development of national
strategies and action plans and of national policies and legislations facilitating access to
and exchange of genetic resources. An important component is the establishment of legal
instruments to regulate access and benefit-sharing in a transparent and fair way. They
involve the implementation of material transfer agreements, such as the Standard Material
Transfer Agreement (SMTA). This is a private contract developed by the ITPGRFA that
defines the terms and conditions for the exchange and use of genetic materials ensuring that
countries and organizations that contribute genetic resources are recognized and rewarded
for their efforts. Barley and its related Hordeum species are part of the Multilateral System of
the Plant Treaty, encompassing a total of 26 crops. Moreover, access to germplasm derived
from breeding activities, categorized as “Material under Development,” is governed by
the SMTA. However, when it comes to collecting additional accessions, two options are
available: utilizing the SMTA or adhering to the requirements of the Nagoya Protocol,
which involve Prior Informed Consent and Mutually Agreed Terms. The Nagoya Protocol
is a supplementary agreement to the CBD for the implementation of measure to access
GR and the fair and equitable sharing of benefits arising from their utilization [72]. Just
as example, at ICARDA, both genetic resources and material under development are
distributed using the SMTA. In the case of the latter, the SMTA also includes provisions for
acknowledging the sources of germplasm, sharing information, and sending seed samples
to ICARDA.

3.3. A Selection of Initiatives and Partnerships for Barley Genetic Resources Management

Collaborative efforts between national and international organizations, research in-
stitutions, and farming communities are critical for the sustainable management and use
of barley genetic resources. Key milestones in international initiatives for barley genetic
resources management and exploitation include (i) the International Barley Genetics Sym-
posium (IBGS) initiated in 1963, which can be considered among the first international
platforms for researchers, breeders, and other stakeholders, to share knowledge and ad-
vancements in barley genetics and breeding, (ii) the International Barley Genetic Resources
Network (IBGRNet), a global network of barley gene banks established in 1986, and (iii) the
Barley Genome Project, launched in 2006 and coordinated by the International Barley
Genome Sequencing Consortium (IBGS) [73,74].

A prominent on-going initiative is currently the AGENT project (Access to Genetic Re-
sources and Digitization of Plant Genetic Resources). AGENT aims to unleash the untapped
potential of the vast biological material stored in gene banks worldwide by leveraging
FAIR (Findable, Accessible, Interoperable, and Reusable) international data standards and
an open digital infrastructure dedicated to the management of plant genetic resources.
The project aims to promote a more systematic effort to exploit Plant Genetic Resources
(PGR) and advocate for generating extensive genotypic and phenotypic data for PGR stored
in gene banks (GB), thus facilitating their educated selection and utilization in breeding
and agriculture. AGENT consortium focuses on the following: (i) the establishment of an
actively cooperating gene bank network, (ii) collecting new data and working on agreed
standards and protocols for the use of passively stored GB information, (iii) generating
new genotypic information for European barley and wheat collections in order to establish
a roadmap and pave the way for a complete global wheat and barley biodiversity atlas,
(iv) using this extensive genotypic information to evaluate the quality and redundancy
of existing PGR collections as a basis for new quality control and management pathways,
(v) establishing coordinated PGR training populations for phenotyping of independent
collections as a foundation for a pan-European, genome-wide prediction, and (vi) mining
new and historic genotypic and phenotypic information to drive the discovery of genes,
traits, and knowledge for future missions. Furthermore, at a larger scale, the project aims
to increase data density on collections and disseminate the societal impact of PGR to
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provide the community with a new database and novel data-mining tools to facilitate a
well-informed selection of PGR for different purposes (https://www.agent-project.eu/;
accessed on 1 July 2023).

An important on-going initiative focused on scaling the impacts of previous efforts
in the field of crop wild relatives (CWR) and participatory research is BOLD-DIIVA-PR II
project (Dissemination of ICARDA Varieties through Participatory Research). ICARDA
breeding programs for durum wheat, barley, and lentil have successfully integrated the
use of CWR that possess unique genetic traits that can enhance the adaptability and
resilience of cultivated varieties to drought and other environmental stresses prevalent
in the regions where ICARDA operates [75]. Building upon the achievements of the
DIIVA-PR project, the current project aims to further advance the utilization of CWR-
derived lines of durum wheat and barley developed by DIIVA-PR II. The project operates in
countries such as Morocco, Tunisia, Ethiopia, Senegal, Nigeria, and Sudan. The objectives of
BOLD-DIIVA-PR II are multifold. By involving local farming communities in participatory
actions, this project ensures that the developed varieties align with farmers’ preferences
and requirements. Additionally, landraces of barley and durum wheat are assessed in the
fields for various traits of interest. The best-performing germplasm is then incorporated
into breeding programs, considering both performance and farmer preferences. The project
strives to generate scientific articles that document the performance of CWR- and landrace-
derived elites, facilitate the release of improved varieties in partner countries, and enhance
the capacity of local partners in conducting field evaluations. Furthermore, the project
promotes open data sharing, ensuring that valuable breeding materials and evaluation
data are freely accessible. By engaging stakeholders at various stages, from breeding to
evaluation and release, the project strengthens collaboration between research institutions,
international organizations, and farming communities, ultimately contributing to the
sustainable management and utilization of barley genetic resources.

Finally, although the activity of the following institutions is not limited to barley, it is
worth acknowledging the efforts of the European Cooperative Programme for Plant Genetic
Resources (ECPGR) Working Group on Barley and the U.S. National Plant Germplasm
System (NPGS). The former plays a pivotal role in the conservation and sustainable uti-
lization of barley genetic resources across Europe. This working group brings together
experts, scientists, breeders, and stakeholders from various European countries who are
dedicated to the conservation, evaluation, and improvement in barley diversity. Within the
NPGS, a collaborative effort to preserve the genetic diversity of economically significant
plant species, the Plant Genetic Resources Unit (PGRU) and its partners are responsible
for collecting, preserving, and distributing barley genetic material worldwide. NPGS
collections are managed by the Agricultural Research Service (ARS) of the United States
Department of Agriculture (USDA).

4. Exploring and Utilizing Barley Genetic Resources at ICARDA: A Historical Appraisal

ICARDA, a member of the CGIAR, was established in 1977 and holds the global man-
date for the improvement in barley. This means that this non-profit agricultural research
institute is recognized as the leading organization responsible for conducting research, de-
veloping strategies, and implementing programs aimed at enhancing the genetic potential
and overall performance of barley crops worldwide, in addition to ensuring the conserva-
tion of barley genetic resources. Table 1 presents the composition of the barley collection
at ICARDA. Besides cultivated and wild barley, the collection comprises the following:
H. murinum L., adapted to saline environments and serving as genetic resource for studying
and improving salt tolerance [76]; H. bulbosum Sieber ex Kunth, a perennial species of
applied interest as a source of traits to improve biotic stress resistance [77]; H. marinum
Huds., primarily found in coastal and maritime habitats, of interest to gain insights into
the adaptation to saline environments [78]; H. brevisubulatum Link and H. geniculatum All.,
two halophytes studied as a potential source of tolerance to drought and other abiotic
stress such as alkalinity [79,80]; and H. turkestanicum R.E. Regel and H. hrasdanicum (part

178



Plants 2023, 12, 3186

of H. murinum subsp. leporinum (Link) Arcang.) [81] thought to be adapted to diverse
environments, hence holding potential to provide insights into barley responses to abiotic
stress [82,83].

Table 1. Composition of the barley collection at ICARDA.

Taxon Common Name Accessions (n)

Hordeum vulgare subsp. vulgare Cultivated barley 30,215
Hordeum vulgare subsp. spontaneum Wild barley 2005

Hordeum murinum wall barley or mouse barley 284
Hordeum bulbosum bulbous barley 197
Hordeum marinum sea barley 54

Hordeum brevisubulatum short-awned barley 16

Hordeum turkestanicum syn: H. brevisubulatum subsp.
turkestanicum Tzvelev 6

Hordeum geniculatum kneed barley 4
Hordeum hrasdanicum synonym: H. murinum subsp. leporinum 3

Other 6

Grand total 32,790

The Genetic Resources Unit (GRU) was established in 1983 to safeguard the genetic
resources of all the ICARDA mandate crops, through germplasm exploration, gathering,
evaluation, and conservation [84]. The GRU also actively works to support ICARDA
and NARS breeders through various research activities. They include phenotyping and
genotyping resources to identify critical resistance traits that can be used in breeding
programs; pre-breeding initiatives to introgress adaptive traits from wild relatives and
landraces into elite germplasm of mandated crops with the goal of ensuring yield stability,
quality, and nutritional attributes, contributing to the development of new open access
tools for electronic data capture, analysis, and decision support. In addition to the core
activities of the ICARDA GRU and GB, several collaborative projects have demonstrated
the efficiency of using CWR in both pre-breeding and breeding programs for rainfed
cereal-based production systems.

For barley, the routine pre-breeding activities at ICARDA focus on the identification
and use of landraces and CWR, such as H. spontaneum and H. bulbosum, as sources of disease
resistance, abiotic stress tolerance, and end-use quality. ICARDA’s work on landraces
began in Syria in 1984 [85], at the time host nation of the ICARDA headquarters. The
work continued by testing pure lines extracted from landrace populations with the aim of
deploying useful traits into adapted genetic backgrounds [32,86]. The objectives of utilizing
landrace genetic variability and adaptability were twofold: first, to develop new varieties
for Syria, where conventional breeding had encountered challenges, and second, to develop
a methodology for landrace utilization adaptable to different crops and regions, particularly
for breeders from developing countries with limited resources [32]. The inclusion of
CWR became an integral part of ICARDA GRU’s strategy in the 1980s when researchers
focused their interest on mining beneficial alleles in untapped germplasm, particularly
H. spontaneum, due to its crossability with H. vulgare. In 2004, ICARDA released six
barley cultivars with drought tolerance derived from H. spontaneum for use in Syria [87,88].
With the advent of molecular marker technology, crosses between elite cultivars and H.
spontaneum were also used to dissect complex traits such as drought stress [89]. For example,
a study using a subset of the same germplasm tested in multi-environment trials showed
that there was variation in grain yield under drought stress among barley genotypes [90],
and some of the lines derived from H. spontaneum consistently exhibited superior specific
adaptation to the range of severe stress conditions employed [90]. Other studies focused on
the identification of QTL for agronomic traits in Mediterranean environments [89], dryland
characters [91], straw quality [92], powdery mildew [93], and leaf scald [94]. In addition to
abiotic stress tolerance, disease resistance plays a crucial role in the development of new
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breeding lines, particularly for smallholder farmers who often face challenges in accessing
and affording fungicides. For instance, a screening of 307 accessions of H. spontaneum from
different origins, introgression lines derived from crosses between different barley cultivars
(Morex, Golden Promise, Vada, and Emir), and lines derived from interspecific crosses
with both H. spontaneum and H. bulbosum, was carried out in two cropping seasons at four
experimental stations in Morocco [95]. The germplasm was evaluated for field reactions
to powdery mildew, leaf scald, leaf rust, and the net form of net blotch. Specifically,
powdery mildew resistance was screened at key locations under natural occurrence, while
for the other diseases, plants were tested with mixtures of different isolates collected at
different locations in Morocco using spreader rows. Among the materials tested, only
three accessions of H. spontaneum showed high resistance levels to all four diseases, while
23 other accessions and 16 H. bulbosum-derived lines showed resistance to a combination of
two to four diseases. Despite the good resistance levels found for individual diseases, the
agronomic performance of all lines never surpassed that of the checks used, highlighting the
importance of crossing selections from landraces and CWR derivatives with elite adapted
materials [95].

The GRU is also working on the nutritional content of barley germplasm. For instance,
the beta-glucan and microelement content (iron, zinc, selenium) were recently assessed in
a panel of cultivated barley and H. spontaneum accessions [96]. The results showed that
H. spontaneum accessions have higher beta-glucan content, while no substantial differences
were found in microelements, except for a few H. spontaneum lines that showed higher
combined contents of iron, zinc, and selenium. These accessions are currently being used in
interspecific crosses to develop biofortified barley germplasm and eventually new varieties.

The choice of accessions from ICARDA, as well as from other gene banks, has been
typically carried out using random sampling or core collections. The former involves select-
ing accessions without any specific criteria, while core collections are designed to capture a
significant proportion of the genetic diversity within 10% of the total accessions [97]. To
further enhance the efficiency and representativeness of core collections, the Generation
Challenge Program (GCP), a global research initiative launched in 2004, introduced the
concept of a reference set based on molecular markers and genomics technologies. The GCP
proposed developing a reference set that would encompass 70% of the genetic diversity
found within the core collection but in a more manageable subset, consisting of only 10% of
the core collection. Without undermining the vastness and usefulness of the whole genetic
resources available in gene banks, statistical and computational techniques to analyze large
datasets and identify patterns or relationships between traits and genetic markers are today
deemed necessary to construct ‘best bet’ subsets. These are carefully selected subsets of
non-overlapping genetic resources that have a high probability of possessing the desired
traits with a variability adequate to achieve the best interpretability and exploitability of
the feature of interest.

The Focused Identification of Germplasm Strategy (FIGS) is an approach developed
by ICARDA in collaboration with the Vavilov Institute in Russia and GRDC-Australia
to efficiently identify and prioritize crop germplasm collections based on specific target
environments and traits [98]. It was developed in the late 1990s and has since been widely
adopted in plant genetic resources management. FIGS involves a systematic process of
collecting and characterizing germplasm resources, particularly landraces and wild rela-
tives, to identify those with desirable traits that are well adapted to specific agroecological
conditions. The strategy considers factors such as climate, soil, and farming systems to
define target environments, and traits of interest may include tolerance to abiotic stresses
(e.g., drought, heat) or biotic stresses (e.g., pests, diseases), as well as specific quality
attributes. Technically, FIGS is based on an algorithm that matches plant traits with geo-
graphic and agro-climatic information of the places where samples were collected. It creates
‘best-bet’ trait-specific subsets of material by passing accession-level information, especially
agro-climatic site information, through a series of filters that increase the chances of finding
the adaptive trait of interest. For instance, by utilizing eco-geographic parameters linked to
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the original collection sites, climate modelling techniques were employed for trait mining
among barley accessions for resistance to net blotch (Pyrenophora teres Drechs. f. teres),
illustrating the potential of using freely available databases to enhance the efficiency of field
screening trials [99]. Recently the FIGS has been improved by combining it with machine
learning methods for a predictive characterization of GB materials for agronomic traits
and for grain morphological parameters. The high predictability of models for all traits
was later used for predicting the non-evaluated accessions and assigning probabilities for
the characterization traits. These results were used as predictive characterization [98]. A
further step towards the fine tuning of FIGS approach using machine learning has been
recently carried out [100]. The study compared two different subsets of potentially scald-
resistant germplasm, one selected with GCP while the second was selected using the FIGS
approach. Seedling and adult plant evaluation in multi-environmental trials for scald
resistance was performed for both sets, and results showed that the FIGS approach was
able to capture higher percentages of resistant accessions compared to the GCP subset.
Furthermore, machine learning models tuned on training sets were used to predict scald
response on test sets. All models efficiently identified resistant accessions with specificities
higher than 0.88 but showed different performances between isolates at the seedling and to
field populations at the adult plant stage.

5. Conclusions and Perspectives

The procedures and approaches for the conservation and use of barley genetic re-
sources described here highlight some crucial aspects that need to be addressed, such as
the need to align conservation strategies with continuous progress in cultivation practices,
particularly in developing countries [101,102]. Moreover, the demand to unlock genetic
resources for breeding remains strong due to the ongoing development of improved vari-
eties also suitable for smallholder farmers [101]. These aspects center around identifying
emerging trends in the local diffusion of barley varieties, understanding the adoption of
new technologies, and recognizing the changing preferences of farmers [32,103].

In barley, the creation and distribution of improved varieties in various areas of the
world is still one of the key goals of the breeding efforts of international institutions [104].
While developing countries continue to face well-known specific conditions in agricul-
ture (such as limited resources, vulnerable agro-ecological environments, and unstable
socio-economic contexts), new improved varieties of certain crops, including barley, are
becoming more widely adopted than in the past [105,106]. Varieties with enhanced traits
such as yield, disease resistance, and quality attributes, as well as adaptation to specific
agro-ecological conditions, are offering advantages to farmers, leading to higher crop yields
and potentially higher income. Correspondingly, traditional farming methods are increas-
ingly integrating modern agricultural techniques systems [107]. This convergence blends
knowledge and agro-techniques, resulting in more efficient yet not strictly traditional
farming systems [107]. In this globally changing scenario, it is important to consider the
potential negative implications of a widespread shift towards improved varieties on the
conservation of landraces [103]. To address the dilemma between the loss of barley biodi-
versity and the promotion of large-scale adoption of new varieties, it is therefore necessary
to strengthen the conservation of barley genetic resources using complementary ex situ
and in situ approaches. Conservation efforts will continue to be central, but strategies and
the support of local farming systems need to be updated to effectively address changing
needs [108]. Considering also the threats faced by natural habitats and traditional farming
systems due to climate change, urbanization, and land-use change, a shift towards an
enhanced ex situ conservation will have to represent a substantial transformation in the
conservation strategies of barley [109–111]. This could involve the adoption of cutting-
edge technologies for seed storage, including automated or robotic high-density storage
facilities, the expansion of conserved barley material diversity, and the enhancement of
documentation and data management through advanced systems and digital databases,
while also minimizing redundancy. Additionally, this endeavor entails the development of
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more efficient, standardized, and transferable approaches for characterizing and sharing
genetic resources among research institutions and breeding programs.

While in situ conservation will always remain crucial for maintaining the dynamic
interactions between barley and its natural environment, in the future, it will be necessary
to strengthen policies to define and manage controlled environments where barley genetic
material can be stored under specific conditions. It is also necessary to further recognize the
importance of biodiversity hotspots worldwide. These should be given special attention,
included in protected areas, and better managed for the conservation of biodiversity.

Relevant advancements are expected to increase our understanding of the genetic
variation of barley germplasm [112]. Briefly, this is being expanded by the continuous
emergence of new genomics tools, including advancements in long-read DNA sequencing
technologies, bioinformatics analysis, and the digitalization of bioresources [113]. Omics-
based approaches on barley genetic resources can help unravel the molecular mechanisms
underlying important adaptive traits and provide a deeper understanding of how genetic
variation influences the phenotype [112,114]. However, these technologies often require
substantial investments in infrastructure, equipment, and expertise, making them less
accessible to researchers and breeding programs with limited resources. This may result in
disparities in the ability to fully exploit the genetic potential of barley germplasm across
different regions or institutions. Staying updated and integrating new techniques into exist-
ing workflows requires continuous training and investment in research and development,
which may be a logistical and financial burden for some institutions or breeding programs.
The challenges posed by highly technological approaches in the characterization of barley
germplasm make it difficult to predict how they will be tackled. There are two potential
approaches: a more centralized style or an increase in networks. The centralized approach
would involve establishing a handful of laboratories with innovative, highly automated,
advanced phenotypic and genotypic technologies, which should set and promote coordina-
tion and standardization across the globe. On the other hand, expanding networks and
ensuring widespread access to cutting-edge technologies should be implemented if the aim
is to foster collaboration, inclusivity, and capacity building. It is likely that a combination
of both approaches would be the most effective strategy, leveraging the strengths of central-
ized expertise and distributed knowledge networks. Ultimately, the success will depend
not only on willingness to collaborate, but on investment in capacity building to ensure the
effective and shared utilization of barley genetic resources.

To enhance the effectiveness of conservation efforts, it is also crucial to establish a
strong connection between the conservation and utilization of barley genetic resources.
As an example, an approach to achieve this is by improving the Focused Identification
of Germplasm Strategy (FIGS) [101,115]. Furthermore, it is essential to strengthen pre-
breeding initiatives by incorporating climate-resilient and nutritionally rich genes from
both landraces and wild relatives. By tightly linking conservation with the utilization of
genetic resources, we can effectively harness the potential of landraces and wild relatives
to develop climate-resilient and nutritionally superior barley lines.

In conclusion, now more than ever, it is an integrated approach that can ensure
that genetic resources are not only preserved but also actively utilized to address the
challenges of sustainable agriculture and food security [116]. Therefore, we believe that
a complementary genotypic and phenotypic evaluation of gene bank collections will be
the next crucial step towards tapping into the vast untapped biodiversity of barley genetic
resources. From an applied perspective, this approach will allow for a targeted selection of
accessions for pre-breeding purposes from the massive pool of currently available genetic
resources. Considering the needs of traditional farming, we believe that it may be necessary
to go beyond grain yield improvement as indicator of profitability, lifting the selection
focus from allele mining to a more comprehensive genome-wide selection strategy for
adaptability. Implementing these proposed activities requires a long-term commitment, and
therefore, only sustained funding and collaborative efforts (involving multiple institutions
and stakeholders) may embrace this strategy effectively. The commitment to ongoing
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research, collaboration, and the utilization of advanced breeding techniques will be key
in ensuring the sustainable and efficient use of genetic resources for the development of
improved barley varieties with enhanced grain yield and other desirable traits.
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Abstract: Plant genetic resources provide the basis for sustainable agricultural production, adaptation
to climate change, and economic development. Many present crop plants are endangered due to
extreme environmental conditions induced by climate change or due to the use of a limited selection
of plant materials. Changing environmental conditions are a challenge for plant production and
food security, emphasizing the urgent need for access to a wider range of plant genetic resources
than what are utilized today, for breeding novel crop varieties capable of resilience and adaptation to
climate change and other environmental challenges. Besides large-scale agricultural production, it is
important to recognize that home gardens have been an integral component of family farming and
local food systems for centuries. It is remarkable how home gardens have allowed the adaptation
and domestication of plants to extreme or specific ecological conditions, thus contributing to the
diversification of cultivated plants. Home gardens can help in reducing hunger and malnutrition
and improve food security. In addition, they provide opportunities to broaden the base of cultivated
plant materials by harboring underutilized crop plants and crop wild relative species. Crop wild
relatives contain a wide range of genetic diversity not available in cultivated crops. Although the
importance of home gardens in conserving plant genetic resources is well recognized, there is a risk
that local genetic diversity will be lost if traditional plant materials are replaced by high-yielding
modern cultivars. This paper provides an overview of home gardens and their present role and future
potential in conserving and utilizing plant genetic resources and enhancing food and nutritional
security under global challenges.

Keywords: biodiversity; home gardens; crop wild relatives; food security; plant genetic resources

1. Introduction

Plant genetic resources are the basis of sustainable agricultural production, adaptation
to climate change and economic development. Besides being critical for food security, they
are sources for many other products as well, such as animal feed, fiber, ornamentals, and
energy as well as other ecosystem services. Plant genetic diversity contains raw materials
for improving the capacity of crops to adapt to climate change and other environmental
challenges. It is estimated that, for instance, certain major agricultural crops, e.g., wheat,
maize, rice, and soy, may lose up to 25% of their present yield by 2050 due to climate
change if varieties adapted to changing conditions are not available by then [1]. Besides
decreasing the average yield, climatic drivers, such as drying and warming trends, extreme
temperature and precipitation, and carbon dioxide fertilization, are expected to increase
yield variability [1]. Despite being crucial for food production, plant biodiversity remains
as a relatively little exploited means of breeding crops adapted to new climates [2]. To
ensure the continued availability of valuable genetic materials, plant genetic resources can
be conserved in wild habitats or on-farm conditions in agroecosystems (both forms of in
situ) or outside those (ex situ) in germplasm collections and gene banks. Home gardens are
a type of agroecosystem, which are typically small but globally prevalent.

Food production on small plots adjacent to human settlements is the oldest form of
cultivation throughout the world [3,4]. The beginning of modern agriculture can be dated
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back to such subsistence production systems that began in small garden plots around the
household as far back as in Early Mesopotamia (10,000 BC) [5]. Still today, these gardens
continue to play an important role in local food systems by providing food and income
for households [6]. They are an especially prevalent feature of local food systems and the
agricultural landscape in developing countries [4]. They provide a continuous supply of
fresh vegetables for family use, and they may have an important role in crisis and post-
crisis situations [4]. In addition, home gardens have a remarkable role among indigenous
communities for food, medicine, and cultural practices, and their deterioration can lead to
the erosion of traditional knowledge and practices [4]. Home gardens are not limited to
rural settings: in fact, they create the most common form of urban agriculture [7].

Home gardens often consist of multi–layer systems of trees, vegetables, fruits, field
crops, spices, herbs, and ornamental and medicinal plants around homesteads [8,9]. Similar
to large-scale plant production practices, home gardens are a cropping system composed of
soil, crops, weeds, pathogens, and insects, which convert resource inputs, i.e., solar energy,
water, nutrients, labor, etc. into food, feed, fuel, fiber, and pharmaceuticals [10]. Although
the structure, functions, and contributions of home gardens vary between geographic
regions [4], they have some common features, as follows: (1) they are located near a
residence, (2) they contain a high diversity of plants, (3) production is supplemental rather
than the main source of family consumption and income, (4) they occupy a small area, and
(5) the production system is suitable for anybody at some level [6,11].

The vast accessibility of home gardens also provides opportunities for innovative
plant production through testing different kinds of plant materials, such as wild materials
and local varieties, and through conducting crossing experiments and even fundamental re-
search. The groundbreaking investigations on peas by the monk Gregor Mendel, presented
in 1865, were performed in the home garden of a monastery in Brünn and resulted in the
formulation of the genetic laws of inheritance that have greatly facilitated the science of
genetics and plant breeding [12]. The present paper explores the benefits of home gardens,
their importance for food and nutritional security under global challenges, and especially
their role and potential in conserving and utilizing genetic resources, as well as enhancing
the diversity and adaptation of crop plants.

2. Home Gardens Supporting Food and Nutritional Security, and Providing
Other Benefits

With an increasing world population, rising urbanization, decreasing arable land,
and weather extremes due to climate change, global agriculture is under pressure. Home
gardens have an important supporting role when responding to the challenges agricultural
production is facing. It is widely recognized that home gardens have multiple functions.
They contribute to providing food, proper nutrition, medicine, and other useful products,
and they fulfill social and cultural needs, being part of traditional knowledge and prac-
tices, while providing different ecosystem services, helping in mitigating climate change
effects, and contributing to economic needs and sustainable livelihoods [4,13–17]. It is
understandable that attempts to further improve the productivity of these widespread,
often eco-friendly, culturally important, and sustainable agricultural practices have been
initiated [18–21].

The most typical function of home gardens is to provide a regular supply of fresh
vegetables, which are a very important part of a good diet as they contain various nutri-
ents [22]. Independent production not only saves money but ensures access to a healthy
diet that contains adequate macro- and micronutrients. Thus, homestead production of
food provides households with direct access to important nutrients that may not be readily
available or within their economic reach [4,7]. Cultivation in home gardens has been shown
to be associated, for instance, with reduced hunger and malnutrition, improved health,
and dietary diversity and balance, including, e.g., an increased consumption of vitamin-
A-rich fruits and vegetables, pulses, and other fruits and vegetables [17,23]. Thus, home
gardens offer a viable means to improve household food security. It is notable that many
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uncultivated, as well as neglected and underutilized species and cultivars could make an
important contribution to the dietary diversity of local communities [24,25]. In addition,
home gardens can be a source of additional income if the household sells a portion of the
garden’s produce.

Malnutrition and poor health status are a common problem in developing countries.
Specifically, malnutrition among women of reproductive age increases the risk of mortality
during pregnancy and puts their newborn children at risk of long-term deficiencies [26].
To overcome this problem, home gardens are considered as a possible solution by con-
tributing to poverty alleviation, improved health, and lower maternal and infant mortality
rates [27,28]. In developed countries, home gardening can also decrease the risk of obesity
and unhealthy diets [29]. It has been reported that vegetable consumption increased signifi-
cantly but obesity and metabolic risk decreased as a result of home gardening activities [30].
School gardening projects are an effective way to introduce both plant production and
healthier diets [31].

Because of the ongoing global food crisis and rising food prices, there is an increased
emphasis on adopting more resilient food systems and strengthening local food production
to mitigate the emerging adverse effects [32]. Food production and livelihood enhancement
through home gardens can contribute to this effort [7,33]. Such gardens have endured
over time as an integral part of local food systems and the agricultural landscape all over
the world. Furthermore, home gardens are not limited to rural areas, but they allow the
production of fresh, healthy, and inexpensive food in urban settings as well. Whether
involving home gardens or other small-scale production systems, urban agriculture can
have beneficial environmental and societal impacts, such as a reduction in the urban heat
island effect, improved local air quality, improved stormwater management, increased
pollinator populations, and climate mitigation services such as carbon sequestration [34].

3. The Importance of Plant Genetic Resources

Plant genetic resources are considered to include cultivars, landraces, crop wild rela-
tives (CWR), ecotypes, and genetic stocks (Table 1). They provide the basis for sustainable
agricultural production, adaptation to climate change and economic development [35–37].
The cultivated crop plants contain only a small part of all plant genetic diversity. An
important consequence of crop domestication and bottlenecks created by breeding is that
the current gene pool is relatively narrow for most crops, with rather little variation re-
maining for traits related to resilience and nutritional value. Thus, crop diversification
and the development of improved varieties are necessary means for maintaining and sta-
bilizing yields and product qualities, and this is increasingly important under changing
climate conditions.

Table 1. Types of plant genetic resources.

Type Description

Cultivars Varieties produced by plant breeders, usually uniform and adapted to high farm
management standards

Landraces Varieties developed over time in traditional farming systems, usually variable and adapted
to local conditions

Crop wild relatives Wild taxa within the same genus as a crop

Ecotypes Populations of wild forms of domesticated species or their wild relative species, or other
wild material; specific adaptations

Genetic stocks Material generally used by research or breeding programs resulting in specific information
on a gene or character, or other data of value for breeding and research

It is recognized that many present crop plants are endangered due to extreme envi-
ronmental conditions induced by climate change or due to the use of a limited selection
of plant materials [38,39]. The increased environmental variability is a challenge for plant
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production and food security. Without sufficient genetic resources, it will be difficult or
even impossible to develop crops that contain important traits, such as pest and disease
resistances and the ability to withstand drought, extreme temperatures, and other envi-
ronmental challenges [2,39,40]. The base of limited genetic resources available in widely
used crop plants can be widened by including CWRs, which are taxa related to crops that
can potentially donate genetic material with beneficial traits, as well as other underutilized
sources. CWRs and wild-harvested plants contain a wide range of genetic diversity and
adaptations not available otherwise. Besides being an important part of biodiversity, they
carry socioeconomic value and enhance food security [41,42].

In response to the increasing visibility of CWRs in international political agendas since
the early 1990’s, a good number of projects have been created and various tools and guide-
lines have been developed at local, regional, and global levels to enhance their use [43]. It is
evident that CWRs are an indispensable asset for breeding programs for expanding and im-
proving the gene pool of cultivated varieties, when novel traits are needed for improvement,
e.g., resistance to pathogens and herbivores, nutritional properties, the ability to withstand
waterlogging and resilience under changing climatic conditions. Although CWRs have
been used for plant breeding for several decades and they have contributed a wide range
of beneficial traits, the proportion of CWRs utilized for breeding purposes has, so far, been
small. The vast majority of the CWR reservoir remains unexplored [43]. Major obstacles
for tapping the genetic diversity of CWRs to improve crops are the hybridization barriers
between undomesticated germplasm and the crop, increasing along with divergence, and
the extensive and time-consuming pre-breeding work typically required for transferring
desirable genetic material to new varieties [44]. On the other hand, recent improvements
in the speed of breeding, and high-throughput genotyping and phenotyping make the
use of CWR genetic resources more attractive for utilization [41]. Indeed, there are many
examples of CWR genes being used to improve crops, such as, wheat, maize, rice, barley,
potato, cassava, and legumes [45,46]. Among positive outcomes, the use of CWR genes
may lead to a reduced use of pesticides, and sturdier plants which can better manage in
competition against weeds, followed by a reduced application of herbicides. Furthermore,
improved drought resistance would help saving water by reducing irrigation, and plants
with a more efficient use of nutrients need smaller amounts of fertilizers.

An unexpected situation concerning plant genetic resources is their underuse, not
overexploitation that threatens their existence [40]. If not being actively used, farmers’ crop
varieties as well as those bred by professional plant breeders will not be maintained through
continued selection. Rather, they will degrade and may eventually disappear. Yet, such
currently underutilized crop plant materials may be able to contribute to climate adaptation
and thus are certainly worth further attention. Especially in the case of landraces, home
gardens may have an important role in the conservation and utilization of plant genetic
resources [15,19,21,24]. The diversity of home gardens is determined by sociocultural
(e.g., traditional knowledge and practices) and economic factors, and by climatic and other
environmental features [22,47,48]. It is important to learn more of the present role and
further potential of home gardens in the management and conservation of a wide range
of unique genetic resources for food and on-farm agriculture. So far, many landraces and
cultivars, and rare and endangered species have been preserved in home gardens [8,20,49].

Paleoethnobotanical research provides an opportunity to learn about plant use in
daily life in an area’s ancient history [50]. It appears that the division between wild and
cultivated (or semi-domesticated) food plants was not clearly distinct, since many wild
species are thought to have been exposed to various levels of intervention and human
management during growth cycles [51]. For instance, Mesoamerican farmers of the village
of Joya de Cerén circa 600 CE clearly managed the landscape around their settlements in a
manner that would have allowed for harvest from both agricultural and non-agricultural
species simultaneously [50]. All weed species recovered from these fields have known uses
in nutrition, medicine, or other purposes.
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4. The Role of Home Gardens in Enhancing the Diversity, Adaptation, and
Conservation of Crop Plants

It is remarkable that home gardens have allowed the adaptation and domestication of
plants to extreme or specific ecological conditions [24], thus contributing to the diversifica-
tion of cultivated plants. In such cases, plants develop morphological and physiological
characteristics, allowing their adaptation to new or unfavorable habitats. Consequently,
home gardens may contain unique and rare locally evolved or developed genetic diversity.
An interesting process is introgression, which is used as a breeding tool [52] but which
sometimes occurs in home gardens [53]. While such introgression may be beneficial to the
productivity of home gardens and perhaps even larger-scale production, it has been clearly
proven that gene flow from crop taxa may have a substantial impact on the evolution of
wild populations [54]. It has been shown that at least 12 important crops hybridize with
wild relatives in some part of their agricultural distribution [54]. These crops include wheat,
rice, maize, soybean, barley, cotton, sorghum, millet, beans, rapeseed, sunflower and sugar
cane. Crop wild relatives used in cultivation or through introgressive hybridization provide
an additional source of plant diversity. Table 2 shows a few examples of evolutionary events
observed in local home gardens. It is notable that most such events remain unrecorded for
the wider plant breeding community. Further investigations on the composition of home
gardens would probably reveal an interesting range of plant materials with adaptations
enabling their cultivation in different and changing environmental conditions and use as a
material in further breeding, thus promoting resilience and food security.

Landraces developed over time in traditional farming systems, including home gar-
dens, are an underutilized source of genetic variation. One of these species is the common
bean (Phaseolus vulgaris), domesticated in Mesoamerica and the Andes, but its secondary
center of genetic diversity probably extended to Brazil, China, and Europe [55]. After
domestication, P. vulgaris has become an important crop plant, especially in developing
countries. The genetic diversity of Mesoamerican landraces of P. vulgaris has been studied,
and it has been discovered to possess a very high genetic diversity, which is expected to al-
low adaptation to diverse environmental conditions, e.g., [56,57]. The proper identification
of these novel sources of genetic variation and their use in local breeding efforts can justify
and further enhance the conservation of locally adapted beans’ genetic resources in coun-
tries where a robust conservation strategy is still missing [56]. In addition, the utilization of
wild relatives with specific adaptation traits, such as disease resistances, may be a useful
addition to P. vulgaris breeding programs. It has been reported in Cuba that a P. vulgaris
landrace ‘Negrito’ has superior resistance to diseases and harsh weather conditions [53].
Other examples of cultivars discovered in home gardens include several drought-resistant
Allium landraces from Cuba and salinity-resistant tomato (Lycopersicon esculentum) from
Guatemala [5].

Most domesticated plant taxa mate with wild relatives somewhere in the world, and
gene flow from crop taxa may have a substantial impact on the evolution of wild popula-
tions [53,54]. For instance, introgression from the wild tomato L. esculentum var. cerasiforme
to tomato L. esculentum has been detected in Cuba [58,59], resulting in interesting variation,
including intermediate forms valuable for plant breeding because of fruit characters or
disease tolerance. In maize (Zea mays), introgressive hybridization and further selection
of races have been shown to be common events in the contemporary maize evolution
in Cuba [60]. Comparably, introgression among lima bean (Phaseolus lunatus) landraces
showing intermediate characteristics [61], and introgression between modern varieties and
landraces of squash (Cucurbita moschata) [60] have been found in Cuban farmers’ fields.

Plant domestication most likely began around human settlements, and the domes-
tication processes of wild plants has continued in home gardens. For instance, the date
palm (Phoenix dactylifera), which is a widely cultivated species in small-scale home gar-
dens as well as in large plantations and possesses a great number of cultivars, was one
of the first fruit trees to be domesticated around 6800–6300 BCE, followed by a complex
history of breeding and use [62]. However, such domestication processes have rarely been
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demonstrated empirically [63]. For instance, for the majority of polyploid crops, it remains
uncertain to what extent hybridization and polyploidization preceded domestication or
were precipitated by human activities [63]. Some of the crop wild relatives brought into use
as a vegetable include the annual green amaranth Amaranthus viridis [24], biannual cabbage
Brassica oleracea [64], and perennial watercress Nasturtium officinale [65]. Some herbs, which
are considered only marginally important, may have considerable use potential, such as
sorrels (genus Rumex). Sorrels have been utilized for thousands of years as food, herbal
preparations and as a source of different colors of dyes [66]. They are mostly consumed
through wild foraging or growing in home gardens. A few types of sorrels are available
commercially, including wild types and a few cultivars [66]. There are also wild plants
with unusually high tolerance to harsh conditions, e.g., the palm tree Medemia argun, which
is highly tolerant to drought and heat [67,68]. Its fruit is not considered palatable, and its
presently known utilization possibilities are based on the use of its strong fibrous leaves and
woody stems for sheltering purposes. However, it is believable that M. argun has a wider
use potential than presently recognized and it could be a good plant with highly interesting
adaptive traits for small-scale home garden production in challenging conditions [67,68].

Table 2. Reported examples of evolutionary events observed in local home gardens.

(a) Landraces Adapted to Specific Conditions

Species Landrace Region Reference Comments

Allium sp. Several landraces Cuba Esquivel et al., 1988 [58] Superior drought
resistance

Lycopersicon esculentum
(tomato) Several landraces Guatemala Esquivel et al., 1988 [58] Superior salinity

resistance

Phaseolus vulgaris
(common bean) Negrito Cuba Esquivel and Hammer

1992 [53]

Superior resistance to
diseases and harsh

weather

(b) Cultivated Plants Developed via Introgression

Taxon 1 Taxon 2 Region Reference Comments

Lycopersicon
esculentum(tomato)

L. esculentum var.
cerasiforme (wild

tomato)
Cuba Esquivel and Hammer

1991 [59]
Fruit characters and

disease tolerance

Phaseolus lunatus
landraces (lima bean) P. lunatus landraces Cuba Castiñeiras et al., 1991

[61]
Heterosis in seed

characters

Zea mays landraces
(maize) Z. mays landraces Cuba Hatheway 1957 [60] Hybridization typical

in maize evolution

(c) Crop Wild Relatives Brought into Use

Species Region Reference Comments

Amaranthus viridis (green amaranth) India Barbhuiya et al., 2016
[24]

Annual herb/leafy
vegetable

Brassica oleracea (cabbage) Romania Papp et al., 2013 [64] Biannual plant/diverse
vegetable

Nasturtium officinale (watercress) Nepal Gautam et al., 2006 [65]
Aquatic

perennial/leafy
vegetable

5. How to Improve the Conservation of Biodiversity in Home Gardens?

A good approach to enhance the role of home gardens in promoting biodiversity and
food security is to utilize both landraces and wild materials to answer breeding needs
created by climate change with higher temperatures and more frequent drought periods.
An example is hop (Humulus lupulus), which has a long home garden history due to its
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use in beer production [69]. Future breeding efforts with different quality and adapta-
tion targets are expected to utilize wild hop populations and landraces present in many
regions [70]. In fact, good candidates of hop cultivars for growth in warm climates have
been found [71]. In addition, it is possible to improve the management practices of genetic
resources in home gardens, which would result in a combination of better productivity
and superior maintenance of genetic diversity, specifically through the introduction of
new crops, improved varieties, and specific characteristics [18]. At the same time, home
gardens have a role as important sites of experimentation, plant introduction, and crop
improvement as well as refuges for unique genetic diversity [18]. Furthermore, precise
molecular characterization is desirable for plant genetic resources, including, to some extent,
home garden materials as well. Molecular marker techniques and DNA sequencing allow
direct surveys of variation at the DNA level, thereby excluding all environmental influence.
Nowadays, these analyses can be performed effectively, even at very early growth stages.
Therefore, they have marginalized other methods in genotypic identification [41]. With
the onset of DNA and ‘omics’ analyses (i.e., analyses of complete genetic or molecular
profiles of organisms based on genomics, transcriptomics, proteomics, or metabolomics),
the knowledge of genetic diversity has increased dramatically, as also our understanding
of issues, such as domestication, adaptation, and genetic erosion.

Besides the important role of home gardens in conserving plant genetic resources, they
contribute to the conservation of biodiversity. These two components are integrated. Espe-
cially if plant materials with adequate tolerance and resistance to different biotic stresses are
available, the need for the use of pesticides will be reduced, followed by beneficial effects on
the biodiversity of the ecosystem in question. This also provides interesting agroecological
research possibilities, for instance, the assessment of above- and belowground biodiversity,
for which validated and precise tools, such as DNA metabarcoding, are available. It has
been shown that the fungal and bacterial biodiversity includes microorganisms, which
are potentially beneficial for plant production, e.g., [72,73]. However, the structure and
function of fungal and bacterial communities and their interaction and impact on plant
performance are still understudied [73].

The ongoing process of evolution in home gardens can be enhanced through selection
by farmers, to obtain suitable, adapted plant types to be grown under prevailing and
upcoming production conditions. Figure 1 outlines the role of home gardens in conserving
plant genetic resources, this being especially important for presently underutilized plant
material. Nevertheless, it is important to raise broader awareness of the urgency of con-
serving plant genetic resources. Although the importance of home gardens in conserving
plant genetic resources is well recognized, there is a risk that local genetic diversity will be
lost if traditional plant materials are replaced by high-yielding modern cultivars. This type
of tendency has been observed, for instance, in Bulgaria, where, however, the local crop
diversity of home gardens has remained well preserved until now [21]. Yet, overall, home
gardens, when properly managed, have a definite role and importance in the long-term
conservation of plant genetic resources.

The conservation of plant genetic resources is based on international agreements, yet
each country has a national responsibility to conserve its own genetic resources. One of
the goals listed in the draft of the post-2020 Global Biodiversity Framework by the United
Nations Environment Programme is that “genetic diversity of wild and domesticated
species is safeguarded, with at least 90 per cent of genetic diversity within all species
maintained” [74]. Achieving this challenging target will require well-coordinated conserva-
tion action at national, regional, and international levels. For decades, gene banks have
played a key role in conservation measures when attempting (a) to sustainably conserve
the broadest range of genetic diversity found in the target species maintained as population
samples or accessions, (b) to characterize and evaluate this diversity to aid selection for
utilization, and (c) to make the accessions available to the users [75]. However, it is evident
that complementary in situ conservation action is needed. In fact, a systematic application
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of in situ conservation measures is estimated to at least double the diversity available to
users [75].

Figure 1. The role of home gardens in conserving plant genetic resources (PGR) in multiple environ-
ments through PGR utilization, material exchange and identification as cultural heritage.

Home gardens are typically small and privately operated. Despite that, they can
contribute to in situ conservation through on-farm conservation measures. Their impact
on the conservation of plant genetic resources can be enhanced through better structured
and coordinated management measures, in combination with ex situ conservation. In
addition, it is important to recognize that home gardens and their plant genetic resources
are dynamic systems. Firstly, they are influenced by cultural, social, and economic factors,
as home gardens are typically managed by persons having different goals and preferences,
which change over time. Secondly, biological evolution functions in on-farm production
systems, resulting in changes in the composition of genetic resources over time, possibly
generating new adaptations. Such changes are especially important under ongoing climate
change. Therefore, besides increasing conservation through using the existing genetic
diversity, home gardens and other on-farm systems have an important complementary
role in relation to the static ex situ conservation through dynamic evolutionary processes.
This is especially important for underutilized crops, which are often neglected in plant
breeding activities.

In summation, measures enhancing the conservation of plant diversity present in home
gardens include (1) systematic monitoring and documentation of the diversity, dynamic
changes in diversity due to ongoing evolution, threats, and the conservation status of plant
materials, (2) improving knowledge on valuable traits and genetic characteristics, (3) ex-
panding gene bank coverage of home garden materials, and (4) increasing the availability
of these plant materials to both formal and on-farm crop improvement programs.
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Abstract: There is a pressing need to conserve plant diversity to prevent extinctions and to enable
sustainable use of plant material by current and future generations. Here, we review the contribution
that living collections and seed banks based in botanic gardens around the world make to wild plant
conservation and to tackling global challenges. We focus in particular on the work of Botanic Gardens
Conservation International and the Millennium Seed Bank of the Royal Botanic Gardens, Kew, with
its associated global Partnership. The advantages and limitations of conservation of plant diversity
as both living material and seed collections are reviewed, and the need for additional research and
conservation measures, such as cryopreservation, to enable the long-term conservation of ‘exceptional
species’ is discussed. We highlight the importance of networks and sharing access to data and plant
material. The skill sets found within botanic gardens and seed banks complement each other and
enable the development of integrated conservation (linking in situ and ex situ efforts). Using a
number of case studies we demonstrate how botanic gardens and seed banks support integrated
conservation and research for agriculture and food security, restoration and reforestation, as well as
supporting local livelihoods.

Keywords: biodiversity; long-term conservation; plant populations; strategic collecting; exceptional
species; collection quality; safety duplication; seed longevity; seed viability; viability monitoring;
integrated conservation

1. Introduction

We are living in a time of unprecedented change. In the past 50 years, the human
population has doubled, while the global economy has quadrupled, and global trade has
increased ten-fold [1]. This has resulted in a concomitant increase in demand for resources
and energy, the consumption of which is having profound impacts on the natural world.
Human economic activities are driving climate change and biodiversity loss, both of which
are mutually reinforcing, further exacerbating the problem [2,3]. In 2020, for the first time,
environmental issues dominated the top five global risks by likelihood, as identified by the
World Economic Forum, with biodiversity loss, climate action failure and extreme weather
also all in the top five risks with greatest impact [4].

Human actions have significantly altered 75% of the land surface of our planet and led
to an increase in the rate of biodiversity loss unparalleled in human history [1]. In relation
to plants, this has resulted in a ~50% reduction in plant biomass relative to pre-human
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levels [5], and to ~40% of plant species being threatened with extinction [6]. Conservation
interventions are urgently required to help reverse these trends and ensure that adequate
plant diversity is available for both current and future generations. All life depends
on plants. We rely on them, and the fungi that support them, for our foods, materials,
medicines, and for regulating, supporting and cultural ecosystem services. The Dasgupta
Review [7] demonstrates how our economies, livelihoods and wellbeing are dependent
on nature, and embedded within nature, and calls for transformative change to put the
sustainable use of nature at the heart of our economies.

In the face of a sixth mass extinction [8], the conservation of plant diversity has
never been more important for the future of the planet and people. Protecting plants in
their natural environment (i.e., in situ conservation) is the primary approach for species
conservation, but as many of the threats to their continued existence (e.g., climate and
land use change, invasive species, pollution) do not respect the boundaries of protected
areas a safety back up is required. Conserving plants away from these threats (i.e., ex
situ conservation), in botanic gardens (as living collections of plants) and seed banks (as
propagules), is crucial if we are to stop and even reverse the extinction trend and preserve
plant diversity for current use and for future generations. Storing representative germplasm
from plants (any part of the plant that can be used to regenerate a new individual) collected
from the wild ex situ facilitates the utilisation of this material for a variety of purposes
without impacting the wild population. So not only does it protect the plant material from
the threats faced in situ, it provides a readily accessible resource for use.

The conservation of living plant material in these human-made repositories has been
practiced for centuries, but in recent decades has greatly expanded and become increasingly
refined. To date, more than 105,600 wild plant species are conserved as seed and/or living
collections in botanic gardens [9]. Their conservation takes the form not only of the living
plant, seed or tissue, but also encompasses the knowledge and data associated with the
individual samples and collections, and the ability to communicate this to a wide variety
of audiences to improve conservation outcomes.

Botanic gardens have a long history of conserving plant diversity through their living
collections. These are generally raised from material collected in the wild (Figure 1), and
often include threatened species. However, the primary method of ex situ conservation
for plant genetic resources today is seed banking (Figure 1). While the function and name
of the seed bank (genebank, germplasm bank, biobank) may vary, the general concept
remains the same—using controlled environments (drying and cooling) to preserve a broad
diversity of plant germplasm for immediate and future use. This methodology underpins
global food security, forestry, horticulture and ecological restoration as well as conservation.
While the scale of the seed bank, the size and diversity of the seed accessions held, the
post-harvest handling and storage procedures employed, and the extent of environmental
controls used may vary, the purpose remains the same—to preserve high-quality, viable
germplasm until required for use [10].

However, a wide variety of plant diversity, referred to as ‘exceptional species’ [11,12],
cannot be stored for the long-term under conventional seed banking methods (commonly
drying to 15% relative humidity at 15 ◦C, followed by storage at −20 ◦C in airtight con-
tainers). Examples include gametophytes of non-seed-bearing plants (e.g., bryophytes and
pteridophytes), germplasm with desiccation and/or freezing intolerance (e.g., Quercus
seeds), and species with desiccation and freezing tolerant germplasm (both spores and
seeds) that is short-lived under conventional seed bank conditions. Such ‘exceptional
species’ can form a large part of the global flora; for example, it is estimated that at least 8%
of all flora, and 18% of tropical and sub-tropical flora, are likely to have desiccation sensitive
(recalcitrant) seeds [13]. Other options for the conservation of such species include tissue
culture, cryopreservation, nursery-based plant collections and seed orchards (Figure 1).

200



Plants 2021, 10, 2371

Figure 1. Decision tree showing conservation options depending on the type of germplasm conserved and some of the
biological traits associated with different germplasm. Short- and medium-term storage options are indicated by dashed
arrows. In vitro collections can be a source of germplasm for living collections (dotted arrow). CR: critically endangered
species, EN: endangered species, VU: vulnerable species as per IUCN Red List. # refers only to desiccation tolerant but
freezing sensitive seeds. 1 [14–17], 2 [12,18], 3 [19], 4 [20].

Botanic Gardens Conservation International (BGCI) was established in 1987 with a
particular focus on identifying threatened species in botanic garden collections and sup-
porting ex situ conservation efforts for these species. There are presently over 3000 botanic
gardens located in 185 countries included in BGCI’s GardenSearch database [21], many of
which are actively engaged in conservation action for threatened plant species. Recently,
efforts have been focused on establishing consortia of gardens with common conservation
interests to establish decentralised metacollections. The increasing use of metacollections
across botanic gardens and arboreta has led to a step change in the importance of these
collections for plant conservation [22,23].

The Millennium Seed Bank (MSB) of the Royal Botanic Gardens, Kew (Kew), was
established in 2000 building on more than three decades of research at Kew into seed
biology and conservation. The MSB’s mission is safeguarding wild plant diversity and
enabling its sustainable utilisation through global partnership. To this end, the Millennium
Seed Bank Partnership (MSBP), consisting of seed banks associated with botanic gardens,
agricultural, forestry or research institutes, and government organisations around the
world, has been collaboratively conserving native floras. To date, more than 97 countries
and territories and over 250 organisations have been involved. When referring to seed
material collected of wild origin stored within seed banks for long-term conservation, we
use the term ‘accession’. Each accession represents material collected from an individual
population (unless maternal lines are stored individually) at a given time, and multiple
accessions of an individual species may be held.

With the increased focus on plant conservation provided by the Global Strategy for
Plant Conservation (GSPC, 2011–2020), notably Target 8 [24], and the continued call for
plant conservation to support the UN Sustainable Development Goals [25], the number
of botanic gardens working in conservation, and the number of seed banks conserving
wild species has greatly increased. However, there is a disparity between the location of
biodiverse, threatened habitats and the sites of these conservation centres [26]. The policy
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framework provided by the Convention of Biodiversity and its Nagoya Protocol [27] is
crucial for ensuring that plant germplasm collected from the wild and stored, often in
remote locations, is managed and utilised to ensure equitable benefit-sharing.

In this review, we focus on the challenges and prospects facing the long-term conser-
vation of plant diversity in botanic gardens’ living collections and seed banks. Having
evaluated the unique role that both forms of conservation play, we highlight the synergies
afforded when they are co-located in the same botanic garden and the importance of net-
works for enabling plant conservation. We provide examples of how wild plant collections
in both botanic garden living collections and seed banks support plant conservation in
situ in the context of restoration, agriculture, forestry and livelihoods, with a focus on the
challenges and prospects of these programmes in relation to long-term plant conservation
ex situ. We finish by signposting three key areas for future development: funding security
for ex situ collections; exploiting technological advances, specifically to enable the conser-
vation of ‘exceptional species’; and maintaining and developing networks to ensure the
best outcomes for the world’s flora.

2. Ex Situ Conservation

2.1. Botanic Gardens

The practice of cultivating plants in specialised gardens has been around for thousands
of years. However, the first ‘true’ botanic gardens with an underlying scientific foundation
were the physic gardens of Italy created in the 16th century [28]. These gardens were purely
for the study of the healing properties of medicinal plants and by the end of the century
had spread to universities and apothecaries throughout Europe [28].

Botanic gardens experienced a change in usage during the 17th and 18th centuries.
This was the age of exploration and the beginnings of international plant trade. Gardens
such as Kew and the Real Jardín Botánico de Madrid were set up to try and cultivate ‘new’
species that were being brought back from expeditions to the tropics. Not only did these
gardens promote and encourage botanical exploration, but they also helped found new
gardens in the tropical regions to help cultivate these newly ‘discovered’ plant species, as
well as providing a garden environment that ex-patriots recognised from home. During
the 19th and 20th century, municipal and civic gardens were created around the world.
However, many of these gardens were pleasure gardens with very few of them having any
scientific programmes. Meanwhile, especially amongst university gardens and building
on the work started by Linnaeus in the 18th century, collecting, naming and describing
plant diversity became a major focus of activity and their diverse living and herbarium
collections supported the teaching and practice of taxonomy.

In the last 50 years, there has been an exceptional growth in the establishment of
botanic gardens, with 60% of the gardens in existence today being established since the
mid-20th century [29]. This growth has been particularly notable in China, where new
gardens are being developed across the country with the aim of using local plant diversity
to support economic development. Similarly, Indonesia plans to have a botanic garden in
every province to function as a botanic resource centre to support conservation and sus-
tainable development. Around the world, botanic gardens have seen a revival as scientific
institutions due to the emergence of the conservation movement and the recognition of the
importance, not only of their diverse collections, but also of the taxonomic and horticultural
knowledge they possess, vital for the conservation, management and restoration of plant
diversity. A botanic garden today can be defined as “an institution holding documented
collections of living plants for the purposes of scientific research, conservation, display and
education” [30].

BGCI underpins its work with three databases. The first, GardenSearch [21], is a
directory of the world’s botanic gardens compiling information on their location and
facilities, while PlantSearch [9] documents the plant collections held by these gardens.
In order to identify threatened species in collections, BGCI has also developed a third
database—ThreatSearch [31], which lists global, regional and national red list assessments
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for plants from a range of sources. It is the most comprehensive database of conservation
assessments of plants.

At the present time, GardenSearch includes details on 3715 botanical institutions, of
which 3038 are botanic gardens (the remainder being a combination of seed banks (many
of which are located within or connected to botanic gardens and maintain seed accessions
of wild plant diversity (e.g., Kew’s MSB, which has its own listing), zoos and private
collections). Over 350 of the botanic gardens listed in GardenSearch have established
seed banks for the conservation of wild plant species [32]. PlantSearch presently contains
1,559,119 records, representing 634,235 taxa (species, varieties, sub-species and cultivars)
held by 1186 institutions. An analysis of these records (excluding cultivars) carried out by
Mounce et al. in 2017 [26], revealed that the global network of botanic gardens houses over
100,000 species of the 350,699 accepted plant species on The Plant List in 2013 [33]. These
species are from nearly 10,000 genera, representing 30% of global plant species diversity,
and over 41% of known threatened species. The botanic garden network is also rich in
expertise, with more than 60,000 botanical specialists employed, covering plant sciences,
taxonomy, education and specialist horticulture [34].

Most of the plant diversity held by botanic gardens exists in their living collections and
not all of this diversity is being maintained for conservation purposes. Research, display,
education and public outreach are also important functions of botanic gardens that are
supported by the living collections. It is estimated that, globally, some 750 million people
visit botanic gardens annually [34]. Therefore, as well as being important for conservation,
the living collections of botanic gardens provide an important resource for educating
and informing the public about the importance of conservation issues. Species that have
memorable economic, ecological, or cultural stories are particularly useful in this regard,
and help botanic gardens combat plant blindness [35].

As well as focusing on wild species, there are numerous examples where conservation
by botanic gardens plays an important complementary role to that of the agricultural
and forestry sectors [34]. For example, important collections of non-timber trees, such as
fruit and nut species, exist in botanic gardens, and these might otherwise ‘fall through
the cracks’ of plant conservation [36]. Examples include the breadfruit collection at the
National Tropical Botanic Garden in Hawaii and the tropical fruit collection at Fairchild
Tropical Botanic Garden in Florida.

Metacollections—Enhancing the Conservation Value of Living Collections

Some endangered plants are considered ‘exceptional species’ and do not store well in
seed banks. Conservation efforts therefore rely heavily on living plant collections. Such
collections need to include a high level of genetic diversity to ensure that the species
can adapt and survive in the face of future changing environmental pressures. Curating
a genetically diverse seed bank collection is relatively easy and affordable, but much
more challenging for living plant collections. Balancing space and cost limitations while
maximizing the number of individuals an institution can sustainably curate in its living
plant collection is critical. The number of individual plants that are needed to capture a
population’s genetic diversity varies considerably from species to species. This is illustrated
by recent work on palms and cycads at the Montgomery Botanical Center [37]. For instance,
for the rare Key Thatch Palm, Leucothrinax morrisii, curating 15 individuals can conserve
as much as 83% of a population’s genetic diversity [38]. However, for the rare Sinkhole
Cycad, Zamia decumbens, curating 30 individuals only conserves about 35% of the species’
genetic diversity. It may take more than 205 individuals to capture 77% of known genetic
diversity for this cycad [39].

Given that any number of botanic gardens may hold collections of the same species,
the conservation value of such collections can be considerably enhanced by combining
these holdings into a network of collections—or a metacollection [40]. Metacollections are
envisioned as common resources held by separate institutions but stewarded collabora-
tively for research and conservation purposes [22,23]. Networking multiple collections
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into a single metacollection increases potential coverage within a taxonomic group, allows
broader access to greater diversity, dilutes risk of loss, and can reduce maintenance costs
by reducing duplication and redundancy across collections. Like any collection, a meta-
collection can be of any scope or taxonomic level; however, the approach is particularly
useful in the case of taxa that are only represented by a few individuals per garden—such
as many tree taxa. The metacollection strategy was adopted by zoos over 40 years ago
and is now embodied in the successful species management programmes for zoo animals.
Gardens have been less formalised in networking plant genetic resources, but adapting zoo
methods for plant collections is now yielding some important advances [41]. Established
examples of botanical metacollections include the American Public Gardens Association’s
Multisite Collections [42], BGCI’s Global Conservation Consortia [43] and the Center for
Plant Conservation (CPC) National Collection [44].

As well as promoting the conservation value of living collections through the metacol-
lection approach, in recent years BGCI has been active in supporting and encouraging the
establishment of seed banks in botanic gardens as a complement to living collections to
ensure the long-term conservation of native plant diversity. Such initiatives include the
Global Seed Conservation Challenge (described below), training and capacity building
activities and the provision of small grants for seed banking. The on-going development of
an accession-level module as part of the PlantSearch database is also aimed at supporting a
more cost-effective and coordinated approach to the conservation of threatened species
across the botanic garden community.

2.2. Seed Banks

In addition to the >350 wild plant seed banks established by botanic gardens [21],
between 710 and 1750 genebanks exist, and maintain between 5.4 and 7.4 million accessions
of plant genetic resources for food and agriculture, as seed, in vitro, DNA and cryopre-
served collections [45,46]. Out of all these banks, two prominent examples are the Kew’s
MSB (UK), and the Global Seed Vault (Svalbard, Norway); both exceptional in the extent
of their international nature. The former is the world’s largest repository of wild plant
genetic diversity, storing almost 997,000 accessions representing over 40,000 species, while
the latter holds the world’s most diverse collection of food crop seeds with over 1.1 million
seed accessions of around 4000 species. While many types of seed banks exist, for the
purposes of this review we are focusing on those banking seeds collected from wild plant
populations for long-term conservation, using the MSB and its global partnership, the
MSBP, together with other seed banks in the BGCI network as our examples.

2.2.1. Botanic Garden Seed Banks

Of the botanic gardens listing seed banks as part of their facilities in GardenSearch,
the majority are located in the global north, particularly in Europe and North America.
Interest in using seed banks to conserve wild plants is relatively recent. Spain was one of
the first countries to focus on collection of wild flora, creating its seed bank in 1966, at the
Department of Plant Biology of the Polytechnical University in Madrid. Several Spanish
botanic gardens then created seed banks focused on conserving wild flora in the regions in
which they were based. Together, 10 of these seed banks formed the Spanish Network of
genebanks for wild plants (Red Española de Bancos de Germoplasma de Plantas Silvestres)
in 2002 [47].

The number of seed banks in botanic gardens has doubled in the last 20 years and now
the botanic garden community has some of the largest and most sophisticated seed banks
in the world. As well as the MSB, such seed banks include the Germplasm Bank of Wild
Species, located at the Kunming Institute of Botany in China which presently conserves over
11,000 species, and the Australian PlantBank that holds more than 12,000 seed accessions
from almost 5300 plant species—437 of which are threatened species (G. Errington pers.
comm.) (Figure 2). Of the records in PlantSearch, seed bank accessions represent 67,270 taxa
in at least 100,218 accessions held in over 80 institutions. An analysis of seed bank data
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from PlantSearch and ThreatSearch [31] indicates that less than 10% of taxa in seed bank
collections are globally threatened.

Figure 2. Seed collection holdings of the largest ten wild plant seed banks by the number of taxa stored based on PlantSearch
data. Threatened taxa includes species categorised as threatened (including global, regional and national assessments) from
data in ThreatSearch.

The skill sets developed in botanic gardens for the management of living collections
and seed bank collections complement one another, and, together with the taxonomic
skills of herbarium staff, provide the knowledge required for successful long-term ex
situ conservation of plants. Excellent taxonomic and identification skills ensure that the
correct plant material is sought and stored. Understanding of phenology and seed biology
increases the success of fieldwork and storage. Propagation, both laboratory and nursery
based, is vital for turning seeds back into plants that can be used. In addition, the education
and outreach roles of botanic gardens enable the stories relating to the plants conserved,
and the need for conservation itself, to be communicated to the public. It is not surprising,
therefore, that the number of wild plant seed banks located in botanic gardens has seen a
dramatic increase in recent years.

Various manuals and guidelines have been created by the botanic garden seed bank
community to ensure the quality of seed bank collections. An important aspect of the
expansion of conservation efforts in Australia, is the progressive development of a suite
of guidelines that capture the latest science and practice for seed banking and associated
conservation activities—the Australian Germplasm Guidelines [48]. The publication is a
collaboration of over 70 seed banks, botanic gardens and other organisations throughout
Australia providing expertise in planning, collecting and management. The knowledge and
skills shared in these guidelines are largely underpinned by contributions from Australian
botanic gardens staff and their international collaborators. Of particular note in the latest
edition is the expansion in information and techniques available for conservation of ‘excep-
tional species’ [12]. A major step forward is that requirements to conserve these species
ex situ are being progressively understood and workflows have been developed to assist
the fast-tracking of conservation efforts. This includes the latest techniques for selection
of appropriate germplasm to conserve ex situ, an important step for the success of ex situ
conservation of ‘exceptional species’ which require significant research effort [49]. At the
regional level, the European Native Seed Conservation Network (ENSCONET), a consor-
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tium of organisations interested in native species conservation, created seed collecting and
processing manuals for practitioners, available in nine European languages [50,51].

2.2.2. The Millennium Seed Bank

The advantages of seed banking for the long-term preservation of wild plant diversity
include the ability to store a wide range of genetic diversity in the form of seed accessions
from populations, in a relatively small space (~40,000 species stored in 300 m2 at the
MSB) and at a relatively low cost compared to other ex situ options (e.g., in vitro, field
genebanks, etc.). Holding well documented collections also enables the current and future
use of this germplasm resource.

Kew has been working in seed banking since the 1970s, developing a seed banking
programme for UK native species in the 1990s, and increasing its support of international
plant conservation through seed banking since the 1990s. All the partners who have
worked with the MSB since 2000, forming the MSBP, enter access and benefit sharing
agreements with Kew to ensure equitable sharing of benefits and prior informed consent
(PIC) relating to use of materials stored at MSB. They receive on-going support from the
MSB in relation to development of seed banking facilities in their countries, training in
seed conservation techniques, and in targeting and banking their most important parts
of their floras. Many also undertake joint research programmes with Kew. The MSB
works with a range of seed banking institutes, from those in botanic gardens (27%), to
forestry and agricultural genebanks (20%), universities and other research organisations
(32%), governmental (17%) and other organisations (4%). For example, the Royal Botanic
Gardens and Domain Trust joined the MSBP in 2003 and, in 2013, opened the Australian
Plantbank, a purpose-built conservation centre that incorporates the seed bank, alongside
cryostorage, tissue culture and a well-developed nursery, with associated staff including a
well-developed conservation focused science programme.

The facilities at the MSB were built to last for 500 years, and seed accessions stored
there should be viable for decades to centuries (depending on the species—some are short
lived even under ideal storage conditions—and the quality of the accession). The long-term
nature of this storage (>10 years) sets conservation seed banking apart from other seed
storage initiatives with short (<5 years e.g., restoration and regeneration) and medium
(5–10 years, e.g., plant breeding) storage needs, and defines the conditions of storage
(Figure 1) [20].

The storage procedures and monitoring of long-term conservation collections of wild
plant germplasm applied at the MSB, and botanic gardens seed banks generally, vary in
some respects from those employed in other types of genebanks which follow the Food and
Agriculture Organization of the United Nations (FAO) and the International Seed Testing
Association (ISTA) guidelines [20,52], but are based on practice developed in this sector.
Changes result from the diversity of wild seed types that are handled and stored (non-
uniform seed material), and the long-term nature of the conservation collections (10–100 s
of years). Storage conditions consist of drying to 15% equilibrium relative humidity and
storing in glass containers or trilaminate foil bags at −20 ◦C. Protocols are adapted for short-
lived species and for micro-seeds (<0.2 mm in length [53]). The MSBP Seed Conservation
Standards [54] were developed to ensure high quality collections are made and stored
across the partnership. The quality of an accession is assessed through the number of seeds
in the accession together with their viability and longevity. The genetic representativeness
of individual seed accessions and storing multiple accessions from different populations
of the same species is also important. Seeds are stored in the country of origin with up to
half of the collection sent to the MSB for duplicate storage, spreading risk by splitting the
collections between two geographically separate facilities. Where no adequate facilities
exist in country for the long-term storage of seed accessions, the whole collection can be
sent to the MSB, and half returned on establishment of appropriate facilities in country. In
some cases, for example, where legislation prevents the movement of national germplasm,
seeds remain in the country of origin and are duplicated nationally, while data are shared
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with the MSB. Updates relating to the viability of accessions and requests for use of material
are communicated to partners that store the duplicates.

A conservation seed accession consists of three items: the seeds; an herbarium voucher
from the population collected; the data associated with the accession (field, processing,
germination, etc). The herbarium voucher enables identification of the seed material to be
verified, and taxonomic changes to be tracked, while also providing a valuable ecological
and historical record.

Collection Size

The quality of seed collected from wild plants varies significantly. A cut test to check
seed quality prior to collecting is recommended. This enables an estimate of the number of
potentially viable seeds in the population to be made, which will determine if sufficient
high-quality seeds are available to enable a collection of 10,000 seeds to be made without
impacting on the regeneration success of the wild population. The amount of seed collected
should not exceed 10–20% of the seed available on the day of collection [55–57]. Collecting
10,000 seeds is recommended by the MSB to enable duplication between seed banks, routine
seed bank activities and seed supply over the intended lifespan of the collection [14], it
also allows for genetic attrition over time due to germination failure, disease and active
use [58]. It is, however, recognised that collections of this size will not be possible for
many rare and threatened species, and for those with restricted distributions, and a median
of 1000 seeds per accession is more common and often still adequate for conservation
purposes (Figure 1) [15,58]. For very rare plants, a seed collection of any size provides
options for the future.

Accessions undergo X-ray analysis after cleaning and prior to banking to determine
the proportion of full, potentially viable seeds within the sample. Many seed banks do not
have access to an X-ray machine but can still undertake a cut-test to determine the quality
of the seed. The number of seeds in an accession is identified either by direct count (for
small accessions <500 seeds) or by weight (five samples of 50 seeds weighed, remainder
of accession weighed, calculation performed). The original seed number is then adjusted
using the X-ray (or cut-test) results to provide an estimate of the number of potentially
viable seeds in the accession. Prior to sampling an accession, it is thoroughly mixed to
ensure that seeds representative of the whole accession are utilised.

Genetic Representativeness

Conservation seed collections should contain genetic diversity that is representative of
the population from which they were made, and collections should be made from enough
populations to represent the genetic diversity of the species across its range. Multi-year
collections from the same population may also be needed to capture the genetic diversity
of annual or short-lived species. Typically, those making conservation collections aim
to collect from at least 50 plants across the population, and to spread the number of
seeds collected per plant evenly between individuals [59]. For large shrubs and trees,
it is also recommended to collect from across the canopy [60]. The genetic diversity of
wild plant species is generally unknown, sampling strategies based on predictive models
for the capture of alleles across a population with increasing sampling effort, taking into
consideration factors such as the population structure and inherent species’ traits (e.g.,
pollination syndrome) are helping improve previous rules of thumb [58,61]. The needs
of the end user (e.g., restoration, plant health research, plant breeding, etc.) must also be
considered when developing a sampling strategy, for some uses maternal lines should be
banked separately (e.g., UK National Tree Seed Project, [62]). Both seed and living plant
collections offer opportunities to add back diversity to wild populations that have had
their extant populations reduced [63,64].
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Germination

Germination tests are the most effective method for checking the viability of a seed
accession, they also provide a protocol (set of test conditions) for turning the seed back
into a plant. At the MSB, all accessions of sufficient size (see below) undergo an initial
germination test post banking. This represents a significant task, with over 40,000 species
banked from 190 countries each requiring individual germination conditions to be assessed.
Re-tests occur every 10 years; however, if longevity is known to be short or seen to be
declining, the re-test interval is reduced to 5 years.

For accessions with an adjusted (see below) seed quantity of >2500 seeds, 50 full seeds
are used for the test and up to five initial tests with varying conditions may be performed.
This requires an over-sow calculation should the adjusted seed number be lower than
the original seed number. For example, if 45 out of 50 seeds were full in the X-ray test
(90% potentially viable), a total of 56 seeds (50/0.9 to the nearest whole number) would be
required per test to account for potentially empty seeds. The number of seeds per test and
number of tests decreases below this accession size, until for accessions with <259 seeds no
test is performed. In no instance should more than 10% of an accession be used, this ensures
sufficient seeds remain in the collection for monitoring and use over the predicted lifespan
of the collection in storage. The MSB’s use of 50 seeds in periodic germination (viability)
tests mirrors the FAO recommendation for distribution. It is less than the 200 usually
recommended by ISTA, to both avoid excessive depletion of wild species collections, which
are generally smaller than those in crop genebanks, and also to make best use of limited
staff time.

Anticipating Loss of Viability and Decline of Longevity

The longevity of an accession in storage is dependent on a variety of factors, including
species characteristics and genetics, the point of seed development at the time of harvest,
post-harvest handling and storage conditions employed. Monitoring of viability in storage
is vital, as declines in viability represent a loss of genetic diversity from an accession, and
management decisions around recollecting or regeneration will be required.

The MSB uses analysis of the results of periodic viability testing of accessions to fit
survival curves, extrapolation of which can be used to predict when the viability of each
accession would reach regeneration level (75% of initial viability, variation from FAO
standards, allowing for wild species issues) [14]. Approaching that level would trigger
a management decision; and in practice regeneration would be a very rare event, with
a request to re-collect in the source country, if possible, being the preferred option. For
a significant proportion of the MSB’s seed accessions made since 2000, there are not yet
sufficient viability test data points to permit fitting of survival curves, from which to es-
timate likely regeneration/recollection intervals. The relatively sparse, usable real-time
survival data have been supplemented by an on-going programme of comparative acceler-
ated ageing experiments across diverse species (see [65,66]). While the possibility that the
causes of death of individual seeds are different under accelerated ageing conditions from
those in long-term storage in a seed bank, the data provide a relative ranking of species’
likely storage longevity. These are used to inform decisions on monitoring period (reduced
from 10 years to 5 where a species’ seeds are suspected to be relatively short-lived). In
addition, accessions from taxa known or predicted to be short-lived under traditional seed
bank conditions have a subsample backed-up under cryogenic storage (liquid nitrogen,
see below, Figure 1, and [67]), though more research is needed to confirm the expected
improved survival at ultra-low temperatures.

Genetic Integrity

The MSB at present does not engage in any direct routine assessment of the genetic
integrity of accessions or its decline. With the particular issues attached to regeneration
of very diverse species from many countries, we do not engage in regeneration, except in
certain circumstances, mostly for UK native species. Instead, so far as is practicable, we rely
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on the correlation between loss of viability and decrease in genetic diversity; and efforts
are focused on making collections in the field of the highest viability, transferring them
as quickly as possible to optimum storage conditions, followed by regular monitoring of
viability in real time. Recollection from the wild is the preferred method of replacing an
accession, from the original population if it still exists, or from an alternative population
if that is possible. Analysis of the survival of MSB accessions over periods varying from
10 to >40 years are giving preliminary indications that 80–85% of accessions are not yet
showing any detectable loss in viability and thus are assumed to remain at or close to
original levels of genetic diversity and representative of the populations from which
they were sampled. For accessions that do show a loss in viability, or no initial viability,
recollection is recommended, or required. Since 1984, the average number of species
recollection requests per annum is 26.

Seed Supply

Seeds are available to bona fide individuals representing recognised organisations for
non-commercial purposes (e.g., research on seed biology, morphology or germination),
as defined by a material transfer agreement through the MSB Seed List [68]. The only
collections available for distribution are those with: a verified name; adjusted seed quan-
tity >1050; a germination test within the last 10 years; permission from the donor or project;
not covered by CITES; and not held at the MSB under quarantine conditions in compliance
with current UK Plant Health Regulations. Up to 60 seeds per accession are supplied,
the number depending on the adjusted seed quantity of the accession, following the FAO
minimum recommendation (30–50 seeds [20]). However, the standard does not cite specific
population genetic research in support of the recommendation.

Staffing

Wild species seed accessions at the MSB currently amount to ~97,000, of ~40,000 di-
verse species; with an addition of around 3000 accessions per annum. Collection curation
consists of accessioning/databasing, drying, cleaning, banking, viability testing (initial and
periodic), sample distribution, etc.; and needs a team of a Seed Collections Manager plus
16 staff, with a variety of skills and experience: and, unless growth of the collection is to
lead to unmanageable backlogs of processing and periodic viability testing, the team needs
the addition of a seed collections assistant every 2–3 years.

3. Challenges and Prospects

While the importance of living collections and seed banks has been clearly demon-
strated, together with the wider work carried out by botanic gardens in this sphere (e.g.,
outreach and education), there remain challenges to the long-term conservation of plant
diversity using these ex situ conservation options.

3.1. Geographic and Taxonomic Biases in Collections

While the number of botanic gardens working in conservation, and the number of
seed banks conserving wild species, has greatly increased in recent years, there remains
a disparity between the location of biodiverse, threatened habitats and the sites of these
conservation centres (Figure 3) [26]. Based on the records in BGCI’s PlantSearch, the
distribution of botanic gardens appears disproportionately temperate, with 93% of plant
species conserved in the northern hemisphere—mainly in Europe and North America [26].
BGCI’s GardenSearch similarly shows that two thirds of the 551 gardens that provide
records for plant conservation programmes are based in high-income economy countries
as defined by the World Bank [34]. While this may represent a slightly distorted view, as
there are more countries in the northern hemisphere, and gardens located in the northern
hemisphere have greatest data sharing capacity, it highlights the need to support and
establish botanic gardens in the tropics. This need is emphasised by the finding that an
estimated 76% of species not currently held in living collections are tropical in origin [26],
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and that the majority of the world’s plant conservation collections are located outside
the most biodiverse regions, with only a third occurring within the 36 global biodiversity
hotspots [34].

Figure 3. Geographic distribution of (A) ex situ conservation capacity and (B) centres of plant species richness. Ex situ
conservation capacity is represented by the numbers of seed banks and botanic gardens found in each botanical region
of the world according to level 3 of the World Geographical Scheme for Recording Plant Distributions (WGSRPD) [69].
Numbers of seed banks per region were extracted from the Millennium Seed Bank Partnership (MSBP) and Botanic Gardens
Conservation International (BGCI), whereas numbers of botanic gardens per region were extracted from only the latter. For
direct comparison, plant species richness was also extracted for each botanical region (level 3 WGSRPD) from the World
Checklist of Vascular Plants [70].
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Seed collecting programmes of the MSB have typically targeted areas of high biodiver-
sity and conservation need, originally in temperate and dry regions and more recently in
tropical regions. To date, 71% of MSB partner countries occur within the 36 biodiversity
hotspots—but only 27% of countries where the partner is a botanic garden lie within a
biodiversity hotspot compared to 78% of those where partners are not botanic gardens,
and 76% of countries with multiple partners, both within and outside botanic gardens.
However, the disparity between collections-based institutes in the northern and southern
hemisphere is still evident within the partnership, with only 18% of MSB partner countries
occurring in the southern hemisphere (22% for non-botanic gardens partners, 14% for
countries with both botanic garden and other institutes as partners, 0% for countries with
only botanic garden partners). When looking at the economy of the MSB partner countries,
as defined by the World Bank, a similar pattern emerges, with botanic garden only partner
countries occurring in only upper-middle and high income brackets, those with partners
within and outside the botanic garden sector also include some lower income countries,
and only those countries with partners exclusively outside of botanic gardens also include
low income countries.

In addition to the geographical gaps in collections, botanic gardens and collections-
based institutes, there are phylogenetic biases in the species that are conserved in living
collections and seed banks. While 30% of plant diversity has been found to be conserved in
botanic garden collections, representing 59% of all plant genera, there are certain groups of
plants that are less well represented. For vascular plants 93% of families and 50% of genera
are conserved, but for non-vascular plants only 5% of genera are held [26]. Furthermore,
certain plant families and genera are favoured, not least because of their ability to be
readily propagated and grown under prevailing conditions, but also because of their
horticultural appeal. Most species cultivated in botanic gardens, particularly larger longer-
lived species, are represented by an average of two to three individuals, and plants are
often clonally reproduced and shared, meaning that the genetic diversity of the wild species
or even population is not represented. In addition, as individuals and not populations are
conserved, and the number of individuals that can be housed is limited, genetic bottlenecks
can arise [71]. To be effective as conservation collections, 10–100 s of individuals of known
wild origin, collected from across the ecological and geographic range of the species, are
required [34], highlighting the importance of metacollections.

Furthermore, duplication between institutions is desirable to mitigate for loss due to
attrition, pests and disease outbreaks, natural disasters and theft [58].This is one important
reason why many botanic gardens have developed conservation seed banks and are linking
accessions to form metacollections of a given species or genus. For the latter, it is preferable
if the material held represents germplasm from separate collecting efforts of different
populations to maximise global coverage and relies on excellent record keeping tracking
the wild origins of shared collections.

Of increasing concern are gaps in ex situ collections of plants with known uses, many
of which are also threatened. For example, a study of the neglected and useful plants of
Mexico found gaps in the conservation of wild edible plants. Although 2598 wild plant
species (more than 10% of the Mexican flora) are conserved ex situ as seeds in Mexico, with
duplicates stored at the MSB, only 62 seed accessions of 21 species from the most important
groups of neglected and underutilized plant species mentioned in the review have been
safeguarded in the seed banks [72]. In addition, the lack of coverage of these species in ex
situ collections means that the associated research needed for species propagation (e.g.,
germination requirements, dormancy issues, etc.) at a scale to support agriculture and
restoration activities is also missing.
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Although 75% of all embryophyte plant families are recorded as being conserved
in botanic gardens [26], it is well known that not all of plant diversity can be stored as
living or seed collections (Figure 1, [26,73]). A further issue with seed banks is that the
material is in stasis, offering a snapshot of the genetic diversity of a population at the time
of collecting. While this is helpful for resurrection studies (e.g., [74]) it means that material
is no longer evolving. Living collections have a similar problem; while their plants can
adapt and evolve, it is to conditions often outside their native range.

Small accession size (low seed number) can be an issue for seed banks too when
working with very threatened or rare species, which tend to enable only small seed ac-
cessions to be made from relatively few individuals. One option to overcome this is to
employ multiple-year collecting to increase accession size, or to grow material on from
germination tests in order to harvest additional seed (regeneration) or produce tissues (e.g.,
shoot tips, somatic embryos, etc.) that can be preserved in tissue culture or cryopreserved
accessions (Figure 1). Ex situ collections of ‘exceptional species’ often inadequately capture
the diversity needed to represent diversity likely to be lost in the wild, even more so that
for non-‘exceptional species’. The increasing discriminating power and lowering costs of
molecular techniques means that they can be routinely added to conservation workflows
to increase the diversity of species within seed and genebanks, and for end use in transloca-
tion (movement of plants between different sites) and restoration [75]. This is particularly
helpful in situations where germplasm is held in living collections, where each plant held
represents significant cost to the managing organisation, minimising duplication, while
holding high diversity. For example, at the Australian Plantbank, Rhodomyrtus psidioides
and other critically threatened rainforest species, are being held as living collections, in
nursery-held pots, in gardens, field genebanks and in tissue culture [76]. These can be
seen as intermediate steps to the lower-cost long-term ex situ conservation goals of secur-
ing appropriately diverse germplasm of these species in seed banks, cryostorage and as
important elements of metacollections [22,23].

3.2. Cryopreserved Plant Collections

For conventional seed banking, an increasing challenge is the inability to store material
from ‘exceptional species’ for the long-term [11,12]. While living collections can overcome
this difficulty (Figure 1), issues around the amount of genetic diversity conserved and
the possibility of genetic erosion, hybridisation or problems associated with pathogens
and pests remain [77–79]. Cryopreservation is increasingly recommended as a solution
(Figure 1), enabling the long-term preservation of a diversity of plant materials (e.g., cells,
spores, pollen, shoot tips, seed embryos, whole seeds) and taxa (from algae to bryophytes,
ferns, cycads and orchids) and the storage of relatively comprehensive genetic diversity of
the population sampled on a relatively small space [12]. Plant cryopreservation is based in
the use of ultra-low temperatures (typically those provided by liquid nitrogen, <−130 ◦C)
and often chemical protectants to preserve cells and tissues without the formation of lethal
intracellular ice. There are different approaches that can be used which are mainly based
on the vitrification (i.e., ’ice-free‘ solidification) of the cell cytoplasm while protecting its
physicochemical properties and the structural integrity of tissues [12,77].

However, unlike conventional seed banking, plant cryopreservation does not have a
universal formula that can be used to preserve a wide range of plant taxa and tissues, and
cryopreservation protocols must often be developed and adapted at the species or variety
level [20] (Figure 1). In addition, the level of success of many protocols is lower than that
applied to germination standards set for conventional seed bank collections. For example,
a cryopreservation protocol is considered successful when regeneration is accomplished in
at least 20–40% of the preserved samples [80,81], for long-term conservation seed banking
storage is considered successful if levels of germination are above 75% initially and do not
drop below 85% of initial test levels on subsequent testing [20]. These discrepancies, in
both the lack of a universal method for plant cryopreservation and in the levels of initial
percentage of plant regeneration between cryopreserved plant collections and conventional

212



Plants 2021, 10, 2371

seed banking, have often been a barrier for the establishment of cryopreserved collections of
wild species within seed banks. However, this has not been the case for crop plants [12,82]
and we think similar standards of success should be applied to wild and threatened
‘exceptional species’ [83]. In this regard, cryopreserved plant accessions of wild species can
be viewed like the elements of metacollections described in a previous section of this paper.
For example, in the case of the rare Sinkhole Cycad, Zamia decumbens, indicated above,
over 60% of known genetic diversity for this cycad could likely be preserved by combining
the curation, in vitro culture and/or cryopreservation of 30 maternal lines (35% of known
genetic diversity for this cycad) and the preservation of pollen from 100–200 individuals.
This metacollection of cryopreserved, in vitro cultured and whole plant germplasm would
conserve a high genetic diversity of this rare cycad in a way that, if seed banking is not
easy, living metacollections alone would find challenging.

Cryopreserved plant accessions are relatively common for the long-term conservation
of certain crop species that are propagated vegetatively or have desiccation sensitive
seeds [77]. However, cryopreserved collections of wild plant species are not common but
are increasingly being considered and created within conventional seed banks and botanic
gardens. Examples include the CryoBiobank of the Cincinnati Zoo and Botanical Garden,
created in the late 1980s and holding the oldest, largest and most diverse collection of
cryopreserved plant cells and tissues [84], the MSB, which cryopreserves short-lived seeds
and spores, the USDA/ARS National Laboratory for Genetic Resources Preservation that
hold seeds and spores of the CPC network, and diverse Australian genebanks [85] (see
Box 1). However, we need to expand the number and scale of these types of collections,
particularly in tropical areas, where the proportion of species that cannot be banked using
traditional seed banking is larger [12,84,86]. Cryopreserved crop collections offer a great
source of knowledge not only in the techniques that can be applied but also in solutions
for challenges that arise from the management of globally cryopreserved collections [87].
Some historical cryopreserved wild plant collections have provided data to evaluate not
only the costs and challenges of preserving wild plant species in vitro and stored in liquid
nitrogen, but also on the stability and longevity of the preserved samples [12,84,88].

Nevertheless, there are some aspects to consider if we want to increase the number
and scale of cryopreserved plant collections of wild species. Firstly, the ’fear‘ of using
liquid nitrogen technologies needs to be reduced, as this is often the first barrier to the
development of basic cryopreserved plant collections across conservation institutions. For
example, cryopreserved collections for short-lived desiccation tolerant seeds, fern spores,
and desiccation tolerant pollen can be created with minimal investment and training, as
dry seed, spore and/or pollen collections can be stored in liquid nitrogen with relatively
low technical requirements [67]. Secondly, conventional seed banks and botanic gardens
need to invest in infrastructure and specialised training to increase the taxonomic and
geographic variation of cryopreserved collections of wild plant species (the scale of the
investment will depend on the scale of the cryobank desired). Thirdly, cryobiotechnological
research needs to be increased if more species and tissues are to be successfully cryopre-
served [12,83–85,89–91]. Fourthly, we must strengthen networking between wild species
genebanks and crop genebanks to facilitate the preservation of wild species collections at
the regional level in their crop genebank cryobank facilities, particularly in tropical areas
where funding, a stable supply of liquid nitrogen and training for the development of wild
species cryopreserved collections may be challenging [84].
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Box 1. Meeting the challenges of seed banking and conservation of ‘exceptional species’ in Australia.

Australia has a large, diverse flora and many endemic species. The negative effects of climate
change—such as decades of frequent drought and bushfires—coupled with habitat loss, rapid
spread of invasive weeds and disease, have resulted in an increased level of threat to native
flora [92]. The unprecedented scale and intensity of the ‘Black Summer’ fires of 2019/20, burning
more than 10 M ha of land in south-eastern Australia across 11 Australian bioregions and 17 major
native vegetation groups [93], has undoubtedly brought many species closer to extinction. Botanic
gardens are being activated to help monitor post-fire recovery and to collect germplasm for ex situ
conservation.
There are presently ten conservation seed banks in Australia, mainly in botanic gardens, that hold
68% of threatened flora represented by at least one accession [92]. Efforts have largely focused on
dryland species, due to the expectation of desiccation sensitivity of seeds of rainforest. Several
studies have explored the seed storage potential of Australian rainforest flora [49,94] and these
results were combined with other data sets to develop a key for determining the seed storage
potential of untested rainforest species [49]. This key will help us to understand the complex
biology of ‘exceptional species’ and recognise species that need conservation efforts beyond the
traditional seed bank.
A number of Australian crop wild relatives fall into the exceptional category, including Citrus,
Syzygium [95] and Macadamia species. Macadamia is Australia’s only indigenous crop grown at large
scale, and current efforts are focusing on the twin challenges of securing the remaining germplasm
of the four Macadamia species in the wild (which are all threatened), while ensuring the availability
of material for inclusion in breeding programmes. Alternative conservation methods such as tissue
culture and field genebanking are available for such species [96]. The further development of
cryostorage techniques for ‘exceptional species’ conservation is an increasing focus of collaborative
research due to the great potential of this technique as a long-term conservation option [85,97,98].
The recent environmental disasters in Australia have greatly increased the imperative for ex
situ conservation of all species, but particularly for those of fire-impacted east coast rainforests,
including the relictual Gondwanan rainforests. These forests rarely burn, and the species are
often poorly adapted to fire. The fires may have left these forests ‘susceptible to regeneration
failure and landscape-scale decline’ [93]. Many species are already under pressure from habitat
loss due to clearing, the effects of invasive weeds and diseases. An added, looming existential
threat to rainforest Myrtaceae species, is the recent incursion of Myrtle Rust fungus (Austropuccinia
psidii). This disease has spread rapidly to more than 358 species in Australia since its unfortunate
introduction in 2010 and has been found more recently in New Zealand. Myrtle Rust is decimating
a number of once common rainforest species, such as the Scrub Turpentine (Rhodamnia rubescens),
and Native Guava (Rhodomyrtus psidioides), with imminent annihilation expected for a number
of species [99]. If the plants are not killed outright, the disease often affects the flowers and
fruit and therefore collecting of seeds from the wild is usually not an option. The disease can be
controlled in cultivation; however, progress of the disease may outpace germplasm capture for ex
situ conservation such is the scale of the problem [76,100].

3.3. The Importance of Networks

Developing and maintaining active networks of institutions focused on a shared
goal can be a significant tool for nations to meet their commitments to international
plant conservation and restoration targets [101]. Well established networks aimed at
tackling plant conservation issues exist at different levels: locally, nationally, regionally, and
globally. Networks operating at the national level often have a highly targeted approach
to plant conservation. An example is the Mexican native species Biodiversity Nurseries
Network (REVIVE), implemented jointly with the Seed Reserve (RESEM) in the Veracruz
State. Their mission is to increase the diversity of native species growing in nurseries
for restoration purposes. Initially most nurseries only worked with native Pinus species,
but REVIVE now have more than 200 native species from different Mexican ecosystems
available as seedlings or seeds for distribution [102]. National networks can also feed into
regional ones. ENSCONET is a regional network of institutes with an interest in native
species conservation through seed banking that includes the Italian seed banking network
(RIBES) [103] and part of the Spanish seed bank network (Red Española de Bancos de
Germoplasma de Plantas Silvestres) [47] and Mediterranean network (GENMEDA) [104] as
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part of their current membership. Collectively, the membership has contributed to ensuring
62.7% of European threatened species are in long-term conservation [105].

Global networks have the greatest diversity of associated organisations and have the
potential of having the greatest global impact. Under the umbrella of the MSBP, botanic
garden seed banks, agricultural genebanks and forestry seed centres are brought together
with a shared purpose, enabling the development of more collaborative and complementary
conservation programmes. Similarly, BGCI’s Global Seed Conservation Challenge (GSCC),
a network of over 200 botanic gardens involved in seed banking, supports seed banking
through provision of training, resources and funding while challenging botanic gardens to
conserve more threatened species in seed banks. Since 2015 the number of taxa conserved
as seed added to PlantSearch has doubled. Through the GSCC fieldwork fund, 120 species
have been collected, including 45 threatened with extinction. These global networks and
consortia can make a significant contribution towards global conservation and restoration
targets but do require significant levels of resourcing to be effective at a global scale.

The existence of a maintained network can increase reactivity and dynamism amidst
political and environmental instability. Climate change is leading to an increase in extreme
weather events, including drought and related wildfires, hurricanes, and flooding. In 2012,
the US endured several environmental disasters including the burning of two million acres
of sagebrush in four western States, and widespread damage to native plant communities
responsible for stabilizing soils and filtering water on the East Coast by Hurricane Sandy.
These events led to the creation of the National Seed Strategy for Rehabilitation and
Restoration to provide a more coordinated approach and response to these large-scale
events [106]. Ecological restoration is often constrained by a lack of the large quantities
of seed required. The Strategy focuses on the establishment of a nationwide network of
native seed collectors, farmers and growers, nurseries and seed storage facilities to supply
adequate quantities of appropriate seed, together with a network of restoration ecologists.
The vision of the strategy is ‘The right seed in the right place at the right time’. A progress
report in 2021 showed 380 partners are involved in the resulting network and have together
invested $167 M in the programme [106].

More recently, the 2019 ‘Black Summer’ bushfire season impacted 67–83% of globally
significant forests and woodlands of Australia, and decimated >50% of known populations
or ranges for over 800 vascular plant species native to Australia (see also Box 1) [93].
Australian botanic gardens have long had a strong focus on the conservation of native
and, particularly, threatened species. This was fostered by the formation of the Australian
Network for Plant Conservation in the early 1990s, followed by various partnerships with
the MSB from the late 1990s, which in turn enabled the establishment of the Australian
Seed Bank Partnership (ASBP) [107]. These networks and partnerships supported the
development of seed banking capacity in each State and Territory, and firmly placed
botanic gardens as providers of plants and services for conservation of Australian native
species. The ASBP enabled a rapid response post-fire in the form of habitat assessments
and collecting seeds from remaining individuals found in refugia, as well as long-term
monitoring of habitats of affected species over the coming years. ASBP is working not only
with plant conservation consortia across Australia but remains part of the global network
of the MSBP. This continued partnership provides further security for the Australian
seed collections, with over 9000 Australian species duplicated to the MSB over the past
20 years and forming an integral part of their collections, with the potential for repatriation
when required. This ability of networks to enable reactivity and dynamism in an ever-
changing world will be increasingly important for plant conservation and responses to the
biodiversity crises in the coming decades.

In relation to cryopreservation of ‘exceptional species’ plant cryobanks are well estab-
lished in many national and international crop centres, such as Bioversity International,
the International Center for Tropical Agriculture (CIAT), the International Potato Center
(CIP), the International Institute of Tropical Agriculture (IITA), the World Agroforestry
Centre (ICRAF), the Global Network on Cacao Genetic Resources Conservation and Use
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(CacaoNet), the USDA/ARS Agricultural Genetic Resources Preservation Research, the
Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), where vegetatively
propagated or desiccation sensitive seed crops are preserved in liquid nitrogen [77,87].
Some of these cryobanks are well interconnected through global networks and initiatives
such as the CGIAR [77,87]. Similarly, for the forestry sector, nursery stands of economically
important tree species are general practice across many agroforestry centres, allowing for
the use, conservation, improvement, and distribution of germplasm [108]. Coordinated
networks for the conservation of ‘exceptional’ wild species are less prominent; however,
there are notable examples. At a global scale, BGCI in collaboration with Valerie Pence at
the Cincinnati Zoo and Botanical Gardens is working to link knowledge, resources and
projects globally to conserve threatened ‘exceptional species’ in a systematic way [109].
Within this collaboration they are promoting the creation of an Exceptional Plant Conserva-
tion Network (EPCN), that aims to share resources, including a list of ‘exceptional species’,
information and links to information on the species and alternative conservation technolo-
gies, ways to link to other researchers working with ‘exceptional species’, as well as other
supplemental information [110]. The EPCN is planned as an open resource that will benefit
from the input of all researchers who are working on the conservation of threatened ‘ex-
ceptional’ plants. Moreover, BGCI’s Global Conservation Consortia coordinates networks
of institutions and experts towards the conservation of priority threatened plant groups,
such as maples, oaks, magnolias, and dipterocarps. These networks help to develop and
implement comprehensive strategies for in situ and ex situ conservation efforts (including
cryopreservation) and dissemination of species recovery knowledge. At the national scale,
networks such as the CPC in the USA, promote research and the use of tissue culture and
cryopreservation techniques as alternative storage methods to conventional seed banking
for the conservation of threatened ‘exceptional species’ [57].

3.4. Data Management and Access

Data sharing is key for enhancing global plant conservation collaborations, enabling
exchange of knowledge across networks and the establishment of metacollections. For
both living collections and seed bank accessions, the associated data, gathered through
the collecting, processing and/or growing activities, represents a wealth of potential for
collection management, research, restoration and conservation action [111,112]. Typically,
data shared by botanic gardens is related to taxonomy, distribution, conservation status,
plant availability in gardens, uses and a brief description of the plant. Data captured by
seed banks is generally focused on seed traits such as seed storability, viability and/or
germination, morphology, collection location, and seed availability.

A challenge for data sharing, particularly for wild species seed banks, is the incom-
patibility of different data management systems across botanic gardens and seed banks.
Data sharing for crop species is more advanced in relation to unifying accession and trait
data under an open access system (e.g., Genesys [113]). The MSBP network goes some
way to tackling this issue through the development of the MSBP Data Warehouse [114].
Developed in 2015 as an online resource for partners, this platform aggregates data from
partner’s in-country collections with the duplicates held at the MSB. Currently, the MSBP
Data Warehouse holds data of 230,166 seed accessions, 2074 X-ray images and 220,295 ger-
mination data, and partners can access the majority of this seed related data from across
the global network. It also provides links to other RBG Kew online resources such as Plants
of the World Online (POWO) and the Seed Information Database (SID). Processing data for
duplicate accessions is repatriated through the system, highlighting accession quality and
enabling reflection on existing processes to aid future collecting.

Alongside the use of networks as a hub for data and knowledge exchange, the devel-
opment of shared network systems can be a way of accelerating institutional data onto
globally accessible platforms. In 2005 ENSCONET developed ENSCOBASE [115], an open
access database where members of the network can upload data on native European wild
species within their seed bank. Publicly accessible platforms such as ENSCOBASE and
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PlantSearch can be used to measure progress towards international targets such as the
GSPC by tracking collections of threatened species [105]. They also connect accessions
directly to conservationists, educators, horticulturalists, researchers, policy makers and
many others who are working to conserve and understand plant diversity, and data can be
used to prioritise conservation of threatened species not held in ex situ collections. This
prioritisation can be implemented by individuals, organisations or networks at the local,
national, regional or global level depending on the species’ distribution. The number of
seed banks uploading data to PlantSearch has doubled in the last five years; however, only
around 80 of the 355 botanic gardens with seed banks upload their seed accession data to
PlantSearch in addition to information on their living collections. Institution level resourc-
ing to facilitate upload of data is an issue common to many conservation-oriented data
sharing platforms—however, the more data these platforms contain, the better-informed
conservation actions will be.

The MSB Data Warehouse, ENSCOBASE and PlantSearch are among the very few
examples of initiatives to share data across and beyond the botanic garden network. A
wide range of different systems are used by botanic gardens to maintain accession-level
data on the plants in their collections, but unlike the plant genetic resource sector, data
sharing and the adoption of common data standards has not yet been a priority. While
some botanic gardens (e.g., RBG Edinburgh) provide on-line access to collection catalogues,
this tends to be the exception rather than the rule. Legitimate concerns about potential
theft keep curators of living collections from sharing their full catalogues. However, an
initiative from the German Botanic Garden Network (gardens4science) aims to develop
a data portal giving accesses to the local databases of the living collections of more than
10 gardens, starting with bromeliads and cacti [116].

Sharing data relating to species that are highly threatened or have the potential for
exploitation also presents a challenge for seed banks. Accession data typically have locality
and use documented within databases, and whilst this provides opportunity for use in
research and conservation, it can lead to misuse and may exacerbate illegal trafficking
of material for commercial gains [117]. The MSBP Data Warehouse ensures compliance
with agreed use of associated data from donating institutions in two ways. The first is by
sharing an online view containing ~85% of the offline database, with any requests for data
sensitivity accounted for. The second is the ability to restrict locality information through
’fuzzy mapping‘, where coordinate data can be restricted, or resolution decreased on the
interactive map. ENSCOBASE uses an alternative solution, and only provides location
data at the country and biogeographic region level.

Language can be a limiting factor in the sharing of information and knowledge.
Although English is generally accepted as the language of science, the greatest plant
diversity lies in regions where English is not the native language, and these are also the
areas experiencing the greatest threats to plant species survival [118,119]. The use of multi-
language tools and ensuring that information generated for a specific location’s flora is
available in the local language will help relieve this issue. There are good examples of
developing such material: the ENSCONET seed collecting manual is available in nine
European languages; and the ColPlanta website [120] for Columbian plant and fungi
information is accessible in English and Spanish [121]. Similarly, global aggregators such
as the Global Biodiversity Information Facility (GBIF) [122] have the capacity to switch to a
variety of commonly used languages.

Finally, we must also acknowledge the global disparity to internet access and the
impact that this has on successful data exchange, particularly for those within global
networks. Areas where there are high biodiversity and associated threats to plants, such as
much of Africa and Papua New Guinea sit relatively low in the rankings of internet users
per population size [123]. For these key areas, the development and maintenance of national
and/or regional networks remain important, as they serve as a way of ensuring continued
support and knowledge exchange across multiple players in plant conservation within
high biodiverse ecoregions. The inclusion of expansive knowledge and technology transfer
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programmes that enhances capacity of local collections alongside global repositories can
also mitigate the issue of access, for example, the various standard and bespoke training
programmes run by BGCI and MSB.

3.5. The Importance and Challenges of Material Sharing

We have already articulated the importance of duplicating seed collections at two
geographically distinct seed banks and joining living collections in metacollection strategies.
This insurance policy is increasingly important as environmental change becomes less
predictable and impacts greater areas. For many critical plant species that are in living
collections, a singular locality can dramatically increase the risk of a collection being
compromised either through total loss or gradually, through genetic erosion. Furthermore,
use of seed material for research can also contribute towards species conservation [112]
and to finding solutions to global challenges, such as food security [124].

There are various challenges in relation to sharing of material globally. One relates
to colonial histories and biopiracy, where historical imbalances have led to a lack of trust
in material sharing, particularly at the international scale, potentially to the detriment of
global plant conservation. Limiting access to physical material and associated data can
hamper research progress, potentially impacting the long-term conservation of endemic
floras. As plant species’ distributions straddle national boundaries, these limitations can
also impact the conservation of species with regional or global distributions, making a
comprehensive assessment of their risk of extinction and overall management difficult.

In 1993 we witnessed the first step change in recording consent through the ratification
of the Convention on Biological Diversity (CBD) [125]. The ratified members of the CBD
recognise the sovereign right of countries over their genetic material and any sharing
of materials across national borders must take place in the context of PIC and under an
agreement on the terms of transfer of the material, including any subsequent access and
benefit arising from its use. The Nagoya Protocol provides a legal framework for the access
and benefit sharing of biological diversity [27]. Benefit sharing negotiated between parties
can include, but is not limited to, access to accessions and associated data, augmentation of
national collections, transfer of technology, training, joint research activities and in the case
of commercialisation, monetary exchange.

The implementation of the Nagoya Protocol (currently ratified by 132 countries) re-
quires botanic gardens in both provider and user countries to understand the modalities
involved in collecting and storing plants and seeds outside their national boundaries. In
Europe and beyond, many gardens have joined the International Plant Exchange Network
(IPEN) and/or endorsed the Kew Principles on Access and Benefit Sharing. These initia-
tives include Codes of Conduct which guide how material in collections can be used and
shared in line with the Nagoya Protocol. The principles of Access and Benefit Sharing
also apply within countries and have shone a light on ‘ownership’ of natural resources,
especially those which occur on land owned or managed by indigenous communities. In
Mexico for example, the national botanic garden network has developed a Code of Conduct
and best practices for collecting seeds with indigenous communities, and a similar code is
under development in Australia [126].

The establishment of a policy group at RBG Kew with legal expertise to develop,
maintain and record agreements has ensured its compliance with the CBD and CITES.
The majority of MSB partnerships are developed through bilateral agreements, where
the terms of material use (i.e., Material Transfer Agreement) are clearly outlined. Con-
tinued communication between the two acting parties ensures benefits are transferred
(e.g., germination protocols) and PIC is sought for third party use. Exceptions exist, for
example, the Adapting Agriculture to Climate Change project [124] was governed through
the Multilateral System (MLS) of access and benefit-sharing under the International Treaty
on Plant Genetic Resources for Food and Agriculture (ITPGRFA). Negotiations for this type
of relationship require further trust-building and ought to incorporate the use of the ABS
clearing house as part of the project to ensure compliance.
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Bilateral (or multilateral) agreements are typically made at the national level, and
so tend not to capture the diversity of stakeholders required to deliver highly impactful
conservation outputs. The inclusion of indigenous and/or local communities in relation
to access (i.e., of land, knowledge and material) and benefit sharing (e.g., monetary/non-
monetary and national/international) is an increasingly important aspect to consider [127],
particularly in countries where well-established networks exist. Examples include Aus-
tralia, New Zealand, Canada, and the United States. An added challenge is the practical
management of data relating to indigenous knowledge, a subject currently actively debated
within the museums and humanities sectors [128].

Living material (e.g., live plants and seeds), have the potential to carry a variety
of bacteria, viruses and fungi as part of their microbiome [129,130]. The relationship
can be beneficial (i.e., required for germination or growth), commensal or pathogenic.
Therefore, sharing of material will inevitably carry some level of risk, notably with regards
to the introduction and spread of novel pathogens. Since its emergence from commercial
nurseries and plantations in South and Central America, the pathogen responsible for
Myrtle rust (Austropuccinia psidii) has expanded its international range rapidly, spreading
into the Australasian continent within the past decade and affecting native populations
of Myrtaceae [131–133]. The World Trade Organisation Agreement on the Application of
Sanitary and Phytosanitary Measures [134] provides the international regulatory system for
plant health and aims to prevent the introduction and spread of harmful diseases or pests.
Within this agreement are a set of reference standards on which nations can build a legal
framework that relates to plant health and trade. For example, the EU Plant Health Regime
provides a framework governing the movement of plants from non-EU countries. Import
of some species that are deemed high-risk are completely banned, whilst others require
accompanying phytosanitary certificates [135]. Aside from selected high-risk material
(e.g., Malus, Aegilops, etc.) requiring ‘plant passports’, plants or plant products can move
freely within EU member states. Therefore, any changes within the political landscape, for
example, the UK’s exit from the EU, will inevitably have an impact on the ease of material
access and sharing. Additionally, processes of disease and pest screening prior to issuing
phytosanitary certificates can be flawed or limited by the capacity and effectiveness of a
country’s screening measures [136]. The type of material being shared will also need to be
considered as the level of regulation can vary greatly (e.g., pollen versus seeds).

While seed is generally considered to be relatively ‘clean’ with respect to pests and
diseases, and its movement is generally less restricted by phytosanitary restrictions than
other types of plant material, seed collected from wild populations may present a ’trojan
horse‘ for transmission of pathogens. Recent research on seeds of African eggplant wild
relatives found the seed contained potato spindle tuber viroid, both a first finding for this
host and a first record in several countries. Like seeds, pollen international exchange is
considered safe, as harmful pests and diseases are rarely transferred through pollen [77].
However, pollen may be a vector for viruses and other pathogens [137] and specific
phytosanitary restrictions have been placed in some plant groups and countries (e.g., Citrus
in the USA [138]). That germplasm collections may be storing diseased material poses a
downstream phytosanitary risk to the collections, species conservation, or future breeding
research.

Considering the challenges of sharing material globally, including constrains imposed
by the policy environment, plant conservation efforts must include building capacity
in the country of origin, notably in biodiverse regions. One example is provided by
the Meise Botanic Garden in Belgium, whose scientists have been studying the wild
diversity of Coffea in Central and West Africa for almost 25 years. In order to ensure the
conservation of important diversity in the Democratic Republic of Congo, Meise Botanic
Garden has trained a network of local botanists, ensured the rehabilitation of historic field
and herbarium collections and supported the collection, conservation and evaluation of
newly described plant species in ex situ collections [139]. The biological constraints of the
species and/or seed itself can mean that transporting germplasm may be less favourable
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than storing it locally. Maintaining or developing networks within countries, including with
the agricultural sector that often has cryostorage facilities, will enhance the conservation
potential for seeds that are short-lived and/or desiccation sensitive.

4. Plant Conservation in the Wider Context

4.1. Integrated Conservation

It has been said that there is no technological reason that any plant need go extinct [26];
however, it is also recognised that seed accessions have a limited shelf life, and that the
size and usefulness of accessions will decline over time as they are used for activities
such as research, reintroductions, or periodic viability monitoring. Neither seed banks nor
botanic gardens, even with support from cryopreservation, are a surrogate for functioning
ecosystems, and there will always be a need to preserve plant diversity in situ. Integrated
conservation, where botanic gardens and seed banks help ensure plant diversity conserva-
tion through outreach and engaging with in situ work, is vital. The following case studies
highlight how the knowledge, skills and collections in botanic gardens and seed banks are
helping address some of the global challenges facing humanity by halting biodiversity loss,
increasing food security and supporting livelihoods.

4.2. Agrobiodiversity—Contribution to Global Food Security

Concern about the impact of climate change on global food security and biodiversity,
coupled with continued population growth, has driven initiatives to diversify our food
sources and build crop resilience [140].

The Adapting Agriculture to Climate Change, or Crop Wild Relatives, Project (2011–2021),
managed by the Global Crop Diversity Trust and RBG Kew, and funded by the Government
of Norway is such a project. Crop wild relatives (CWR), the distant wild ‘cousins’ of
domesticated crops, contain genetic traits that can potentially be harnessed through crop
breeding techniques to create climate and pest-resilient crop varieties. The unavailability of
these vital CWR plant genetic resources for food and agriculture (PGRFA) to crop breeders
due to their insufficient conservation in ex situ collections [141], resulted in this concerted
international effort to collect the wild relatives of 29 of the most important food crops from
across the globe. Occupying a unique position of experience in the ex situ conservation of
wild species seeds, the MSB played a pivotal role as the global duplicate repository, via the
use of Standard Material Transfer Agreements (SMTA), for almost 4000 seed accessions of
over 240 taxa collected by institutional partners in 21 countries. In addition, by making
use of Kew’s vast herbarium, seed collecting guides for each CWR project country were
produced. Training in seed collecting and conservation was also provided at Kew and
in-country to 174 individuals associated with the project.

In addition to safeguarding CWR seed collections in the countries of origin and at
the MSB, the final component of the project was to distribute small samples (typically
100 seeds) of each accession to specialist CGIAR-affiliated genebanks around the world
for incorporation into research programmes, investigating traits within CWRs that confer
resilience to abiotic and biotic stresses. As such, the CWR project has by necessity brought
the MSB’s expertise of wild species seed conservation and the CGIAR genebanks’ focus
on improved crop varieties together with the common goals of improving global food
security through the sustainable use of plant genetic resources in the face of climate change,
improving human nutrition and health and reducing poverty.

Many important crop species cannot, however, be stored in traditional seed banks.
The National Tropical Botanical Garden in Hawaii is host to the Breadfruit Institute which
includes the largest assemblage of breadfruit cultivars in existence. The Institute is using
the knowledge acquired by more than 30 years of conserving and studying breadfruit to
plant trees in tropical countries for food and reforestation, provide economic opportunity,
and to educate the public about the benefits of growing—and eating—this underutilised
crop. More than 300 breadfruit trees are conserved in the living collection and, working
with its partners, the Institute is sending micropropagated breadfruit trees to tropical

220



Plants 2021, 10, 2371

countries worldwide. Since the launch of the initiative in 2009, more than 100,000 breadfruit
trees have been sent to 44 countries. The breadfruit collection includes accessions from
34 islands across the Pacific including some cultivars that are now rare or vanishing in
their homelands. The geographical scope of the collection also includes accessions from
Indonesia, the Philippines, Seychelles and Honduras.

4.3. Supporting Food Security and Livelihoods

Throughout human history, wild edible plants (WEP) have been important to rural
communities [142–145], but wild populations of WEP are under threat globally [146]. In the
South Caucasus, Kew collaborated with long-standing partners of the MSBP, the National
Botanical Garden of Georgia, the Institute of Botany Ilia State University of Georgia, and
Nature Heritage NGO of the Republic of Armenia to deliver a 3-year Enhancing Rural
Caucasian Livelihoods through Fruit and Nut Conservation project funded by the Darwin
Initiative. Due to the strong intrinsic link between plants and people in the Caucasus, this
project ensured the conservation of wild species without jeopardising the livelihoods and
food culture of the target and surrounding communities.

Through a multidisciplinary project team, consisting of botanic gardens (and their
associated seed banks), local NGOs, social scientists, research universities and community
leaders, the project covered five main themes: engagement; in situ and ex situ conservation;
research; and training.

Two communities were engaged with the project, one in the south of Armenia and
one in the north of Georgia. Community-led steering groups oversaw various project
activities, maintained a participatory approach throughout the project’s lifetime and pro-
vided a legacy after the project end. An awareness campaign on the importance of plant
conservation and sustainable harvesting led by in-country project members supported
by a steering group reached 60% of communities that utilise the harvesting landscape.
Through community member project interviews the key WEP harvested were identified
together with their use and the level of perceived importance of these products. Thirty
native fruit and nut plants were brought into cultivation in three community-run orchards,
alleviating overharvesting of wild populations whilst simultaneously providing income
for local families. Training on how to propagate and care for the plants was led by local
horticulturalists based at the relevant botanic gardens.

Georgian and Armenian conservationists received IUCN Global Red List assessment
training, enhancing the capacity for in situ conservation activities in-country. The training
and close collaboration with national herbaria enabled the assessment of 20 fruit and nut
species that are endemic to the region. A mixture of species used by local communities and
their threatened wild relatives were targeted for seed collection and conservation: 193 seed
accessions from 119 different fruit and nut species were conserved and duplicated to the
MSB.

The project aimed to narrow the knowledge gap of WEP and build research capacity
within the target countries through engaging two local MSc students. Collaboratively
developed research topics revolved around key edible species that are frequently used
locally, but rarely investigated (Rosa in Armenia and Prunus in Georgia). By utilising the
expertise both in-country and at RBG Kew, the students were trained in various aspects of
plant science, from seed conservation to genomics.

Through the project, the team began to have a better understanding of the way the
local landscape is used by local communities, and subsequently the needs for its continued
conservation. An important aspect that was outside the scope of the project was studying
the impact of commercially driven collectors originating from outside the local area, who
can have a significant impact on overall biodiversity at the landscape level if their activities
are not conducted sustainably [147]. To explore this further, the partnership will need
to develop sustainability training at a commercial scale (e.g., the FairWild model) and
expertise in supply chain valuation. Building cryopreservation capacity, both in-country
and at the duplication site, for wild edible species that have seeds that are short-lived (e.g.,
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Corylus spp.), intermediate (e.g., Fagus spp.) and/or recalcitrant (e.g., Quercus spp.) would
also greatly benefit long-term conservation of these species [67].

The Kew-led Useful Plants Project was implemented on the ground over two phases
(2007–2010; 2011–2015) under the MSBP with the aim to enhance the capacity of local
communities to successfully conserve and sustainably use important indigenous plants in
Botswana, Kenya, Mali, South Africa, and Mexico [148]. The project brought together Kew
scientists and a wide range of collaborators from different disciplines, involving botanists,
horticulturalists, agronomists, and foresters, who worked closely with rural communities,
local authorities, and schools utilising participatory techniques. A scientific approach was
applied throughout the main components of the project: selecting useful plant species; ex
situ conservation; propagation and planting; and supporting people’s livelihoods. Most of
the species were reported to have a medicinal use (878) or to be used as food for humans
(615) and materials (427). In Africa, prioritised useful plants included: the iconic multi-
purpose Adansonia digitata (Baobab) and the highly valued Senegalia senegal (Gum arabica);
food plants Schinziophyton rautanenii (Mongongo tree) and Tylosema esculentum (Morama
bean) used in Botswana; the multipurpose timber tree species Melia volkensii in Kenya; and
several species of columnar cacti and agaves in Mexico used for their edible flowers and
fruits [149]. This project has achieved an impact on plant diversity conservation through
seed banking of priority useful plants, with 1271 seed lots banked in-country and 952 du-
plicated in Kew’s MSB. Research on seed germination helped support plant propagation
activities, and facilities were set up or improved at the local level for the conservation and
propagation of the prioritised species. Training and knowledge in seed conservation and
plant propagation were also provided to rural communities while facilities were set up or
improved locally. Two hundred and sixty-seven species (76,389 seedlings) were planted in
community gardens for direct use, 59 of which (seeds/seedlings/part of plants or their
plant products) were promoted for income generation in rural communities through work-
shops and marketing events. Finally, the project supported local education through the
establishment of school gardens and increased knowledge on the conservation and sustain-
able use of native species and by tutoring undergraduate and postgraduate students. This
project highlighted the importance of applying an ‘holistic approach’ to address the dual
objective of biodiversity conservation and contribution to improved livelihoods in the local
communities [148].

4.4. Restoration and Reforestation

The important role that botanic gardens can play in supporting ecological restoration
through the provision of scientific knowledge and plant material has been well docu-
mented [150]. In GardenSearch, 329 institutions are listed as having a plant reintroduction
programme, and 226 are involved in restoration ecology research. The Ecological Restora-
tion Alliance of Botanic Gardens includes 49 members. Here we consider five examples
which show how the integrated plant science and conservation expertise of botanic gardens
and associated seed banks are helping deliver practical, on-the-ground solutions to plant
and habitat loss.

The UK Native Seed Hub (UKNSH), established in 2011, was conceived as part of
RBG Kew’s response to an independent review commissioned by the UK Government,
of England’s wildlife sites and the connections between them, entitled ‘Making Space
for Nature’ [151]. The report proposed a long-term strategy, to 2050 and beyond, for
conservation in England based on rebuilding nature, fragmented and degraded due to
human activities, at a landscape scale, by creating coherent and resilient ecological networks
that would link and expand existing habitat patches with buffer zones, wildlife corridors
and areas of active restoration and habitat creation.

A significant constraint to effective conservation and habitat restoration is the lim-
ited availability of known-origin, high-quality, genetically diverse seeds and plants [112].
The MSB, through its comprehensive UK seed collections coupled with its scientific and
technical expertise, was well placed to address this shortfall. Since 2011, the UKNSH has
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embraced this role by providing plant materials (seeds and plug plants), applied research
and technical assistance to over 63 conservation projects, and has partnered with more
than 41 organisations in the UK from both the public and the private sector.

One of the chief aims of the UKNSH from the outset was to support the goals out-
lined in the Lawton Report (2010) to rebuild nature on a landscape scale, enhancing and
strengthening ecological networks [151]. Eight years on from the publication of that report,
while evidence of success in terms of landscape scale conservation nationally is unclear
and at best mixed [152,153], the UK Government published a broader 25 Year Environ-
ment Plan [154], which included a commitment to develop a Nature Recovery Network,
launched in 2020, to expand, improve and connect a national network of wildlife-rich
places across towns, cities and the countryside. Going forwards the UKNSH, in line with
Kew’s Manifesto for Change 2021–2030 [155], will continue to support these aims and seek
further opportunities to work with the government, landowners and managers, businesses,
local communities and conservation organisations.

China is home to 10 percent of the world’s total plant diversity, some 30,000 higher
plant species [156]. However, there are many threats to China’s native flora including rapid
socio-economic development, climate change, habitat conversion and unsustainable use of
native species. The country is a key region for BGCI’s mission to mobilise botanic gardens
and engage partners in securing plant diversity for the well-being of people and the planet.
BGCI launched its China Programme Office (hosted by the South China Botanical Garden
Chinese Academy of Sciences, Guangzhou) in 2008 following BGCI’s collaboration in
the development of China’s Strategy for Plant Conservation (CSPC) [157]. The CSPC
highlighted China’s botanical wealth and the urgent need for conservation action. BGCI
activities focus on collaborative action with botanic gardens and other botanical institutions
in China to develop and implement practical conservation initiatives for the country’s
threatened native flora to address the targets of the CSPC. In the past 13 years, through the
Global Trees Campaign (a partnership between BGCI and Fauna and Flora International)
BGCI has funded the protection and restoration of more than 70 threatened trees in China.

A summary of the work BGCI has been implementing with Chinese partners over
the past 10 years was recently published with more than 20 case-studies on the integrated
conservation of rare and threatened woody plants [158]. One such example is Bretschneidera
sinensis an endangered tree native to China. Through comprehensive field surveys, wild
populations were identified, and seed collected for storage in the South China Botanical
Garden seed bank. Additional seed was collected for reintroduction activities including
the reintroduction of 1000 seedlings in Dongguan Forest Park and Shimen National Forest
Park of Guangzhou city and 300 seedlings into Nankunshan Mt. Nature Reserve.

The Global Tree Seed Bank Project (GTSBP) is one of Kew’s major science-based
plant conservation programmes. Funded by the Garfield Weston Foundation it aims to
secure (in safe, long-term storage) seeds of at least 3500 tree species from across the world.
The Latin America programme of the GTSBP was initiated in 2015 and delivered through
two projects focused on useful trees in Mexico and the Dominican Republic.

Mexico is in the top five countries in terms of floral diversity (species richness), and
more than 50% of the plant species are endemic [159]. There are ca. 3000 native tree
species that have been characterised for their uses, distribution, conservation status and
endemism [160]. However, more than 30% of the tree species are threatened due to de-
forestation and/or climate change. The Science-Based Conservation of Tree Species in
Mexico Project addressed this by implementing an integrated conservation programme for
endemic, protected and useful tree species, important for the livelihoods of rural commu-
nities. Work was undertaken in collaboration with the Facultad de Estudios Superiores
Iztacala de Universidad Nacional Autónoma de México (FESI-UNAM). Around 400 species
have been conserved ex situ, in country and as duplicates at the MSB, and technical and
scientific information has been produced to support the national reforestation programme
led by the National Forestry Commission (CONAFOR), including seed germination and
propagation requirements. A key challenge is promoting the use of more native species
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to diversify local nurseries which rely on the economic benefits obtained by selling and
distributing seedlings. A lack of information about the uses and propagation of native
trees other than timber species (mostly Pinus) means demand is very low. To overcome this
challenge, in collaboration with partners (University and NGOs) species profile sheets (in
the local language) were produced and distributed, describing their germination and prop-
agation requirements, uses, phenology, distribution and conservation status to promote
their utilisation in reforestation programmes.

In the Caribbean region, the vegetation cover in the island of Hispaniola, is under
threat from the expansion of agriculture and development for tourism, and the unsustain-
able logging for charcoal production. Kew has worked with the Jardín Botánico Nacional
(JBN) “Dr. Ma. Moscoso” of Santo Domingo through the MSBP since 2007 under an Access
and Benefit-Sharing Agreement with the aim to support the conservation and sustainable
use of the Caribbean native flora. Through this collaboration, a new seed bank was estab-
lished in 2017 [161] together with a conservation programme, which included the provision
of technical and scientific support, capacity building and seed research for ex situ and in
situ conservation. The Hispaniola Island climate is mainly tropical, and as in most tropical
regions, the percentage of species with recalcitrant (non-bankable) seeds is higher than in
temperate climates. Thus, one of the challenges faced was the identification or prediction
of native species whose seeds could not be conserved under traditional seed banking
conditions [162]. The joint Garfield Weston funded project Saving threatened forests of
Hispaniola focused on protecting the forests on the island, by researching, conserving and
propagating the seeds of native useful tree species and supporting reforestation activities.
Seeds of 250 tree species have been banked and planting activities have been carried out
in degraded areas, seedlings have been donated for the establishment of a new Botanic
Garden in Santiago and used for enhancing the vegetation of urban parks and other green
spaces in Santo Domingo. The collaboration has helped the JBN to become a key player
for the Ministry of Environment and Natural Resources in the Dominican Republic in
seed conservation and the provision of plant material and information for restoring and
recovering protected as well as urban and semi urban areas.

Under the umbrella of the Great Green Wall Initiative, Kew’s pilot project (2013–2020)
built a restoration model and generated environmental and socio-economic information to
support larger-scale restoration projects in similar contexts and conditions in the Sahara
and Sahel regions [163]. Under Access and Benefit-Sharing Agreements, this collaborative
project was implemented in partnership with national institutions and local communities in
the cross-border zone between three countries: Bankass in Mali; Djibo and Dori in Burkina
Faso; and Téra in Niger. A participatory approach was used to select native useful plant
species adapted to local conditions, and those that are important to the communities’ liveli-
hoods [164]. The most environmentally well-adapted and economically relevant species
were prioritised and authenticated, and seeds of 84 useful woody and herbaceous species
were collected from the wild and stored according to international standards in national
seed banks with duplicates at the MSB. Seed accessions were tested and research on seed
biology and ecology was carried out at Kew to support the conservation and propagation of
species. In collaboration with local communities, seeds of 55 woody and herbaceous species
were propagated and planted to restore 2235 ha of degraded land and create sustainable
income-generating opportunities for up to 32,000 people. Over 1,000,000 seedlings of the
selected species were planted and monitored in around 200 experimental plots [164]. An
assisted natural regeneration approach was used for some of the most important species,
such as Guiera senegalensis, as an alternative to reforestation [165], while the planting of
tall bare roots of Adansonia digitata (Baobab) was found to have a better chance to resist
and survive harsh climatic conditions and the species is highly valued by farmers [166].
Over 100 village technicians have been trained in nursery management, tree planting,
forest restoration and establishment of demonstration plots during the duration of the
project. The project has generated capacity at national and regional level to develop, plan
and implement science-based restoration programmes aimed at reestablishing the natural
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capital of the vegetation and supplying the resource base for the enhancement of local
livelihoods.

5. Future Directions

In summary, both living and seed collections held in botanic gardens and seed banks
offer huge long-term opportunities for the conservation of wild plant diversity. Such
collections are a key input into agricultural research and the development of improved crop
varieties, with plant breeding depending fundamentally on the availability and accessibility
of useful genetic resources, such as those found in crop wild relatives. In addition, WEP can
provide the basis of new crops. Some examples of the value to humanity of successful long-
term maintenance of a wide spectrum of genetic diversity are provided by Bretting [167],
and other uses of seed and plant collections are described in this paper.

Beyond their immediate use value, seeds stored in genebanks represent a form of
insurance against the loss of genetic material in situ. Furthermore, and in common with
other scientific collections, they may well have uses beyond their original purpose. The use
of herbarium specimens to investigate the impacts of climate change is well recognised,
and it may be that seeds stored for the long term will offer opportunities for future research,
answering questions so far not asked and using tools not yet developed.

There are, however, challenges to be addressed. There are gaps in the geographic,
taxonomic and genetic coverage of collections, as well as gaps in coverage of useful plants.
It is apparent that ex situ collections and conservation expertise continue to sit outside
the countries with the greatest plant diversity. It is, however, encouraging to see that this
situation is changing, through investment in people and facilities within biodiverse regions,
but more needs to be done.

Availability of funding on a scale commensurate with the biodiversity crisis remains
an issue. The conservation of plant diversity needs a step change in scale and investment
if we are to prevent the predicted extinction of two in five plants, and one in three trees.
The shortage of funding means that prioritisation of which plants are conserved must
take place—and this can take many forms depending on the organisation undertaking the
conservation initiative. For example, botanic gardens and seed banks have long focused
on the most threatened species, including endemics, but also on economically important
species, including medicinal plants and CWR. This does not, however, mean that those
plants not prioritised have no intrinsic value of their own, and often reflects limitations in
our knowledge of plant properties, uses and threat status.

The costs associated with long-term storage pose another constraint and mean that
choices need to be made on what to conserve and how to do this, and there is limited
information available to guide such choices. Detailed knowledge of local, regional, and
global patterns of plant diversity are often lacking [168], and as mentioned, seed banks
are often not located where the greatest diversity exists. Savings should not, however, be
made through identifying and removing duplicates from collections, as holding multiple
accessions from the same population through time and from different populations of the
same species are of great conservation value. False savings should also be avoided, for
example, devaluing material that is used the least. At the same time, duplication between
multiple types of ex situ conservation should be monitored and could provide potential for
rationalising collections.

How long material is held is a further consideration. While funds are generally used
for the acquisition of plant genetic resources, their long-term maintenance and monitoring
also needs to be funded, often directly by the institutions holding the collections. The MSB
was built to last 500 years, and most species banked will survive 10 s to 100 s of years
under storage conditions, but it is questionable whether sufficient funds will be available
to support the long-term ex situ conservation of the world’s genetic resources [168].

The increasing use of genomic information in breeding may suggest a move towards
dematerialisation of collections and a greater focus on storing genomic data only. We
would of course argue that there are many more uses of seeds beyond their use in breeding
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programmes and the ability of scientists to work usefully with DNA alone is still some
way in the future. We therefore do not believe that conserving dematerialised DNA will
be a useful plant conservation strategy for some time to come. Another challenge is the
increasing complexity of issues around the ownership and control of genetic resources as
well as the sensitivity of the legal and political situations.

Quality control must continue to be addressed, and improved monitoring systems put
in place. While a number of standards and guidelines have been published to guide seed
banking within the botanic garden sector, it is not clear to what extent these standards are
being followed and how much of the seed held by botanic gardens and other institutes is
in fact viable and usable. Within the European plant genetic resources community, a seed
bank quality system has been put in place which provides a set of policies, processes and
procedures that are to be followed by all members of the European Genebank Integrated
System (AEGIS) to assure an appropriate quality of activities. The system requires all
members to develop an operational genebank manual based on a common template that
documents the operating procedures and standards of the genebank. In 2019, in the
framework of the EU-funded project GenRes Bridge, three European genebanks were
evaluated as part of a pilot project. The project allowed the genebanks to review each
other on the basis of their Genebank Manuals and provided a mentoring system to help
the genebanks address quality issues identified during the reviews [169]. This pilot project
may provide valuable lessons to guide efforts to improve the quality of botanic garden
seed banks.

Two further areas stand out as opportunities to improve ex situ conservation for the
future: technological advances and networks. Technological advances in cryobiotechnology
are already helping some seed banks conserve existing collections of wild species whose
seeds are short-lived under conventional seed banking conditions, as well as species
with intermediate or recalcitrant seeds (Figure 1). The process for the latter is, however,
research intensive as species require tailored protocols to be developed for them to optimise
conservation outcomes. The flora of highly diverse and threatened regions are a priority
for conservation, and these tend to fall in the tropics—which have both a geographical
gap in existing collections, and a technological gap in relation to the conservation of
‘exceptional species’, which are more prevalent in these regions. There is a need to increase
the availability of cryopreservation options for these species through provision of facilities,
or access to existing facilities currently used for different purposes (e.g., crops), and through
training. Developing and strengthening networks within tropical regions will greatly help.

We have highlighted the importance of networks for sharing knowledge, data, exper-
tise and access to facilities as well as to raise the profile of plant conservation and leverage
funding. It is important to grow and maintain conservation networks, not just within
the botanic garden and seed bank sectors, but by incorporating other practitioners and
local communities working towards the conservation of a given species, habitat or flora.
Such networks can help establish integrated conservation planning from the outset of
programmes, and lead to greater impacts for conservation. In addition, greater linkages
need to be formed between the conservation and agricultural worlds to ensure that we hold
the material needed to create resilient crops of the future and to diversify the food plants
grown as crops. Forming networks that interlink these sectors will help to increase the
impact of global conservation efforts, avoid unnecessary duplication and prioritise resource
allocation, as was largely achieved through the Adapting Agriculture to Climate Change
project. The diversification of metacollections, currently focused on ‘exceptional species’
to a wider array of threatened plant taxa should also be encouraged as this networking
approach greatly enhances the value of individual collections and improves conservation
outcomes for the species involved.

Botanic gardens and seed banks are well placed to respond to the biodiversity crises,
but their conservation efforts need to be massively scaled up and supported by long-term
funding. They also need to be coordinated across institutions, sectors (government agen-
cies, universities, NGOs, etc.), geographies, and political boundaries [34]. Technological
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advances offer hope for the ex situ conservation of all plants—we now need to act on this
possibility.
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Abstract: Recognition of the importance of plant genetic resources started in Germany at the end of
the 19th century. Plant research and breeding began to develop in the 1920s. Formal structures of
public institutions were founded, long-term conservation facilities were established, private breeding
initiatives developed. In 1990, the German reunification required an assessment of the existing
research and breeding landscape. This milestone allowed a comprehensive overview of the great
number of stakeholders, active in the entire range of tasks related to plant genetic resources. The
Federal Ministry of Agriculture then developed a conceptual approach for an efficient governance
structure and published its concept of a national programme for the conservation and sustainable use
of genetic resources for food and agriculture in 2000. It recognized the sharing of decentral responsi-
bilities among the respective public and private actors and governmental levels with dis-tributed
mandates and funding. It also led to the establishment of a central information and coordination
center for genetic resources, which facilitates the data sharing, communication, and co-operation
among stakeholders, supports public awareness and advises the Federal Ministry on national policies
and efficient European and global cooperation. It also supports efficient contributions of German
stakeholders into European structures and international bodies. An equivalent conceptual approach
and governance structure is recommended to be established at European level.

Keywords: plant genetic resources for food and agriculture; conservation and use; national coordination
and governance structure; Germany

1. Historic Background until 1945

In Germany, traditional, locally adapted landraces were used in agricultural produc-
tion and by the mid of the 19th century a few individuals began to select and improve
such landraces for better yields. Christian Adolf Leberecht Steiger in Leutewitz (fodder
beets 1825), Wilhelm von Borries in Eckendorf (fodder beets 1846), Wilfried Paulsen (potato
1846), Mathias Rabbethge, and others (sugar beets 1862) and Wilhelm Rimpau (rye 1867)
were a few of them [1]. The introduction of the “squarehead” wheat from England and
its appreciated value for crop production created an inspiring environment and further
incentives for early breeding initiatives in Germany. In 1869, the first public quality control
station for agricultural, forestry, and horticultural seed was founded at the Royal Academy
for Foresters and Farmers in Tharandt. The first director, Friedrich Nobbe, published a
“handbook of seed science” in 1876, which became influential for further seed research.
Seed testing began and the publication of the test results created a growing demand for
improved varieties by farmers and also promoted the further development of breeding
companies [1].

The importance of landraces as “plant genetic resources” has been recognized in
Germany as early as by the end of the 19th century, when Emanuel Ritter von Proskowetz
and Franz Schindler acknowledged the “use value” of traditional landraces for agricultural
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production in general and plant breeding in particular at the International Agricultural
and Forestry Congress in Vienna in 1890 [2].

The Russian scientist Nikolai Ivanovich Vavilov started plant explorations in 1916 and
collected landraces worldwide [3]. He described centers of diversity of cultivated plants
and presented them in 1927 at the 5th International Genetics Congress in Berlin. Vavilov’s
work greatly influenced further activities in Germany. At the beginning of the 1930s, the
General Assembly of the International Plant Breeders Association in Berlin concluded
far-reaching recommendations related to the conservation of landraces of cultivated plants.
Representatives of all countries were requested to approach their governments to collect
and conserve the diversity of traditional landraces existing in their respective countries.
For this purpose, in Germany it was recommended that appropriate farmers or institutes
maintain and manage traditional landraces in the original planting areas following the old
cropping practices [4].

A new Kaiser-Wilhelm-Institute of Research on Plant Breeding was founded in
Müncheberg in 1927, with Erwin Baur (1875–1933) becoming its first director. Although
this institute collected germplasm samples in Turkey and some Latin American countries
its main concern had not been the long-term aspect of conservation but rather topics
such as crop plant evolution and genetics. The institute and Erwin Baur developed many
fundamental impulses for further research related to plant genetic resources. Hence, in
1943, another Kaiser-Wilhelm-Institute of Crop Plant Research was founded at the Tut-
tenhof farm near Vienna with its director Hans Stubbe (1902–1989), a student of Erwin
Baur. Stubbe laid the foundation of the institute’s future crop plant-related research in a
wider interpretation, including the collecting and conservation of global crop diversity and
their research in the important botanic disciplines such as systematics, ecology, genetics,
biochemistry, biophysics, and physiology [2]. By the end of World War II, the institute’s
important plant collection was moved to Gatersleben in the Eastern part of Germany [5].

It should be noted that with the increased industrialization of German agriculture at
the beginning of the 20th century, the appreciation of traditional German landrace diversity
was turned upside down. While important plant explorations were organized into other
countries and continents (e.g., Asia, Latin America), the NAZI regime conducted a “plant
variety cleaning”. This cleaning process was meant to protect the German farmers from
inferior seed and resulted in a loss of some three quarters of the varieties of the main crops
from the seed market [6].

2. Period of a Divided Germany (1945–1990)

After World War II, Germany was divided into a Western part, the Federal Republic of
Germany, and an Eastern part, the German Democratic Republic. Due to the geographical
division and the different political systems of the two German parts, the plant genetic
resources activities developed separately throughout the various locations.

In Eastern Germany important crop collections were located in Gatersleben and Halle
and a fruit collection existed in Dresden-Pillnitz. The collection of the Institute for Plant
Breeding in Halle was transferred to Gatersleben between 1945 and 1950 [2]. At the same
time, in Western Germany, a part of the collections of the former Kaiser-Wilhelm-Institute
of Research on Plant Breeding was moved to the Max-Planck-Institute for Plant Breeding
Research at Cologne-Vogelsang. Today’s Julius Kühn-Institute for Grapevine Breeding near
Siebeldingen in the South-Western part of Germany became the location for the national
grapevine collection [5]. Beside these public research institutes, many private breeding
companies maintained their own breeding collections.

2.1. Eastern Germany

In Eastern Germany, a plant breeding and seed service infrastructure was established
by the Sowjet military administration already in 1946. While throughout the country
63 seed selection and development farms (seed stations) with a total area of 27,729 ha
were set up, a central coordination mandate of these farms was taken over by the German
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Seed Association (DSG). The DSG was responsible for the coordination, documentation,
collection, and distribution of seed and planting material. Seed production plans be-
came obligatory. Already existing small seed initiatives and institutes could still remain
independent but had to follow the instructions of the DSG [7].

In addition, crop-oriented breeding research institutes were established or continued
such as the Institute Quedlinburg (vegetables), Institute Bernburg (cereals, maize, forages,
special crops), Institute Groß Lüsewitz (potatoes), Institute of Crop Plant Research, Gater-
sleben, Institute of Phytopathology, Aschersleben, Agricultural Faculty, Martin-Luther-
University Halle-Wittenberg and the Institute of Breeding Research Müncheberg. Im-
portant breeders also continued their breeding activities in Hadmersleben, Gülzow, and
Klein Wanzleben.

After the foundation of the German Democratic Republic in 1949, the new German
Academy for Agricultural Sciences (DAL) was founded in 1951 with Hans Stubbe becoming
the first president. The former DSG breeding research institutes were now integrated in
the Academy as DAL-institutes [7].

• Institute Quedlinburg (breeding research, vegetables)
• Institute Bernburg (cereals, maize) and Research Station Hadmersleben (cereals, lupines)
• Institute Klein Wanzleben (beets)
• Institute Groß Lüsewitz (potatoes)
• Institute Gülzow (cereals etc.)
• Institute of Fruit Research Dresden-Pillnitz
• Institute of Forages Paulinenaue

Essential research and breeding partners of these DAL-Institutes (later called AdL-
Institutes) were the Institute of Crop Plant Research (Genebank) Gatersleben, the Institute
of Phytopathology Aschersleben, the Agricultural Faculty, Martin-Luther-University Halle-
Wittenberg, and numerous existing seed stations. Additional nationally owned seed and
planting material companies (VVB) were responsible for country-wide seed supply. The
“VVB Seed and Planting Material” comprised 110 farms with over 100,000 ha farmland
area [7].

The Institute of Crop Plant Research in Gatersleben played a unique role as it was the
home of the important genebank collection of plant genetic resources. The institute was
placed within the German Academy for Sciences (DAW) in 1948 and, later in 1972, within
the scope of the Academy of Sciences (AdW). From 1970 to 1991 this Institute was called
Central Institute of Genetics and Crop Plant Research (ZIGuK) before it was renamed in
1992 in Institute of Plant Genetics and Crop Plant Research (IPK). The institute, with its
first director Hans Stubbe, conducted numerous collecting and exploration missions and
received plant genetic resources from other collection holders. This growing genebank
collection of global importance (see Table 1) was and still continues to be intensively used
for research on taxonomy, genetics, phylogeny, evolution, and breeding of cultivated plants.
The genebank places emphasis and conducts research on the systematics, characterization,
evaluation, and documentation of the conserved plant genetic resources as a fundamental
service for the research and breeding activities.

Table 1. Size of genebank collections maintained at Gatersleben [2].

Time Number of Accessions

1945 app. 3500
1950 12,550
1960 20,197
1970 32,489
1980 48,959
1989 65,756
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After 1945, numerous breeding or seed companies left the Eastern part of Germany and
tried to settle in the Western part of Germany. As an indication, a list of companies provided
by Röbbelen [8] gives an idea of this process. Out of 74 listed companies from Eastern
Germany, 40 companies lost their private identity due to the land reform and 34 companies
were reported to have moved to the West. The number of companies, including the ones
existing already in the Western part of Germany, with at least one variety in the official
seed list, was reported to be 277 in 1949 and 264 in 1975. Many of the companies were
constituted as farmers’ cooperatives or other forms of production associations [8].

2.2. Western Germany

While in Eastern Germany the research, breeding, and seed systems were almost
entirely based upon public institutions and infrastructure, in Western Germany the systems
were continued and built upon private initiatives and companies. In the West, public
institutions were active especially in the areas of research, education, and seed quality
control. The Western part of Germany was controlled after the Second World War by the
USA, France, and Great Britain, leading in 1949 to a constitution as a federal republic of
states (Laender) with different mandates at the Federal and Laender levels. As there was
no central coordination yet, the breeder associations were also divided in three parts, the
Association of Plant Breeders (VdP) in Hanover, the Bavarian Breeders’ Association (VBP)
in Munich, and the South-Western Breeders’ Association (VSWP) in Stuttgart. In 1962 (VdP
and VBP) and 1966 (VSWP) these three associations were merged and formed the new
German Plant Breeders’ Association (BDP) in Bonn (1970). Throughout the years, many
private breeding companies extended their businesses based on a particular crop focus,
diversification across different crops, and/or by international cooperation [8].

In Western Germany, public research and education related to plant breeding and plant
genetic resources were embedded in leading university institutes, especially at Stuttgart-
Hohenheim, Göttingen, Freising-Weihenstephan, Hanover, Giessen, Bonn and Kiel, as well
as in regional research institutions. Since the 1950s, the Max-Planck-Institute for Plant
Breeding Research at Cologne-Vogelsang also worked on forages and other crops.

In 1965, the possibly unique German Federation for the Promotion of Plant Breeding
(GFP) was founded in Hanover to maintain and support private breeding initiatives, to
assist in knowledge transfer from latest scientific developments, to facilitate the adoption
for technical implementation, to support and enable high economic value-addition and
to support international cooperation [9]. As such, the GFP (today GFPi) created a link
between public research and private plant breeding.

The growing necessity to also conserve plant genetic resources for future research
and breeding in Western Germany was addressed and promoted especially by Hermann
Kuckuck, Dieter Bommer, and the GFP. Based on their initiative, in 1970, a new genebank
in Western Germany was established by the Federal Ministry of Agriculture at the In-
stitute of Agronomy and Plant Breeding of the Federal Research Centre for Agriculture
(FAL) in Braunschweig [4]. The genebank in Braunschweig was developed to provide
services especially to the privately structured plant breeding system. This concept was,
however, different to the much wider comprehensive plant genetic resources approach of
the genebank in Gatersleben.

2.3. West German Recognition of International Developments

During the 1970s, the Federal Republic of Germany commenced to support interna-
tional activities to promote the conservation and use of plant genetic resources. In 1971,
the Consultative Group on International Agricultural Research (CGIAR) was established.
A number of the international agricultural research centers of the CGIAR focused on the
improvement of crop plants, collected plant genetic resources, and established genebanks
to support their improvement programmes.

The Food and Agriculture Organization of the United Nations (FAO) played a key
role to support international cooperation and communication related to plant genetic
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resources activities. In 1974, largely initiated by the FAO, the International Board for Plant
Genetic Resources (IBPGR) was created to support the research, collecting, conservation,
documentation, evaluation, and use of the genetic diversity of cultivated plants worldwide.
It was also active to organize a global network of genebanks holding base collections within
and outside the CGIAR [10].

The growing awareness of the importance of plant genetic resources led to an in-
ternational agreement at the FAO in 1983, the so-called International Undertaking on
Plant Genetic Resources [11] and the establishment of a Commission on Plant Genetic
Resources [12], which the Federal Ministry of Agriculture was committed to. A central
element of the International Undertaking was stated in article 7.1 (a):

“there develops an internationally coordinated network of national, regional, and interna-
tional centers, including an international network of base collections in gene banks, under
the auspices or the jurisdiction of FAO, that have assumed the responsibility to hold, for
the benefit of the international community and on the principle of unrestricted exchange,
base or active collections of the plant genetic resources of particular plant species”.

Inspired by these formal international processes and developments in plant research,
the Federal Ministry of Agriculture initiated an assessment of related activities in 1985 [10].

3. German Reunification (1990)—An Assessment of the Plant Genetic Resources System

While the initiation of the assessment of PGR in Western Germany was started in 1985,
the results were only published in 1990 [10]. It was based on the definition of plant genetic
resources as laid down in the International Undertaking [12], where plant genetic resources
meant the reproductive or vegetative propagating material of the following categories
of plants:

1. Cultivated varieties (cultivars) in current use and newly developed varieties;
2. Obsolete cultivars;
3. Primitive cultivars (landraces);
4. Wild and weedy species, near relatives of cultivated varieties;
5. Special genetic stocks (including elite and current breeders’ lines and mutants).

Hence, in a broad interpretation, the assessment addressed resources in Western
Germany, which were [10]:

• Important for breeding of actual and potential crops as well as important from an
ecology perspective and for the conservation of the vegetation in Germany;

• Required for plant breeding and land improvement, considering the scope of agricul-
ture, horticulture, pomiculture, forestry and landscape management;

• Important in relation to nature conservation, ecosystems and protection of wild species;
• Maintained by Federal and Laender institutions and non-governmental organizations.

The most important institution in Western Germany at the time of reunification was the
Institute of Agronomy and Plant Breeding of the Federal Research Centre for Agriculture
(FAL) in Braunschweig, holding a large genebank collection. Since 1980, endangered
wild species in Germany were also integrated in this collection. Reference samples of
the Federal Plant Variety Office (BSA) and related information were handed over to the
FAL-genebank for varieties after the expiry of their variety protection period. Evaluation
and documentation of the resources were a particular priority of the institute. Annually,
7000–8000 samples were provided to recipients at their requests; about 1/3 of the requests
were received from abroad [10].

Apart from the registration of test collections maintained at the Federal Plant Variety
Office for the testing period, important collections of agricultural crops were held at Laender
institutes, universities, Max-Planck institutes, and private breeding companies.

For horticultural crops, many fruit and vegetable collections were identified at the
FAL, the BSA, the Federal Research Institute for Horticultural Plant Breeding in Ahrensburg
and more than 20 Laender and county institutes as well as numerous private companies.
This diverse situation was similar for genetic resources of ornamental plants, where botanic
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gardens, universities, and outdoor museums played a significant role as well. The Federal
Institute of Grapevine Breeding in Siebeldingen and six Laender institutes maintained the
main genetic resources collections for grapevine research and breeding.

The plant genetic resources concept with its assessment [10] also covered forest genetic
resources. The Federal Forestry and Wood Research Institute, Laender forestry research
institutes, forest administration, arboreta and private forest owner were the key actors
involved. These activities were coordinated by the Federal—Laender Working Group
“Conservation of Forest Genetic Resources” [13].

Activities for the conservation of genetic diversity of wild species were part of the
nature and landscape protection measures. Federal and Laender research institutes, universi-
ties, botanic gardens, outdoor museums, nature conservation associations and individuals
are engaged in these activities. The main conservation responsibilities, however, were
located at the Laender level.

The main collection of microbial genetic resources existed at the German Collection of
Microorganisms (DSM; today DSMZ) in Braunschweig. The DSM was also the International
Depositary Authority under the Budapest Treaty on the International Recognition of the
Deposit of Microorganisms for the Purposes of Patent Procedure in Germany. The collection
consisted of some 4200 strains of microorganisms [10].

At the time of the German reunification in 1990, the study by Bommer and Beese [10]
presented the activities related to plant genetic resources in Western Germany. However,
due to the reunification an overall assessment in both parts of Germany was needed.
Hence, two additional studies were conducted and are important to mention: the so-called
“genebank study” issued by the Federal Ministry for Research and Technology and pre-
sented by the Association of Academic Societies of Agricultural, Forestry, Food, Veterinary
and Environmental Research (DAF) [14], and the assessment by Begemann and Hammer,
published by the Federal Ministry for Food, Agriculture and Forestry (BMELF) [5].

These studies provided a comprehensive picture and revealed a large number of public
institutions being involved in a wide range of activities related to plant genetic resources for
research and breeding. The two large genebanks at the IPK in Gatersleben and at the FAL
in Braunschweig played a leading role. They also maintained long-term base collections
within the international network of base collections supported by the IBPGR [15]. In
addition, in 1992, the Federal Centre for Breeding Research of Cultivated Plants (BAZ) was
established in Quedlinburg. The BAZ integrated the former Institute of Phytopathology in
Aschersleben, the Institute of Breeding Research in Quedlinburg, the Institute of Potato
Research in Groß Lüsewitz, the Institute of Fruit Research in Dresden-Pillnitz (former
AdL-institutes), and the former independent Federal Institute of Grapevine Breeding
in Siebeldingen and the Federal Research Institute for Horticultural Plant Breeding in
Ahrensburg. An overview of the most important genebank collections at IPK, FAL and
BAZ in 1992 are shown in Table 2.

Furthermore, about 100 private breeding and seed companies were operational for the
German and, partially, for the international seed markets. A number of non-governmental
organizations were engaged in plant genetic resources activities such as on-farm conserva-
tion and management. Pioneering examples were the Association for the Conservation of
Crop Plant Diversity (VEN) founded in 1986, the Association for the Promotion of Seed
Research in Biodynamic Agriculture in 1988, the Association of Pomologists in 1991 or
later the Association for the Conservation and Recultivation of Cultivated Plants (VERN)
in 1996.

It was evident that there were different levels of governmental mandates at the Federal
and Laender levels. The main responsibility for nature protection, including the conservation
of genetic resources, as well as for academic institutions such as universities rests with the
Laender governments. The Federal government oversees collaborative activities across the
Laender, providing a national policy framework, national documentation and monitoring,
and providing for the international cooperation.
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Table 2. Most important genebank collections in Germany at IPK, FAL, and BAZ in 1992 [5].

Crop Species (Groups) IPK FAL 1 BAZ 2

Cereals 36.095 29.467

Legumes 16.850 9.030

Oil crops and fibres 5.711 3.222

Beets and potatoes 6.580 6.265

Fodder crops 11.142 2.797

Tobacco 463 43

Other agricultural crops 1.155

Vegetables 9.962 2.237 5.000

Medicinals and spices 2.570 1.090

Mutants etc. 2.614 1.814 900

Ornamentals 1.961 380

Fruits 1.988 163

Grapevine 2.027

Total 95.936 57.120 8.470
1 as of 15th August 1991, 2 use of estimates.

The plant genetic resources system was marked by a rich but scattered research land-
scape, by a few multi-crop and many crop-oriented genebanks and research institutes. A
certain degree of duplication of the respective public research centers, in particular between
the two large multi-crop genebanks in Gatersleben and Braunschweig, was highlighted. It
was recommended to integrate the collection of the genebank in Braunschweig into the
genebank in Gatersleben, which was implemented over a certain period of time to avoid
any loss of material or knowledge related to the collection and was concluded in 2004.

4. Overall Coordination and Governance Structure of Genetic Resources for Food
and Agriculture

As part of the initial assessment in Western Germany, before the reunification, a plant
genetic resources concept was elaborated on how to integrate the multitude of stakeholders,
measures, and programmes and better prepare the entire plant genetic resources system
for future challenges and opportunities [10].

Background to this so-called “Bommer and Beese” concept [10] was the recognition of
the loss of species diversity and genetic erosion on the one hand and, on the other hand,
new opportunities arising from recent scientific developments especially in the biological
sciences and information technology, which allowed new developments of the potential
use of genetic resources.

The proposed plant genetic resources concept covered a wide range of agricultural
crops including fruit crops, vegetables, ornamentals, grapevine, forest, and wild species
including crop wild relatives. Moreover, microorganisms were considered. It emphasized
the promotion of research and conservation efforts and recognized different mandates
related to the federal structure of Germany. Core elements of the concept were the following:
the Federal Ministry of Agriculture itself, an inter-disciplinary Advisory Board for Plant
Genetic Resources, an Information and Coordination Centre for Genetic Resources with
a central documentation system, and crop committees for different crops (crop groups).
Besides these new bodies, the existing system with the well-functioning conservation,
research, and breeding institutions at Federal and Laender levels should remain as it was
operating by that time [10].

This decentral or distributed system with a central coordination unit was considered
advantageous over a combined and centralized system in one large plant genetic resources
institution or a completely decentral system of individual institutions. Advantages were
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seen in securing the necessary continuity of this long-term task, in supporting the inter-
disciplinary collaboration, in maintaining the plant genetic resources activities as part
of a broader institutional research setting, and in using available infrastructure for new
conservation measures [10].

A first step to implement the new components of the plant genetic resources concept
was the establishment of the proposed Information and Coordination Centre for Genetic
Resources (IGR) in April 1991. The IGR was located at the German Centre for Agricultural
Documentation and Information (ZADI), an institution under the Federal Ministry of
Agriculture. The IGR started and evolved in a stepwise manner. Initially, the main task
was to develop a national database for plant genetic resources and support the exchange of
data with other national and international databases. As from 1993, with its new director
Frank Begemann, the following tasks were added:

• To provide advice to the Federal and Laender ministries;
• To support the Federal Ministry of Agriculture

◦ To represent Germany in international bodies such as the FAO Commission on
Plant Genetic Resources, the European Cooperative Programme for Plant Genetic
Resources (ECPGR) and bodies at the European Commission;

◦ To prepare the 4th International Technical Conference of FAO for Plant Genetic
Resources (1996) in Leipzig;

• To provide the Secretariat to the National Committee that was asked to prepare the
German national report for this 4th International Technical Conference of FAO;

• To collect, analyze and disseminate information about national and international
conservation measures;

• To undertake public awareness activities;
• To support collaboration between the formal and informal sectors;
• To support national conservation measures in line with international activities;
• To contribute to improved links between conservation and use activities.

The National Committee that was created for the 4th International Conference of the
FAO, consisted of representatives of all stakeholders involved such as different ministries,
science and research, the private sector, non-governmental organizations, international
cooperation agencies, associations, farmers organizations, and nature conservation agen-
cies [16]. This inclusive composition proved to be very useful and was taken up a few years
later when a formal national committee for plant genetic resources had to be formed.

It is worth mentioning that the IGR could not support and coordinate activities through
a dedicated budget line under its control. It rather facilitated conservation, documentation
and sustainable use of plant genetic resources merely through appropriate information
and communication means. This turned out to be effective and supported the collabora-
tion between stakeholders within the large and diverse plant genetic resources system
in Germany.

Step by step, the usefulness of these information and coordination functions of the
IGR in the plant domain was recognized by the Federal Ministry officials in the domains of
animal, forest, and aquatic genetic resources.

Based on this experience, and considering international processes such as the broaden-
ing of the scope of the FAO Commission on Plant Genetic Resources to the new Commission
on Genetic Resources for Food and Agriculture (CGRFA) in 1996, the German Federal
Ministry of Food, Agriculture and Forestry published a landmark “Concept for the Con-
servation and Sustainable Use of Genetic Resources for Food, Agriculture and Forestry”
in 2000 [17]. This concept was built on the former West German concept for plant genetic
resources [10].

As far as the coordination and governance structure is concerned, in essence, the
genetic resources concept of 2000 [17] is still operational today. The main components of
this coordination and governance structure with updated names of their functional entities
are (Figure 1):
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• Federal Ministry of Food and Agriculture (BMEL) with a coordination division related
to genetic resources for food and agriculture and additional domain-specific divisions
for plant, animal, forest and aquatic genetic resources;

• Agrobiodiversity strategy and national programmes for plant, animal, forest and
aquatic genetic resources;

• National expert committees for plant, animal, forest and aquatic genetic resources,
consisting of Laender authorities and a wide range of experts and stakeholders.

• Scientific Advisory Board for Biodiversity and Genetic Resources;
• Information and Coordination Centre for Biological Diversity (IBV) (successor of the

former IGR) at the Federal Office for Agriculture and Food (BLE);
• National inventories for plant, animal, forest and aquatic genetic resources;
• National information platform/website (https://genres.de/en/)

 

Figure 1. Coordination and governance structure of the National Concept for the Conservation and
Sustainable Use of Genetic Resources for Food, Agriculture and Forestry (revised from [17]).

In 2007, the Federal Ministry of Food, Agriculture and Consumer Protection (BMELV)
published a so-called “Agrobiodiversity Strategy”, in furtherance of the genetic resources
concept from 2000 and as a supplement to the National Biodiversity Strategy [18]. The
title of the Agrobiodiversity Strategy also sums up the mission statement: “Preserving
agrobiodiversity, tapping the potential of agriculture, forestry and fisheries and making
sustainable use of it”. To achieve this, the strategy has three overarching aims:

• Achieve long-term conservation and broader-based use of genetic resources;
• Achieve sustainable use of agricultural biodiversity while protecting natural ecosys-

tems and threatened species;
• Strengthen international cooperation and a globally coordinated strategy for the

management of global resources.

In addition to the overall agrobiodiversity strategy, domain-specific national pro-
grammes for genetic resources for plant, animal, forest, and aquatic genetic resources
were developed. They are functional instruments to describe the detailed measures to be
implemented throughout Germany in each of the domains within a certain time period,
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to set priorities, to facilitate the monitoring of activities and achievements, and to assist
in linking the required stakeholder groups. A potential programme for microbial genetic
resources is being considered. The programmes are updated from time to time to remain
useful instruments for priority setting and implementation.

The implementation of the programmes is based upon the active involvement of a
wide range of stakeholders and constituencies involved in all areas such as the identifi-
cation, collecting, conservation, documentation, characterization, evaluation, and other
uses of genetic resources for research and breeding as well as for direct uses for food and
agriculture, horticulture, pomiculture, viticulture, forestry, and fisheries. The stakeholders
participate in their respective fields of competence and measures based upon their existing
respective responsibilities and budgets.

National expert committees for plant, animal, forest, and aquatic genetic resources,
consisting of Laender authorities and a wide range of experts and stakeholders are in charge
of guiding the implementation of the national programmes.

According to the amended scope of the genetic resources concept and the new agrobio-
diversity strategy and in recognition of the usefulness of an information and coordination
entity, the former Information and Coordination Centre for Genetic Resources (IGR) was
renamed into Information and Coordination Centre for Biological Diversity (IBV) and was
integrated in the Federal Office for Agriculture and Food (BLE) in 2005. The current tasks
of the IBV relate to agrobiodiversity, in particular to genetic resources for food, agriculture,
forestry, and fisheries; they include inter alia:

• To provide advice to the Federal and Laender ministries;
• To support the BMEL representing Germany in international bodies such as the FAO

Commission on Genetic Resources (CGRFA), the European Cooperative Programme
for Plant Genetic Resources (ECPGR), the European Regional Focal Point of Animal
Genetic Resources (ERFP) and bodies at the European Commission;

• Provides national coordinator for ECPGR;
• Support of the development and implementation of the national programmes for

plant, animal, forest and aquatic genetic resources;
• Secretariat for the national expert committees of the Federal Ministry for Agriculture

(BMEL) for plant, animal, forest and aquatic genetic resources, as well as for the
Scientific Advisory Board for Biodiversity and Genetic Resources;

• Data collection and documentation of national inventories as well as user-oriented
central dissemination of information on occurrences, characteristics and performance
of genetic resources for food, agriculture, forestry and fisheries;

• Monitoring and assessment of agrobiodiversity trends in Germany;
• Coordination of conservation activities and assistance to conservation networks;
• Facilitation of national and international support measures and programmes;
• Knowledge transfer and advisory services for political decision makers and other

stakeholders;
• Biopatent monitoring and access and benefit-sharing (ABS) issues;
• Public relations and awareness raising.

The Scientific Advisory Board on Biodiversity and Genetic Resources was constituted
in 2003. The Board advises the BMEL on general and fundamental issues relating to the
conservation and sustainable use of biological diversity at national, EU, and international
level. Members of the Board are scientists from different disciplines appointed by the
Federal Ministry of Agriculture, the four chairpersons of the national expert committees on
plant, animal, forest, and aquatic genetic resources, as well as the director of the IBV. The
main topics to be considered by the board are:

• Biological and ecological basics;
• Economic, social and ethical evaluation;
• Development of science and technology, including genetics and breeding;
• Land use, landscaping and rural areas;
• Importance for raw materials, energy, nutrition and health;
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• Promotion of strategies and concepts;
• Legal, policy and ethical issues;
• Information and communication, marketing and awareness.

While the BMEL is setting the policy framework, the implementation of the national
programmes remains under the responsibility of all stakeholders. Due to the broad scope
of the demanding programmes a wide range of actors are involved such as Federal and
Laender institutes, genebanks, research institutions, fisheries, the private sector and non-
governmental organizations, including universities, agricultural and horticultural actors,
breeders, farmers and foresters, nature conservation, botanic and zoological gardens.

The IBV is keeping an oversight and facilitates the implementation of the national
programmes through information, documentation, communication, and coordination
measures. A specific website (https://genres.de/en/) is dedicated to providing the overall
information platform of all programmes and stakeholders as well as the national inventories
and a newsletter.

5. Coordination and Governance Structure of the German Plant Genetic Resources System

Given the global challenges as agreed by the 2030 Agenda for Sustainable Develop-
ment with its 17 Sustainable Development Goals (SDG) and the particular importance of
climate change, loss of biodiversity, and food security, the essential role of plant genetic
resources for food and agriculture is evident. These resources are fundamental for further
research and plant breeding to support the diversification of the agriculture and food
system and contribute to the climate change adaptation processes.

Based on its historical developments, the German plant genetic resources system (see
Figures 2 and 3) is characterized by an effective long-term conservation infrastructure
with internationally recognized genebanks and well-qualified plant research institutions.
A large number of breeding and seed companies operate in Germany and offer, as of
July 2021, 2635 varieties of agricultural species and 640 varieties of vegetable species at the
European seed catalogues to farmers. A wide range of non-governmental organizations
and individuals are engaged in conservation and management of plant genetic resources
on farms or in gardens.

Figure 2. Elements of the German plant genetic resources system.
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Figure 3. Coordination and governance structure of the German plant genetic resources system.

The National Programme for the Conservation and Sustainable Use of Plant Genetic
Resources of Agricultural and Horticultural Crops [19] describes the main objectives and
measures to be undertaken at the national level. The first national PGR programme was
adopted by the Conference of Agriculture Ministers in 2002. It was fundamentally revised
in 2012. This second programme is based on the second Global Plan of Action for Plant
Genetic Resources for Food and Agriculture of FAO (GPA2). It describes the political and
legislative framework at national, European, and international level. The national priority
activities are grouped in accordance with the main elements of GPA2, i.e., specifically
address ex situ conservation, in situ conservation including both on farm management and
in situ conservation of crop wild relatives (CWR), sustainable use, as well as information
and documentation. The next revision and updating cycle of the national programme has
already been initiated by the Ministry.

The national expert committee for PGR, called the “Advisory and Coordinating
Committee for Agricultural and Horticultural Crops (BEKO)” was established by the
BMEL in 2002. It consists of up to 17 members representing Federal and Laender authorities,
professional associations and organizations from science and research, the private sector,
representatives of genebanks, the in situ conservation and on farm management sector, and
non-governmental organizations. The terms of office of members are five years. The BEKO
has provided reports about the implementation of the national programme for the periods
2008–2014 and 2015 to 2019. Since the beginning of the current term (2020–2024), also the
nature protection sector is represented through the Federal Agency for Nature Protection.

5.1. Ex Situ Conservation

In Germany, there are currently six national genebanks (see Table 3). These consist
of more than 100 collections hosted and curated by a most varied range of actors at the
Federal, Laender, and local level, and even by private individuals. Four of these genebanks
are in fact decentralized networks that are specialized in the conservation of certain crops,
namely the German Genebank for Fruit Crops, the German Genebank for Grapevine, the
German Genebank for Ornamentals, and the Genebank for Crop Wild Relatives.
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Despite the differences in the species conserved and the actors involved, all four
decentralized genebank networks follow the same structure, which is set out in a coop-
eration agreement. The coordinating organizations of the two larger networks, i.e., the
Genebank for Fruit Crops and the Genebank for Ornamentals, are supported by scientific
advisory boards.

All genebanks conserve their accessions according to the FAO genebank standards [20].
The IPK genebank is running a quality management system since 2007 and is certified
according to ISO 9001:2015. The vast majority of its collection is stored as dry seed at
−18 ◦C. Conservation of vegetatively propagated accessions is facilitated through per-
manent cultivation in the field or by means of in vitro culture or cryo conservation in
liquid Nitrogen.

The IBV, as a higher-level coordinating body, is a partner with defined tasks in all
decentralized genebank networks. This includes the integration of the respective genebanks
in the national and international processes as well as the integration of the data about
the respective genebank holdings into the National Inventory of Plant Genetic Resources
(PGRDEU) in Germany.

All plant genetic resources conserved in the German genebanks are distributed under
the terms of the International Treaty on Plant Genetic Resources for Food and Agriculture
(ITPGRFA) for the purposes of research, breeding, and training with the Standard Material
Transfer Agreement (SMTA), or a special Material Transfer Agreement for ornamentals
based on the SMTA. The IPK genebank provided in 2019 a total of 20,069 samples to
recipients at their requests, under SMTAs; 11,351 samples were requested from abroad.
The current genebank holdings are listed in Table 3.

Within the network of IBPGR base collections, the IPK held a global base collection of
Lycopersicon and Lupinus, and the former FAL genebank held global collections of Avena,
Beta, four Brassica species and Sinapis, as well as a European collection of Phaseolus [15].
Germany has placed a significant number of unique accessions within the “virtual” decen-
tralized European collection AEGIS (A European Genebank Integrated System), which is
the initiative of the European Cooperative Programme on Plant Genetic Resources (ECPGR)
aiming to efficiently conserve and provide access to unique germplasm in Europe through
this European Collection. The AEGIS accessions contributed by German genebanks, mostly
by IPK, constitute 41% of the European collection as of July 2021. About 65% of the acces-
sions (Table 3), specifically 75% of the IPK collection and accessions held by the CWR and
fruit genebanks, are of species included in Annex I of the ITPGRFA and have been notified
as part of its Multilateral System.

Table 3. Ex situ conservation of plant genetic resources in Germany (2021).

Ex Situ Conservation Coordinating Institute Number of Accessions 1 Number of Genera

Federal genebank of agricultural
and horticultural crop plants

Leibniz-Institute of Plant Genetics and Crop
Plant Research (IPK), Gatersleben 150,905 776

German genebank for fruit crops
Julius-Kühn-Institute (JKI), Institute for
Breeding Research on fruit crops,
Dresden-Pillnitz

5374 7

German genebank for grapevine
Julius-Kühn-Institute (JKI), Institute for
Grapevine Breeding Geilweilerhof,
Siebeldingen

4224 3

German genebank for ornamentals Federal Plant Variety Office (BSA), Hanover 16,016 75

German genebank for crop wild relatives Botanic Garden, University Osnabrueck 4711 178

German genebank for tobacco NiCoTa GmbH, Rheinstetten 788 1

Total number of accessions 182,018
1 Source: PGRDEU, 21 July 2021.
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5.2. In Situ Conservation

Attention to in situ conservation of CWR has increased over the past decade. The
“German Network of Genetic Reserves” has been established in 2019 as framework for in
situ conservation of priority CWR [21]. It consists of networks for specific priority CWR.
The CWR networks include genetic reserves harboring populations or plant communities
identified based on agreed criteria and managed by coordination units located at agencies
or institutions involved in work with PGRFA. The overall network is coordinated by the
IBV (Figure 4). The German Network of Genetic Reserves has the following objectives:

• Improvement of priority CWR in situ conservation in their natural habitats, combined
with complementary ex situ conservation in genebanks.

• Provision of a framework for coordination, management and integration of CWR
into in situ conservation activities and for raising awareness about the importance of
CWR conservation.

• Promotion of CWR utilization through documentation and the provision of freely
available in situ and ex situ characterization and evaluation data in national and
international information systems.

• Supporting the national PGRFA program in international cooperation and the imple-
mentation of the CBD, the GPA2, and the International Treaty on PGRFA.

• Supporting the fulfilment of international reporting obligations regarding the im-
plementation of GPA2, the International Treaty, and the State of the World Report
on PGRFA.

 
Figure 4. Structure of the German Network of Genetic Reserves.

The first CWR specific network was the wild celery network established in 2019.
Currently it is already composed of 17 wild celery genetic reserves; further reserves are in
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the process of being designated [22]. The coordination unit of the wild celery network is
located at the Federal Research Centre for Cultivated Plants (JKI), Institute for Breeding
Research on Agricultural Crops, in Quedlinburg.

In situ conservation of wild plant species is a key task of the nature protection sector,
while CWR are of particular interest to the agricultural sector given their importance
for plant breeding and crop improvement. Hence, their in situ conservation requires
collaboration with the nature protection sector, both at the local level, when designating
genetic reserves, as well as regional and federal level. This collaboration is currently being
established and extended, and has inter alia led, as reported above, to the representation of
the Federal Agency for Nature Protection in the BEKO.

5.3. On-Farm Sector

In Germany, there are a large number of NGOs, most of which are organized through
an umbrella organization for crop and livestock diversity. This umbrella organization is also
a member in the BEKO to advice on issues related to on farm conservation and management.

The EU-Regulation on Conservation Varieties adopted in 2009 created the legal pre-
requisite to permit and market seeds of landraces and varieties of agricultural species
and vegetable species, which are relevant for the conservation of genetic resources under
facilitated conditions. This was a supportive prerequisite to enable on-farm management
of varieties that no longer have seed approval.

The Federal Ministry offers project funding to support on farm conservation and
management, through which a large number of projects have been carried out in recent
years, including some projects that investigated the recultivation of genebank accessions of
old landraces from the IPK genebank.

Within the scope of the EU’s European Agricultural Fund for Rural Development
(EAFRD) there is also the national cooperative funding instrument of the Federal and
Laender governments “Improvement of the Agricultural Structure and Coastal Protection”
(GAK) to support agriculture and forestry, the development of rural areas and to improve
coastal and flood protection. One of the funding measures specifically serves to promote
the cultivation and conservation of old landraces/varieties, that are listed on the Red List
of endangered local crops in Germany. The Laender can offer these funding measures and
receive co-financing from the Federal ministry. However, due to the priority setting by
the individual Laender, the efforts required and the low funding volume so far only one
Federal State (Land) offers this funding measure for plant genetic resources.

5.4. National Inventory

The National Inventory of Plant Genetic Resources in Germany (PGRDEU) is the
central documentation of the ex situ, in situ, and on-farm conserved plant genetic resources
in Germany. This includes

• The documentation of the six national genebanks in Germany,
• The data from the “German Network of Genetic Reserves”,
• The list of priority CWRs,
• Extensive data on the historically used vegetable varieties and species from the period

1850–1950,
• The red list of endangered indigenous crop landraces/varieties in Germany,
• An inventory of on-farm actors that is currently being developed,
• Variety descriptions of genebank material from cultivation trials.

The national inventory is hosted and managed by the IBV at the BLE. It is regu-
larly updated and, besides being a central resource for national stakeholders, it serves as
data source for fulfilling international data reporting obligations to the European Cata-
logue of plant genetic resources EURISCO managed by the ECPGR and to FAO for SDG
Indicator 2.5.1.
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5.5. International Cooperation

The European and global collaboration in plant genetic resources for food and agricul-
ture conservation and use is also coordinated by the PGR experts at the IBV. They coordinate
the interactions with and the contributions to ECPGR. They advise and represent the Min-
istry in the collaboration with and sessions of the ITPGRFA and the Intergovernmental
Technical Working Group for PGR of the CGRFA and take care of all international reporting
obligations to the ITPGRFA, the CGRFA, and GPA. Through IBV’s various functions and
roles in the BEKO and the CWR genetic reserve and genebank networks it communicates
relevant international information and necessary actions to the national stakeholders and
vice versa.

6. Conclusions

The coordination and governance structure is functioning well since more than
20 years now. It is a light structure based on information, communication, and coordina-
tion elements but without a centralized funding structure. While this structure brought
many advantages, still some challenges remain to be addressed. These issues will be
elaborated based upon the plant genetic resources domain as follows.

The benefits of the structure—distributed with a central coordination—can be appreci-
ated by the improved national cooperation with a balanced implementation of the national
programme across both larger and smaller stakeholders. Additional capacities could be
identified and integrated for conservation of plant genetic resources by including very
small and also private actors. This is the case, for instance, in the further development of
the German genebanks of fruits and ornamentals, where a number of well-qualified and
motivated partners are able to contribute to the national endeavor. The comprehensive
national programme, the BEKO, as well as the information and communication means
allow them to participate in a fair and equitable manner.

The comprehensive representation of a wide range of stakeholders in the BEKO
facilitates their engagement and contributions toward the implementation of activities in
the national programme. This goes hand in hand with the official acknowledgement and
recognition by reporting their valuable activities at national and international levels.

Monitoring, regular revisions, and priority setting of the national programme is
facilitated by the BEKO and the supporting activities of the IBV. This approach allows to
continuously integrate innovations from science, observations of the private sector, and
findings of non-governmental organizations, as well as new developments from political
debates and decisions, and international developments.

The capacity to collect information about activities of and contribution from numerous
stakeholders, besides the well-known research institutes such as the IPK genebank in
Gatersleben, allows enhanced collaboration and facilitates documentation and reporting of
the German contributions toward international cooperation. Especially the ECPGR could
benefit by coordinated inputs from Germany. At the same time, the active involvement of
German members in ECPGR activities facilitates the harmonious implementation of the
concepts developed within the ECPGR in Germany.

When developing positions for European and global processes, the German Federal
Ministry of Food and Agriculture (BMEL) is benefitting from advice of the BEKO and the
IBV and national programme assessments. This is especially the case for FAO processes
under the CGRFA and the ITPGRFA, as well as for the CBD processes, including the
Nagoya Protocol. An additional advantage of the governance structure is an improved
coherence in German positions related to plant genetic resources for food and agriculture
at the international level.

Besides such advantages, some challenges of this structure remain to be addressed. In
particular, the information flow from Laender activities or non-governmental organizations
related to in situ conservation and on farm activities to the IBV could be improved. IBV
also would benefit from more regular information from research institutes about ongoing
projects, especially those funded by third parties (e.g., the EU). Several coordination and
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conservation activities within the ex situ and in situ conservation networks would benefit
from more long-term institutional support to stakeholders carrying out these functions.

While policy coherence could be improved with the new governance structure for
policy setting at different national agricultural for a related to plant genetic resources,
processes to develop joint positions between the agricultural and environmental sectors at
national and international level should still be further enhanced.

A key step in the development of the current coordination and governance struc-
ture was the need to thoroughly assess and analyze the national plant genetic resources
landscape at the occasion of the German reunification. This assessment has taken into
consideration the existing political and administrative structure and the distribution of
competencies between the Laender and Federal governments. More than 30 years have
passed since. Looking back today from within a stable and well-functioning plant genetic
resources system, the approach to (only) centralize information and coordination functions
in a permanent dedicated unit, while keeping or developing concrete implementation of
conservation and use, research and breeding embedded in functioning local, regional, and
federal structures or distributed networks have proven to be very sustainable and effective.

It is conducive to establishing long-term collaboration both at national and interna-
tional levels, having allowed Germany to engage effectively in continued collaboration
with all relevant bodies, i.e., ECPGR, FAO, ITPGRFA, and CGRFA, including respective
working groups and subsidiary bodies.

This light governance structure provided by a central coordination unit, i.e., the IBV,
deserves appropriately staffed offices. The scientists working at the IBV are civil servants,
all experts in their respective field of genetic resources, who are entirely dedicated to carry-
ing out the tasks listed in Section 4, for which the IBV is responsible. The financial support
provided by the federal government to this permanent information and coordination unit
underlines the importance, which the government does attribute to this task. It recognizes
the historical developments and achievements and the difficulties faced during World War
II and the post-war times. In particular, it values the fundamental importance of plant
genetic resources for further research and plant breeding to support the diversification
of the agricultural sector and the entire food system and to contribute to climate change
adaptation processes and the protection of biological diversity.

It is recommended to establish an equivalent concept and governance structure at
European level. Like Germany as a Federal state, with a multitude of stakeholders and
significant differences among the Laender, and relevant competencies and responsibilities
distributed between Laender and federal level, similarly Europe presents a highly diverse
genetic resources landscape in terms of conservation, management, use, research and
breeding, actors and (agro)ecologies, as well as relevant competencies and responsibilities.
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Abstract: Among the most important users of plant genetic resources, conserved predominantly in
public genebanks around the world, are public and private plant breeders. Through their breeding
efforts, they contribute significantly to global, regional, and local food and nutrition security. Plant
breeders need genetic diversity to be able to develop competitive new varieties that are adapted to the
changing environmental conditions and suit the needs of consumers. To ensure continued and timely
access to the genetic resources that contain the required characteristics and traits, plant breeders
established working collections with breeding materials and germplasm for the crops they were
breeding. However, with the changing and increasingly more restrictive access conditions, triggered
by new global legal instruments like the Convention on Biological Diversity/Nagoya Protocol and
the International Treaty, plant breeders started to establish their own genebanks at the turn of the
21st century. This paper analyses the conditions that contributed to this situation as well as the
historical ways that plant breeders used to acquire the germplasm they needed. Public genebanks
played and continue to play a conducive role in providing genetic resources to users, including
private-sector plant breeders. However, also the practices of the germplasm curators to collect and
distribute germplasm were affected by the new legal framework that had been developed in global
fora. It is against this background that the complementarity and collaboration between public and
private sector genebanks have been assessed. Whenever possible, vegetable genetic resources and
vegetable private breeding companies have been used to analyze and illustrate such collaboration.
The authors look at reported successful examples of collaborative efforts and consider opportunities
and approaches under which such collaboration can be established and strengthened to ensure the
continued availability of the building blocks for food and nutrition security.

Keywords: plant genetic resources; public genebanks; private genebanks; collaboration; conservation; use

1. Introduction

1.1. Motivation

Genetic diversity, within and between species, provides the raw material for plant
breeders to work with. This diversity has been readily available and without restrictions
for a long time, until the 1980s, albeit increasingly threatened by genetic erosion. Plant
breeders typically established and maintained working collections of selected materials
of a given crop, including their own breeding lines, collected materials, and accessions
obtained from public genebanks or (seed) markets elsewhere. With the introduction of a
legal framework for access and benefit-sharing (ABS) of this genetic diversity, in fact, of
biodiversity at large, access to genetic resources became more restricted or was even, in
some cases, completely denied. During the last three decades, access to genetic diversity
and benefit-sharing conditions has become more complicated and bureaucratic. Given
the fact such access is an essential requirement for any breeder, breeders started to pay
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more interest in strengthening their own working collections. Eventually, seed companies
established their own private genebanks to ensure their in-house breeders have permanent
access to the genetic resources they need for developing new varieties.

In parallel to the above developments, many public genebanks, especially in devel-
oping countries saw increased budgetary constraints, faced an increasing lack of required
expertise and equipment, and thus became increasingly isolated from the global user
community [1]. The mentioned legal complexity of providing access to healthy and good
quality genetic resources further contributed to a weakening position of part of the public
genebanks in offering targeted services to society and consequently resulting in less support
for investments in conservation and use.

The above situation has prompted the authors to review the current practices of
collecting, conserving, and maintaining germplasm accessions more systematically and
critically as well as how these genetic resources are accessed, in particular by the private
breeders and their breeding companies, as their role in conservation is steadily increasing,
albeit restricted largely for their own use. Therefore, identifying the bottlenecks and
constraints in the current global conservation and use system that impact the collaboration
between private and public genebanks is the first step towards resolving them. In this
review paper, we will assess germplasm flows, procedures, traditions, and other (legal)
processes that might include such constraints, bottlenecks, and possibly other negative
reasons with respect to the collaboration, followed by presenting possible solutions. This
paper intends to contribute currently missing information to the political debate on revising
global legal instruments and national/local conservation practices in order to strengthen
the effectiveness and efficiency of germplasm conservation and use efforts.

1.2. Why Focus on Vegetables?

Breeding crops is a multidisciplinary activity that strongly varies in methodology from
one crop to another. The way that genetic resources are being used in the breeding process,
therefore, also varies significantly between crops or groups of crops. The latter depends,
among others, on the ‘development state’ of the crop or group of crops, including to which
extent they have been researched. To avoid unnecessary complexity in our assessment
of the situation of access, it was deemed easier to restrict the overall range of crops. A
somewhat arbitrary decision was made to focus this paper on vegetable crops, whenever
possible, meaningful, and applicable. Only a relatively small number of known public
genebanks had a strong collaboration history of working with the private breeding sector.
Also, only a few curators from private genebanks and only a few private plant breeders
had expressed preparedness to share relevant information for this paper. Consequently,
this paper has a rather strong focus on a limited number of countries and genebanks
(see also Section 2). When no specific information on vegetable genetic resources was
available, ‘general information’ was used with the assumption that this would also apply
to vegetable crops.

Accessing new genetic diversity is essential in the breeding process of any vegetable
crop and there is, in general, a broad range of genetic diversity available from public and
private genebanks for these breeding activities. However, many ’minor’ vegetable crops
are underrepresented in genebanks, which is typical for the neglected and underutilized
species—NUS. Among the major vegetable crops, only the Brassica complex (Brassica et al.),
carrots (Daucus), and eggplant (Solanum) form part of Annex I crops of the International
Treaty on PGRFA, while all the minor ones are not included. Furthermore, in particular, the
minor vegetables are, in general as well as in breeding terms, less ‘advanced’ compared
to the major staple crops as many of the minor vegetable crops have hardly undergone
any significant breeding. This means that we have a vast spectrum of vegetable crops with
respect to their improvement status and thus, the vegetables at large represent the entire
spectrum of their dependency on genetic diversity for the breeding process in creating new,
more nutritious, and better-adapted varieties.
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Whereas vegetable genetic resources are only a smaller proportion of the total range
of PGRFA, the findings on the collaboration between public and private genebanks of
vegetable genetic resources are representative of all PGRFA and all genebanks, and very
suitable for illustrating the points that are being made. This same line of thought also
applies to the limited number of genebanks and countries that provided information, the
findings can be extrapolated to other genebanks as well, without too many restrictions.

Some general considerations
While attempting to strengthen the collaboration between public genebanks and

breeding companies, one must consider that such collaboration should benefit both sides.
As already mentioned, the ‘business model’ of breeding companies is to breed new varieties
that address problems experienced by growers and meet the expectations of consumers.
Newly bred varieties need to be competitive and possess environment-friendly properties,
thus being sustainable and ‘marketable’, generating financial benefits to the companies,
besides other benefits to the society at large. To do so, the companies need access to plant
genetic resources.

Public genebanks aim at effective and efficient long-term conservation of defined na-
tional and/or economically important crop genepools and to make these genetic resources
available to users. They often also have the mandate to contribute to the conservation of
the bio-cultural heritage of their country and region. Genebanks tries to make the con-
served accessions available in the most user-friendly form, along with related information.
Furthermore, they should assist in the acquisition and research of genetic resources of
importance to their national agricultural economy. Many of the (national) public genebanks
are well-positioned to facilitate access and benefit-sharing arrangements. Fulfilling all these
requirements will allow them to significantly contribute to national and global food and
nutritional security and a more sustainable form of agriculture.

2. Materials and Methods

Considering the (political) ‘sensitivity’ of this subject and the hesitation from the
breeding companies to openly engage in assessing and critically reviewing the current
practices concerning the conservation of genetic resources in their companies, it was decided
to base this review on the information that had been received from a limited number of
private-sector breeders and company genebanks, including Rijk Zwaan, the Netherlands,
and East-West Seed International Limited, Thailand as well as from the literature. The
inclusion of data from the Dutch national genebank CGN is important as it has a significant
collection of different vegetable crops is one of the most advanced national genebanks in the
world with respect to genebank and germplasm management practices, and has gathered
significant experiences in collaborating with breeding companies in the Netherlands and
beyond. Another national genebank with a very broad portfolio of field and vegetable
crops and their related wild relatives is the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK), Gatersleben, Germany. It is among the most important national
genebanks that distribute germplasm worldwide and is, similar to CGN, one of the most
advanced genebanks. The only global vegetable genebank is the World Vegetable Center
(WorldVeg), with headquarters located in Taiwan. It is the 5th biggest international public
genebank with a unique focus on vegetables. It is closely associated with the CGIAR
genebank platform and has established significant collaboration with private and public
vegetable breeders and companies. The long and extensive experience of the authors in
operating public genebanks, including the conservation and facilitation of the use of a wide
diversity of (vegetable) crops and their wild relatives, their experience in collaborating with
the private genebank/breeding sector as well as with the framing of the global, regional
and some national legal frameworks and applying it on a routine basis, provide a good
foundation for this review and to identify and present a number of opportunities that
would facilitate and strengthen the collaboration between two complementary activities,
i.e., conservation and use.
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3. A Historical Overview of Accessing and Managing Germplasm by the Private Sector

Since the first steps of domesticating plant species were made some 10,000 years ago
in the Fertile Crescent, and even earlier when gathering wild plants, human selection
started to play an essential role in shaping the foundation for agriculture. Farmers began
to select species and genotypes within species for cultivating ‘crops’. This process lasted
for millennia and continues even today. It was not until after the rediscovery of Gregor
Mendel’s principles of inheritance, published in 1865 [2], that scientific breeding based
on crossing and selection started at the beginning of the 20th century. Plant breeding as a
commercial undertaking is much older, possibly dating back to the start of breeding efforts
by de Vilmorin in France in 1743 [3]. Ample genetic diversity is the foundation for selecting
a suitable population or the best genotypes within a given species for cultivation, or parents
for making crosses and thus to produce varieties that stack desirable characteristics. During
the first part of the 20th century, plant introduction centres were established for single crops,
like potatoes, or multiple crops [4]. To ensure the continued availability of sufficient genetic
diversity to select from, breeders typically establish working collections of genotypes of a
given crop that would correspond with their breeding objectives [5].

At a later stage, targeted collecting of genetic diversity of a given crop, in the form
of landraces, traditional farmers’ varieties, or related wild relatives of such crops, was
initiated by plant breeders and scientists, and the first genebanks were established, mainly
for research purposes, first in the USA (Harry Harlan) and Russia (Nikolai Vavilov), later in
Germany (Hans Stubbe) and in other European countries [4]. However, with the occurrence
and increase of the so-called genetic erosion, especially following the large-scale introduc-
tion of scientifically bred varieties with a limited genetic base [6], the foundation of crop
improvement and plant breeding started to become threatened, and thus, the earlier priority
of public genebanks to provide genetic diversity to users changed to a more conservation
orientated objective. Consequently, efforts were undertaken to more systematically collect
and conserve genetic resources, at the beginning especially landraces of crops, by and in
genebanks worldwide.

Until the early 1990s, access to the genetic resources available in situ or conserved
in the predominantly public genebanks was free and unrestricted. This access paradigm
was embedded in the International Undertaking that FAO had concluded as a voluntary
international agreement with their member countries in 1983 [7]. Thus, breeders had ready
access to genetic diversity conserved in genebanks and/or available in farmers’ fields and
natural populations. Generally, this on-farm and in situ germplasm could be collected
without major restrictions. As these materials were typically added to or shared with
the public genebank collections in the respective countries, and as genebanks exchanged
germplasm among them to respond to requests of users/breeders, only limited access
problems existed. Mostly public breeders organized collecting missions, frequently together
with scientists from universities and/or genebank staff and added collected material to
their working collections. Through collaboration with research institutes and universities,
private breeders had easy access to these collections and pre-bred materials. For instance,
in the Netherlands, public research institutes had a strong focus on the production of
pre-bred materials that could be made readily available to private and public breeders [8].
From all these sources, including from public genebanks and research institutes worldwide,
germplasm materials and advanced breeding lines have been incorporated into the working
collections of private breeders.

Private breeders, in general, prefer to use commercially successful ‘elite’ varieties of a
given crop as parents in their breeding activity and ‘only’ resort to genetic resources, in par-
ticular, landraces and crop wild relatives, when they need to enlarge the genetic diversity
pool and/or want to include specific traits in the ‘elite variety’ they plan to produce [9]. In
particular, the use of crop wild relatives in breeding programmes generally requires lengthy
and costly back-cross programmes to obtain genotypes/varieties that no longer possess
unwanted characteristics from the wild species. In this context, it should be noted that
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genomic tools such as marker-assisted selection allow a much more effective removal of
linkage drag. Furthermore, genome-wide association mapping and comparative genomics
allow the identification of marker-trait associations and the prediction of associated can-
didate genes. This information can then be used for the efficient incorporation of desired
traits through marker-assisted breeding (see, for example, Puranik et al. [10]). It should be
stated that the above arguments apply to vegetable genetic resources and PGRFA at large.

To give breeders protection for their efforts, a system of intellectual property protection
of released varieties, so-called plant breeders’ rights, was set up in the second half of the
20th century. The Union for the Protection of Plant Varieties or UPOV is the most widely
applied ‘system’, which gives breeders for up to 20 years the monopoly of reproducing and
selling the protected variety. Such protected varieties can still be freely used by competing
breeders for further breeding activities under the so-called ‘breeders’ exemption’. In this
context, also the US 1930 Plant Patent Act should be mentioned as it aimed to protect
newly released varieties through a patent. Through the ‘harmonization’ process of the
International Undertaking and the CBD the principle of ‘common heritage of humankind’
was eliminated and replaced by the notion of ‘national sovereignty’ of states over their
natural resources [7]. This process of increased application of legal protection of varieties,
especially after the application of patents on genes, traits, and even varieties, resulted in
more restrictive accessibility of genetic resources, especially from ‘the Global South’ and was
further fueled by the establishment of the Convention on Biological Diversity (CBD) in 1992,
including the recognition of ‘national sovereignty’ of states over the biological resources in
their territories and in 2014 by its related Nagoya Protocol. Subsequently, the FAO had to
counter the access and benefit-sharing challenges those bilateral negotiations under the
CBD posed to the exchange of plant genetic resources for food and agriculture. This process
resulted 2001 in the establishment of the International Treaty on Plant Genetic Resources for
Food and Agriculture (hereinafter called ITPGRFA or International Treaty), which entered
into force in 2004 [11]. In harmony with the CBD, it made specific arrangements for PGRFA,
notably a multilateral system for access and benefit-sharing [4].

The CGIAR genebanks contribute(d) significantly to the collecting, acquisition, and
long-term conservation and use of PGRFA, maintained in the public domain for the
entire global community, especially regarding staple crops. The developments over
the past 30 years with respect to the acquisition and distribution of germplasm by the
CGIAR centres were analysed to demonstrate the current situation with respect to ABS by
Halewood et al. [12]. A highly political environment was observed, such as countries’
unwillingness to share their materials. Restrictive national laws and policies were the
reasons most often cited by the CGIAR centres’ genebank managers for decreased rates
of acquisition of additional materials to conserve in and distribute from their genebanks.
Furthermore, the following more specific scenarios that impacted negatively on the ac-
quisition of germplasm by the CGIAR centres were reported: a combination of different
elements, including ABS aspects, that have built mistrust on geopolitical levels; inten-
tions or promises to share materials by (technical-level) partners that have been thwarted
by political arguments; insecurity on the part of national partners, in particular in the
Global South, because of unclear lines of authority and fear of being accused of ‘selling
out’ the country’s patrimony; insecurities on the part of the centres to even request for
materials, given the vagaries of national procedures and the possibilities of backlashes
and a considerable degree of uncertainty throughout the entire national and international
system [12].

In a more recent study regarding rates of acquisition and distribution of germplasm
materials by the eleven CGIAR genebanks, Halewood et al. [13] observed an increasing
geopolitical polarization over access and benefit-sharing arrangements, as well as the
unwillingness of several International Treaty member states to share germplasm through
the multilateral system as they feel that they do not get sufficient recognition for their
germplasm maintained and shared by/with the centres. Furthermore, developing country
contracting parties are dissatisfied with the fact that only three payments have been made
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to the Plant Treaty’s Benefit-Sharing Fund by commercial users of materials from the
multilateral system, two back in 2016 [14] and one in 2018 [13]. It may be assumed that all
this is true for vegetable collections as well. Although benefit-sharing arrangements are not
the main focus of this paper, examples of actual or perceived benefit-sharing arrangements
are included in Section 5.5.

As a result of the decreasing collecting and access to PGRFA, breeders support joint
collecting missions with public genebanks, implemented within the provisions of the
existing legal framework. Collecting is predominantly done in centres of diversity and has
a focus on landraces and crops of wild relatives. Breeders also increasingly established their
own working collections, particularly through the acquisition of germplasm accessions
from national and international genebanks, as well as pre-bred materials from research
institutes and commercial varieties worldwide. Gradually, these breeding collections
increased in size. With the introduction of more complex and restricted access regulations
by countries and genebanks, many companies decided to start their own genebanks to
maintain this in-house germplasm for the long term, assuring continued access to the basic
material of their breeding activities. This will be further elaborated in Section 5.

The traditional way of (private) breeders to acquire the needed germplasm materials
either from or with the assistance of a national public genebank or by joining collecting
missions to centres of diversity, has become more complicated and bureaucratic. This
also applies to the sharing of pre-bred materials among national plant research institutes
and private breeders. At the same time, and as a response to the general trend, we
observe increasing numbers of consortia, including partners from public genebanks and
private breeding companies that facilitate the sharing of selected accessions among the
participating institutes.

4. Why Do Breeding Companies Establish Genebanks?

Considering the developments concerning access to plant genetic resources, an in-
creasing number of breeding companies decided to expand their conservation efforts by
consciously adding genetic diversity to the existing breeding collections of crops that are
part of their breeding activities and thus, establishing their own private genebank for
long-term conservation. The first mention of breeding companies to have established their
own genebanks for some crop species was made by Kate and Laird [15]. However, this
development process of establishing genebanks by companies started much earlier but
was possibly not published or reported [9]. In this section, we elaborate on the reasons
why this happened. The content presented is based mainly on the information provided,
through personal communication, with a managing director and a genebank manager, i.e.,
Kees Reinink of Rijk Zwaan [3] and Marilyn Belarmino of East-West Seed International
Limited [16], respectively as well as on the knowledge and experience of the three authors.

The main reasons to establish a genebank by breeding companies have been grouped
into two parts: (1). Cost and efficiency considerations; and (2). Securing future access to
needed genetic diversity.

4.1. Cost and Efficiency Considerations

Breeding companies were already managing large working/breeding collections,
sometimes of several hundred thousand samples, in the case of larger seed companies.
Therefore, adding ‘a few ten thousand’ accessions acquired by purpose from different
sources to increase the diversity would neither create a significant additional cost nor
significantly increase the workload. Furthermore, having your own genebank with a good
representation and documentation of the genepool(s) concerned contributes to considerable
time and cost savings by not being forced to acquire or collect the required genetic diversity
each time when needed.

When starting a screening process, it is advantageous to have the entire range of
genetic diversity of a given crop already ‘in-house’. Especially having sufficient seed
quantity of the accessions to be screened saves considerable time and avoids the need to
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request new/additional germplasm materials, usually requiring extensive correspondence
and time. When participating in research or breeding projects, or regional/global consortia,
the sharing of germplasm is typically a pre-condition, and this requirement can be more
easily met when having an own genebank.

Many national and institutional genebanks in less developed countries are operating
on limited budgets and this frequently results in the distribution of poor-quality germplasm
samples that often are not yet sufficiently characterized. Furthermore, the amount of
seeds/plant propagules per sample provided by public genebanks is always limited,
requiring a seed or tissue multiplication step before screening can be initiated, adding to
cost and loss of time. Another, albeit less frequent comment related to the quality of the
distributed germplasm is that the genetic composition of individual accessions might not
meet the expectations of the recipients. For many of the evaluation activities, breeders
need uniform germplasm samples. Especially when the requested material is used for
molecular activities, the availability of accessions consisting of single seed descents would
greatly facilitate their ‘instant use’. However, many of the traditional genebank accessions
are, heterogeneous, and therefore require an additional step to obtain uniform samples for
screening or evaluation activities. Related to this, public genebanks are frequently unable
to respond, in a targeted manner, to trait-specific requests made by breeders for germplasm
accessions and/or might not have the supporting characterization/evaluation data of the
provided accessions at hand.

The phytosanitary status of germplasm accessions is an issue of increasing concern.
Materials from public genebanks often contain seed-transmitted infectious pathogens. This
might be caused by the fact that many genebanks are not able to keep their collections
disease-free, because of high costs or a lack of adequate and up-to-date seed health test-
ing facilities and expertise [17]. Once the germplasm material has been received by a
private company genebank, the accessions/samples must be tested and cleaned, often a
requirement of the national phytosanitary authorities, and thereafter maintained clean.

4.2. Securing Present and Future Access to Needed Genetic Diversity

Possibly the most critical reason for having an own company genebank is to ensure
that good quality and securely conserved genetic resources are readily available to the
breeders to support pre-breeding, breeding, and research programmes, now and in the
future [18]. Over the past years, it has become increasingly more challenging to acquire
germplasm from national or local genebanks. The most important reason for this is that
most genebanks have a policy to only provide a limited number of accessions per request
and/or year and requester. Another reason is that several public national and many
institutional genebanks that frequently manage crop-specific collections, lack a functional
information management system and thus are not able to effectively deal with germplasm
requests. A very different reason is that used material transfer agreements sometimes
include a requirement that the obtained germplasm should be destroyed after a single use
or a demand for high royalties upon the release of a commercial variety.

The current complexity of policy and legal instruments regulating ABS arrangements
for germplasm is possibly the most critical reason for breeding companies to establish
and operate their own genebanks. In addition to current bureaucratic access restrictions,
there is also a great level of uncertainty around the ongoing political debate concerning
future ABS regulations triggered by the diversity in national legislation to address the
requirements of the Nagoya Protocol [5]. This high degree of uncertainty about future
germplasm access has motivated breeding companies to establish their own genebanks and
to acquire a wide range of potentially useful genetic resources of company-specific target
crops from public genebanks or through collecting missions. It should be noted that since
the late 1980s discussions ensued about the application of property rights over newly bred
varieties, typically protected through plant breeders’ rights and increasingly with patents
on plant traits and the underlying genes, but also varieties). As many developing countries
and NGOs have opposed these developments, this issue has certainly contributed to critical
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views in the private sector and consequently, becoming more restrictive in providing easy
access to genetic resources.

Some more specific points related to international, regional, and national ABS legisla-
tions and regulations, that have been raised in this respect include:

• Seed companies decided to maintain all accessions that had been obtained in the past
from third parties in-house for long-term conservation to prevent having to do all
‘the burdensome paperwork again and again’. Over the past years, it has become
more difficult to import germplasm due to burdensome pre-shipping requirements,
partly also due to the increased risk of transboundary spread of pathogens and insect
pests [19];

• Typically, companies carefully study the conditions included in contracts and SMTAs
from public genebanks and other sources that must be signed before accepting genetic
material. If the conditions are unacceptable, especially when demanding unrealistic
benefit-sharing requirements, such material will not be included in the company’s
breeding pool. In this context, the Nagoya Protocol should be mentioned as an
important ‘trigger’ for these developments;

• An important legal aspect of the current benefit-sharing arrangements for a breed-
ing company is that they oppose everlasting obligations. These are often included
in ABS rules and require that the company that does the introgression of an inter-
esting trait from a genebank accession into breeding material has to pay as long as
this trait is present in one of its varieties, whereas all competitors, who just take
the trait from a released variety, based on the breeders’ exemption, do not have to
pay ABS. This rule thus puts the company that does the largest breeding effort in a
disadvantageous position.

The expectation that breeding companies share evaluation information on the acquired
accessions with the providing genebanks is for many companies difficult to accept. They
prefer not to share their internal evaluation results or, when participating in research or
other consortia, agreements often include embargo periods before screening results are
publicly shared. Thus, having your own germplasm accessions from the ‘private’ genebank
circumvents such requirements.

In summary, the reasons for breeding companies to establish their own genebank
are manifold. In many instances, they are directly related to the fear of having to spend
increasingly more time and money to obtain sufficient and good quality accessions along
with the relevant information from genebanks around the world, or, in some cases, no
longer being able to access those resources at all.

5. Practices of Breeding Companies to Acquire Germplasm

As already stated before, breeders have their own working collections for each crop
they work on. These collections are typically dynamic, and they reflect the actual breeding
objectives and priorities for a given crop. Many collections also include traits in response
to current and future demands from their direct customers, farmers, and the market for
new varieties. Also, useful breeding materials from the own programme, released varieties
from competitors, as well as research materials, can be found in these working collections.

For a correct interpretation of the current global situation with respect to access and
benefit sharing, it is important to review how private breeders have traditionally obtained
the genetic resources for their breeding programme and, more recently, for the conservation
and use of their own genebanks. The most common way has been through formal acquisi-
tion from public national or international (e.g., the CGIAR and WorldVeg) genebanks, as
will be presented below. Another important way was/is through participating in collecting
missions within the country where they are based and/or abroad. The latter is usually
through collaborative projects with the (national public) genebank and/or with public or
university research teams. It is typically also through these arrangements that possible
benefits are shared. Furthermore, the acquisition of pre-bred materials has been and still
is a relevant source of diversity to the private sector breeding and genebank activities.
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Today, public-private partnership (PPP) research consortia and networks are also sources
of germplasm materials shared among and by partners. Unfortunately, it is impossible to
quantify these different ways of germplasm acquisitions by private genebanks. Details on
the acquisition sources and the common practices of the private sector to obtain the genetic
resources they need are elaborated further below.

Regarding the acquisition of germplasm from genebanks, especially national genebanks,
a few aspects should be mentioned as background information. Genebanks have included
the distribution of germplasm materials they conserve to users as one of their routine
operations and responsibilities. In general, public genebanks are well connected to the
various research and breeding institutions of the agricultural sector in their country and
abroad. Recently, Mekonnen and Spielman [20] correlated historical trends in genebank
acquisitions and changes in germplasm exchange over time, with changes in national and
global policy environments for seven crops (sorghum, cowpea, pearl millet, beans, maize,
rice, and wheat) that are essential for food security in developing countries. Based on
these results, the authors concluded that a sharp decline in genebank acquisitions was
observed in 1993 when the CBD entered into force and that country’s membership in the
CBD is closely associated with reductions in the flow of genetic resources. Furthermore, the
Nagoya Protocol may affect global PGRFA flows in a potentially negative and unintended
manner. In contrast, ITPGRFA membership is likely to moderate the adverse effects of the
CBD and the Nagoya Protocol [5].

Since the implementation of ABS regulations, the distribution of requested materials
is done under material transfer agreements. In the case of species listed in Annex I of the
International Treaty, often the standard material transfer agreement (SMTA) is used [21],
and an increasing number of countries are using the SMTA also for germplasm materials
not listed in Annex I, e.g., the Netherlands, Germany, and most Nordic countries [5]. The
following paragraphs will provide examples of the distribution of predominantly vegetable
genetic resources by the Netherlands, Germany as well as the international genebank
of WorldVeg.

5.1. Germplasm Distribution by Selected National Genebanks

In the ten-year period 2013–2022, CGN distributed 46,819 samples or an average of
4620 samples per year, of which 22,996 (=49%) samples had been sent to private, predom-
inantly breeding companies. The latter included 11,634 (=25%) samples that were sent
to companies outside the Netherlands. Most of this material concerns vegetable seeds of
landraces and crop wild relative species (Figure 1).

CGN has the policy that all requests for more than 50 accessions need to be questioned
by its curator of the corresponding crop genepool; usually, this process results either in
a reduction of the number of accessions being shared in cases where a better selection of
accessions or traits can be made, or in an agreement about sharing the results in cases that
large scale screenings are done. The screening results are only made public after a negotiable
embargo period of about three years. The fluctuations in the number of distributed samples
over the years can largely be explained by incidental large-scale screening projects, resulting
in an inflation of the number of distributed samples.
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Figure 1. Germplasm distribution from the Dutch national genebank CGN from 2013–2022 to
recipients worldwide. ‘NLD’ stands for the Netherlands, ‘Public’ refers to public institutions including
universities, research organizations and genebanks, and ‘Private’ to (mainly) breeding companies. To
illustrate the development with respect to the distribution of genebank accessions/samples to users
for all crops and species, distribution data have been obtained from CGN since its establishment in
1986. The number of annually distributed samples and answered requests are presented in Figure 2.
CGN makes its material available to any user who wants to use it for research, breeding, or education,
and distributes its material all over the world. All distributions are done under the SMTA. Sometimes
the phytosanitary or other import requirements make shipment difficult or impossible.

Figure 2. Number of annually distributed germplasm samples by CGN since its establishment
in 1986.

As illustrated in Figure 3 and based on data received from Weise and Oppermann [22],
IPK distributed during the period 2006–2022 a total of 142,157 vegetable germplasm sam-
ples which is 34.0% of the total of 418,197 samples distributed of all crops and species
during the same period. It should be noted that the data on vegetables are based on an
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internal IPK crop classification (55 crops or crop groups, of which 20 were regarded as
vegetables) that required in some instances arbitrary decisions to include or not include
a given category as a vegetable. Two examples are the inclusion in this study of Phaseo-
lus vulgaris and Solanum tuberosum as vegetables. Whereas 14.5% of the total distributed
418,197 germplasm samples were sent to German (4.4%) and foreign plant breeders (10.1%),
of the 142,157 samples of vegetable germplasm 5.6% were sent to German plant breeders
and 11.4% to breeders outside Germany. The 87,214 samples of vegetable germplasm
distributed to all German recipients (i.e., 61.4% of the total of 142,157 samples) was more
than 1.5 times higher compared with the total samples distributed to all recipients outside
Germany, i.e., 54,943 samples or 38.6%).

Figure 3. Numbers of distributed samples of vegetable crops by IPK to plant breeders only (blue
line), to all users (orange), and total samples of all conserved crops and species distributed per year
(light blue), from 2006–2022.

The distribution figures of the Dutch and German national genebanks of all germplasm
accessions maintained are impressive and seem to have reached a maximum in 2011 in the
Netherlands (almost 8500 samples) and in 2015 in Germany (almost 45,000 samples). The
distribution rate to the private sector, predominantly plant breeders, is roughly the same
for Dutch and foreign breeders. In Germany, the distribution of all germplasm to foreign
breeders is slightly lower (43.9%) than the distribution to German breeders (i.e., 56.1%). The
percentage of samples distributed to breeders from all the germplasm distributed during
the period 2006–2022 by IPK is 14.5%, with a variation from 9.4% in 2015 to 23.9% in 2019.

Day-Rubenstein et al. [23] reported that about 5% of the 162,673 germplasm samples
distributed by the United States National Plant Germplasm System from 1995 to 1999 went
to commercial companies outside the United States.

It is interesting to note that the distribution data stems largely from genebanks and
countries that have very limited restrictions on the distribution of public germplasm.
Unfortunately, several other ‘big genebanks’, e.g., the Indian, Chinese, and Russian national
genebanks, have a far more restrictive policy regarding the international distribution of
publicly conserved germplasm.

5.2. Germplasm Distribution by CGIAR and WorldVeg Genebanks

Regarding germplasm acquisition from genebanks by the private sector, one of the
very few information sources is the State of the World reports that FAO produces and
publishes about every decennium. These reports are based on country reports produced by
the formally designated focal institution (usually the national genebank) that gathers the
information nationwide. For this reason, the information in the reports is predominantly
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related to the public genebanks [1,24,25]. The majority of germplasm accessions used
in public and private plant breeding were sourced from national genebanks (more than
half), followed by CGIAR genebanks and international and regional networks (about
one-third), local genebanks, public institutions from developed and developing countries,
and the private sector [1]. During the period 2017–2019, the following CGIAR centres
were reported to have distributed germplasm to the commercial (mostly breeding) sector:
Alliance Bioversity and CIAT, CIMMYT, CIP, ICARDA, ICRISAT, IITA, and IRRI. Seven
percent of the approximately 200,000 samples were sent to the commercial sector [13].

Regarding the type of germplasm, some data are available for the period from 1996 to
2006, during which the international agricultural research centres distributed a significant
amount of germplasm to the private sector; 51.7% of the distributed accessions were
landraces, 36.0% breeding lines, 7.1% crop wild relatives and 5.1% improved varieties [25].
The latter coincides roughly with the data reported by Halewood et al. [13] for the period
2017–2019, i.e., 50% landraces, 24% breeding materials, 13% crop wild relatives, and 6%
improved varieties.

More detailed but somewhat dated information from WorldVeg illustrates a more de-
tailed picture of the distribution of vegetable genetic resources. This international nonprofit
institute for vegetable research and development actively exchanges genetic resources and
related information with national programs, regional organizations, and the private sector.
As recent distribution data are not accessible, we refer here to data published earlier, giving
a reliable overview of germplasm distribution until about 2014. Until this period, the
WorldVeg genebank distributed approximately 6000–7000 accessions and breeding lines
each year for crop improvement programs and related research worldwide. Although no
detailed figures are available, the ratio of ‘pure genebank accessions’ to ‘improved breeding
lines’ is approximately 20 to 80% for the vegetable crops for which WorldVeg operates
crop-specific breeding programmes. In contrast, this ratio is roughly the reverse for minor
vegetables and indigenous/traditional crops without a WorldVeg breeding program. Based
on 2012 data, the largest number of annually distributed seed samples is shared in-house
with breeders and other scientists, e.g., virologists, entomologists, and molecular biologists
(37%), followed by national agricultural research and extension systems (26%), breeding
companies (22%), universities (10%), non-governmental organizations (3%), and others (2%)
around the world [26]. Based on 2012 data, the efforts of WorldVeg breeders, focusing on
several major vegetable crops as well as on traditional crops of more local/regional impor-
tance, such as amaranth, African eggplant, okra, roselle, Corchorus, and bitter gourd [27],
led to the accumulated release of more than 466 improved vegetable varieties, developed
with/using WorldVeg germplasm and breeding lines, around the world [28].

Chilli pepper (Capsicum) is the most widely distributed crop by the WorldVeg genebank,
followed by tomato. During the period from 2001 to 2012, 29,980 germplasm materials
were distributed, comprising 6008 genebank accessions (20%) and 23,972 advanced breed-
ing lines (80%), developed by WorldVeg breeders [29]. The top ten recipient countries of
Capsicum germplasm during that 12-year period were India (4671; 15.6%), the Republic of
Korea (2710; 9.0%), Thailand (2484, 8.3%), China (2416, 8.1%), USA (2211, 7.4%), Vietnam
(1418; 4.7%), Taiwan (1154; 3.8%), Indonesia (1064; 3.5%), the Netherlands (717; 2.4%),
and Tanzania (509; 1.7%). The National Agricultural Research and Extension Systems
(NARES) received the largest germplasm share (13,672 samples; 57.0%), followed by breed-
ing companies (9741; 32,5%), universities (4558; 15.2%), private individuals (1611; 5.4%),
and non-governmental organizations (NGOs) (398; 1.3%).

An analysis of tomato distribution data, the second most widely distributed vegetable
crop by the WorldVeg genebank after Capsicum, was undertaken during the period from
2001 to 2013 [30]. During that 13-year year period, a total of 27,438 germplasm samples
and breeding materials were distributed from headquarters to 138 countries worldwide.
Resembling the Capsicum distribution data, the majority of the distributed seed samples
(22,258; 81%) were improved lines developed by WorldVeg breeders, while 5180 seed
samples (19%) were genebank accessions.
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It is quite interesting to note that the top three tomato-producing countries in the
world (China, India, and the US) were among the top four tomato germplasm recipient
countries of the WorldVeg genebank—an indication of the relevance of WorldVeg tomato
germplasm/advanced breeding materials for the top global producer countries. Most coun-
tries preferred to receive advanced lines that had been developed by WorldVeg breeders,
except for Japan (due to a high demand by local breeding companies to address particular
local demands) and Pakistan. For these two countries, the share of genebank accessions
clearly dominated and reached 81.8% and 60.6%, respectively [30]. The Netherlands also
had a relatively high share of genebank accessions of 41.5%. This is an indication that
those countries have strong public and private tomato breeding programmes, capable of
exploiting the full potential of the genetic variability of germplasm accessions. The share
received by the different categories of users is similar to Capsicum distribution data. Govern-
ment organizations (10,601 seed samples; 39%), breeding companies (8882 samples; 32%),
and universities (5873 samples; 21%) were the top three recipient categories of WorldVeg
tomato germplasm.

Even though the above distribution figures are somewhat dated, these data are still a
good indication of the distribution of WorldVeg advanced breeding materials and genebank
accessions to the private sector. It can be assumed that the distribution pattern remained
similar until 2019/2020, with COVID-19 most likely causing significant disruption in the
flow of germplasm and seed supply chains, especially in the Asia-Pacific region but also in
Africa [31,32]. Whereas no data on the distribution of minor vegetable crops by WorldVeg
are available, it should be noted that significant germplasm distribution of minor crops,
in general, is related to breeding efforts by WorldVeg breeders, either based in Taiwan or
Africa. A quote from WorldVeg’s [33] strategic breeding plan describes the crop-specific
breeding approach to achieve impact: “It is important to recognize that impacts were achieved
through very different pathways and partnerships depending on crop and location. There are
contrasting impact pathways between (open-pollinated) varieties and hybrids as well as between
countries with developed and underdeveloped seed systems. For instance, WorldVeg breeding lines
of tomato and chilli pepper made a large impact through private sector pathways but made very little
impact through public sector pathways. In contrast, mungbean breeding lines created tremendous
impact through public sector pathways and negligible impact through private sector pathways.
This shows that the Center needs to be strategic in how to tailor its breeding products to achieve
impact at scale”. The above distribution figures from WorldVeg beg the question about
benefit-sharing. One important dimension of sharing benefits with the ‘countries of origin’
of the collected germplasm is the facilitation of the distribution of newly bred varieties
to farmers and local plant breeders, particularly in developing countries that provide the
original germplasm sources. Another dimension is the sharing of information from the
private plant breeders back to the genebank and breeders at WorldVeg and thus, at least
indirectly, contributing to the sharing of benefits. However, it should be noted that feedback
from private breeders is difficult to obtain, whereas public plant breeders tend to be more
willing to provide feedback information on the performance of shared germplasm and
breeding lines.

The analyses of germplasm distribution data from the national genebanks of the
Netherlands and Germany show a significant and steady flow of germplasm from the
public genebanks to breeders and breeding companies. Whereas in the case of CGN, 49%
of the distributed samples between 2013 and 2022 (annual average 4620 per year) went
equally to breeding companies in the Netherlands and abroad, in Germany, 14.5% and
an average of 3573 samples per year of all crops/species distributed went to breeders,
both public and private, of which about 1.5 times more to breeders abroad. For vegetable
germplasm, these figures are 17.0% to plant breeders with an average of 1418 samples
per year. The distribution by the CGIAR genebanks fluctuated from year to year and was
slightly over 4200 distributed samples in 2019 to the private sector. WorldVeg distributed
between 6000 and 7000 samples of germplasm accessions and breeding materials annually.
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In 2012, 22% of the distributed samples went to breeding companies. It should be noted
that in all analysed cases, the distribution reached a maximum between 2011 and 2016.

5.3. Germplasm Collecting

Regarding collecting missions implemented or supported by breeding companies
during the last twenty years or so, only very limited information is available. In general,
collecting missions have not been organized and undertaken by breeding companies, in
some cases the latter supported such efforts financially. Most information on joint collecting
efforts has been obtained from the Netherlands. Collecting missions have been undertaken
by CGN, with the financial support of the breeding companies, and by some breeding
companies themselves, especially in countries situated within the centres of diversity of a
given crop, since the early 1900s. The focus was mainly on local landraces, only during the
second half of the last century crop wild relatives were gradually included.

Since its establishment, CGN has been actively collecting PGR material. An overview
of all collecting missions it organised is given at https://missions.cgn.wur.nl/; accessed on
23 August 2023 [34]. Details on collecting missions implemented over the past ten years
with support from private vegetable breeding companies are presented in Box 1.

Box 1. Collecting missions organized by CGN with the support from vegetable breeding companies
over the past ten years.

The Centre for Genetic Resources, The Netherlands has been actively collecting PGR material
since its establishment. An overview of all collecting missions it organised is given at [33].
The most recent missions, for which detailed information is available, include:
2013 Armenia and Azerbaijan 115 wild populations of 7 Lactuca species

2015 Uzbekistan and Kyrgyzstan 190 Daucus wild populations and 22 carrot
landraces

2017 Uzbekistan 50 melon landraces
2017 Jordan 51 Lactuca aculeata wild populations, 1 Lactuca

serriola, 1 Lactuca saligna, 1 Lactuca undulata and 1 Lactuca orientalis population
2019 Uzbekistan 21 Lactuca altaica wild populations, 28 L. serriola

populations and 13 mixed populations.

The above joint collecting efforts between a public genebank and private companies
stem from one country and are certainly not representative of the global picture. However,
it can be noted that the Dutch National Genebank is a good example of how collaboration
with breeding companies can contribute to successful conservation efforts, both in the
countries where the collected (through training and the deposit of half of the collected
samples in the national genebanks) as well as in The Netherlands. However, as can be
observed from the above box, almost all collecting missions are conducted in Central Asia
and on a limited number of crops. Due to the impact of the CBD and the Nagoya Protocol,
no missions have been possible to collect for instance germplasm of the major vegetable
crops in Latin America and some countries in Asia.

5.4. Germplasm Exchange through PPPs and Other Research Consortia

As mentioned before, research consortia as public-private partnerships have been
established since approximately 2000, frequently under the coordination and execution
of a public institute together with variable private sector entities. It should, however, be
noted that also during earlier periods, public-private partnerships were established, for
instance, to ‘hunt’ for rare plant materials during the 18th and 19th centuries. In activities
that focused on plant breeding, germplasm materials were either resources from public
genebanks only or partners were expected to share some of their germplasm. As part of a
European Cooperative Programme for Plant Genetic Resources (ECPGR) initiated project
on PPP activities, a small database on projects has been established, including details on
germplasm source acquisition [35]. PPPs are regarded as a possible approach to address
market failure in the field of technology innovation when the public and the private sectors
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are not able to carry out the required R&D activities on their own. In recent years, many
PPPs in plant breeding have been established. Among those is a PPP initiative of the Nordic
Council of Ministers for pre-breeding activities in the Nordic countries. The PPP initiative
was proposed in 2010, and the first call for proposals was launched in 2012 [36]. The PPP is
based on pooled public funding, project-based participation of interested plant breeding
companies, engagement of state-of-the-art research facilities for the respective projects,
and an equal share of funding from public and private sources. Given the success of the
initiated pre-breeding projects in apple, barley, perennial ryegrass, and plant phenotyping,
NordGen and the governments of the Nordic countries have decided to continue funding
this PPP.

Another successful PPP was established in 2012 in Southeast Asia by the International
Potato Center (CIP), HZPC B.V. (a private Dutch potato seed company), and Syngenta
Foundation for Sustainable Agriculture (SFSA) [37]. Whereas potatoes are usually regarded
as a field crop, Drewnowski and Rehm [38] provided data that justify potatoes to be treated
as a vegetable as well. This PPP aims at the collaborative breeding of five tropically adapted
potato varieties with high and stable yields, thus enhancing the food security and family
income of resource-poor farmers in Southeast Asia. Within a short period of only four years
from the first crossings in 2016, five clones have already been identified for variety release
in Vietnam. During the next phase, this successful PPP project aims at the development of
processing varieties with multiple resistance against biotic stresses.

Phenotyping germplasm collections is laborious and costly, but international research
initiatives and public-private partnerships have been established to mitigate this hurdle.
For example, under the Horizon2020-funded G2P-SOL project (“Linking genetic resources,
genomes and phenotypes of Solanaceous crops”), a collaboration of 19 institutions across
Europe, Turkey, Israel, Peru, and Taiwan, global core collections of tomato, potato, pep-
per, and eggplant, have been generated, genotyped and phenotyped. The results of this
endeavour are made publicly accessible [39].

The ECPGR coordinates the European Evaluation Network (EVA), involving genebanks,
research institutes and private sector breeding companies and aiming to generate standard-
ized evaluation data (both phenotypic and genotypic data) through participatory plant
breeding actions [40]. Every partner contributes according to their expertise and capacity
and especially the breeding companies implement field evaluations. The project evaluates
accessions of wheat/barley, maize, carrot, lettuce, and pepper in crop-specific networks
that currently bring together 29 participating genebanks from 21 countries, 49 breeding
companies from 14 countries, and 34 research institutes from 20 countries for a 5-year
period, from 2019 to 2024. It aims to establish a self-sustaining long-term project and to
continue the evaluation of genebank accessions, also of additional crops. The evaluation
activities would enable the participating breeding companies to observe and characterize
new diversity that could potentially be of significant interest to them and would give them
a few years of a leading edge over their competitors.

The International Lettuce Genomics Consortia (ILGC; [41] is another example of an
efficient platform for the exchange of lettuce genetic diversity among breeders and scientists,
worldwide. This consortium, led by UC Davis, USA, in which many countries participate
and through which countries like the USA are actively distributing germplasm samples
from their genebanks, including vegetable crops like lettuce.

Summarizing the different ways through which breeding companies acquire their
genetic resources, it seems that the ‘traditional ways’ of collecting and acquiring from public
genebanks are still ongoing. However, it is difficult to quantify at a global level the number
of accessions and samples that are being obtained this way. A number of examples and
cases are being presented, whenever possible, including data, to illustrate some common
practices, including distribution figures from the Dutch and German national genebanks,
from the WorldVeg genebank, including through PPP activities coordinated by them, and
other examples of PPP projects from European countries as well as from the CGIAR centres.
Through PPP initiatives, germplasm is exchanged in a very targeted manner. CGN provided
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details on joint collecting activities with private primarily Dutch breeding companies. They
encountered limitations with the type of germplasm material available for use, in particular
as many geographic areas are not accessible. Analysing the distribution data from CGN,
IPK and WorldVeg, one could conclude that there is an ongoing flow of germplasm from
the public genebanks to the breeding companies; in particular, the data from CGN show
this clearly and those from WorldVeg illustrate how international agricultural research
centres operate. At the same time, it should be noted that the information on the supply of
germplasm materials to the private sector breeders is relatively scarce and limited, although
some excellent examples of successful exchanges exist.

5.5. Benefit-Sharing Arrangements by the Private Sector

Whereas benefit-sharing aspects are not the main focus of this paper it was felt neces-
sary to provide examples of concrete and/or perceived benefits shared with the countries of
origin or directly with the farming communities that are regarded as the custodians of the
genetic diversity and contributions made by the private sector to the global conservation
efforts. It should be noted that especially the benefit-sharing with farmers and farming
communities has become more complex and complicated due to the decision during the de-
velopment process of the International Treaty to leave arrangements for Farmers’ Rights to
the discretion of countries and not as a global responsibility. A second point that should be
made in this context is the more recent and ongoing debate on digital sequence information
(DSI), biological data associated with, or derived from, genetic resources such as nucleotide
sequences and epigenetic, protein, and metabolite data. The benefit-sharing framework
for DSI is currently being developed, based on a decision made by the Conference of the
Parties of the CBD [42].

The following examples of benefit-sharing by the private sector have been men-
tioned or published and they demonstrate the different approaches and ideas that underly
these arrangements:

• Support of Dutch companies to public national and local genebanks in building up,
maintaining and regenerating collections as well as supporting collecting missions,
thus contributing to long-term conservation;

• The establishment and operation of a regional (Afrisem) breeding programme by Rijk
Zwaan and East-West Seeds in Tanzania allow contributions to the production and
consumption of vegetables in Africa [43];

• Three global companies, as well as East-West Seed, reported collaborating with local
partners to provide access to specific genetic material or biotechnology traits [43];

• Regional and national companies (e.g., East African Seed, Kenya Seed Company and
Seed Co) work with partners in their country of origin, and partner with multiple
local seedbanks and global research institutes by supporting genebanks and providing
company genetic resources. Some national companies in East Africa also donate their
germplasm to public research partners [43];

• Forty-four seed companies offer increasingly more extension services, including
technical guidance and training to smallholder farmers in 47 countries on three
continents [44];

• KWS reported the support of public genebanks in Peru and Ethiopia, and East-West
Seed their support to genebanks in Indonesia and Thailand [43];

• Seven companies reported providing financial and technical support to the public
(local/national) genebanks and four companies reported having given access to their
own genetic resources [43].

These are just examples, and one may argue that these examples show that the extent
of benefit-sharing is limited and incidental. Therefore, it is important to stress that the
main (perceived) contribution of the breeding industry to farmers and growers is the added
value that is comprised of the release of new varieties that they develop, combined with
professional growing advice, that helps farmers achieve a better income. Through the open
access system in plant breeding, i.e., the breeder’s exemption, these improved varieties are
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available to anybody for further breeding, including to farmers. Typically, such varieties
possess new genetic diversity that allows better adaptation, increases yield and improves
the nutritional value, even if the providers of the germplasm materials used in the breeding
efforts are not necessarily the same as those that grow the new varieties.

6. Examples of Current Collaboration between Public Genebanks and Private Sector
Breeders

Since many public genebanks have developed from germplasm working collections
that had been established by predominantly public breeders, it could be expected that col-
laboration between the two is obvious and intense. However, with the growing importance
of and attention to the conservation of threatened plant genetic resources, among others
triggered by the leadership and coordinating role of the FAO and, to a lesser extent by the
establishment of the Convention on Biological Diversity in 1992, countries had increasingly
created national PGRFA programmes and built public genebanks. These developments
resulted in more attention in the private sector to become attentive to genetic resources
and to safeguard their own growing collections [3]. In addition, possibly stimulated by
the global public and critical debate on ownership over PGRFA and on access and benefit
sharing issues, the collaboration between the public research and conservation programmes,
particularly in the main centres of crop origin and diversity, and breeding companies started
to become more constrained. However, there are still some very good and convincing
examples of a close collaboration between both sectors on the conservation and use of
PGRFA and these are summarized below.

6.1. Centre for Genetic Resources (CGN)

Since its establishment, CGN has had a fruitful collaboration with the vivid breed-
ing industry in the Netherlands. This was also built on the existing close collaboration
between the pre-breeding programmes of the Dutch public breeding research institutes
and the private breeding companies that had evolved over many decennia. CGN involves
breeding companies (not only but predominantly Dutch) in many of its activities. The
breeding companies advise CGN regarding technical issues, including the composition
of the collections [45,46], and assist with the regeneration of the CGN accessions, as an
in-kind contribution. Jointly with the companies, CGN also organises large-scale screen-
ing experiments of germplasm, among others in search of disease-resistant traits [47]. In
these initiatives, the companies advise on what traits need to be traced and identified and
on the respective screening protocol [48]. CGN distributes the germplasm accessions to
the participating companies who screen them and send the results back to CGN, which
combines the data, does a quality check (every accession is sent to two companies) and
sends the combined data back to the respective participating companies. After an embargo
period of usually three years, CGN makes all data publicly available through its online
accessible database. The data are analysed and jointly published in a scientific paper (for
example van Treuren et al. [48]). Besides the advisory role, the regeneration and joint
phenotyping, companies are also involved in prioritising and funding collecting trips,
including the benefit-sharing component, and other acquisition activities. In that context,
they also provide material of their own varieties for inclusion in the CGN collection when
these varieties are no longer on the market. Overall, CGN and the collaborating breeding
companies have an intense and very positive collaboration, contributing to both conser-
vation and use. Participation is, in principle, open for any company to join, initiatives are
generally organised by CGN via Plantum, the Dutch association for plant breeders and
young-plant growers.

6.2. World Vegetable Center (WorldVeg)

WorldVeg maintains the world’s largest vegetable genebank with 65,152 accessions
encompassing germplasm of 133 genera and 330 species from 155 countries, including some
of the world’s largest vegetable crop genepool collections held by a single institution, such
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as chilli pepper, tomato, and eggplant, as well as about 12,000 accessions of indigenous
vegetables [49]. Due to a major regeneration backlog of primarily cross-pollinated vegeta-
bles, WorldVeg concluded agreements with private-sector companies to rescue original
accessions in order to make them available to users worldwide. Companies willing to
support WorldVeg in this endeavour include, among others Enza Zaden in the Netherlands
for the rescue and multiplication of Cucurbita moschata (pumpkin) and Momordica charantia
(bitter gourd) germplasm and Rijk Zwaan for the rescue and multiplication of Citrullus
lanatus (watermelon) germplasm. Sakata Seed Corporation, Japan assisted the WorldVeg
genebank with the screening of Brassica accessions for resistance to Albugo macrospora (white
rust). The screening data are shared by WorldVeg online with the public after an embargo
period of two years.

To accelerate the development and dissemination of elite vegetable crop materials,
WorldVeg entered breeding consortia in Asia and Africa. The Asia and Pacific Seed As-
sociation (APSA)/World Vegetable Center Vegetable Breeding Consortium was founded
in 2017 with 19 members and expanded to 51 in 2023 [50]. Participating companies ob-
tain privileged early access to newly developed lines, for which they pay an annual fee,
and are invited to an annual workshop to visit and evaluate field trials and interact with
WorldVeg breeders. Feedback obtained from 34 vegetable seed companies in Asia that are
part of this APSA/WorldVeg consortium showed that close to 90 commercial varieties of
tomato, pepper, pumpkin, and bitter gourd that are currently sold in Asia contain pre-bred
germplasm developed by WorldVeg [26]. APSA/WorldVeg consortium members sold
24.7 tons of seeds of these varieties in Asia in 2020. This quantity of seed is sufficient to
plant vegetables on 171,000 hectares, benefitting close to half a million smallholder farmers
in that region.

Given the positive response from the APSA/WorldVeg breeding consortium, a sim-
ilar consortium was established in 2018 under the umbrella of the African Seed Trade
Association (AFSTA). It is known as the Africa Vegetable Breeding Consortium (AVBC),
which counted nine seed company members in 2019 and expanded to 23 members in
2021 [27,51]. AVBC membership grants early access to pre-bred material developed by
WorldVeg breeders. During the 2021 AVBC workshop held in Arusha, Tanzania, private
seed companies associated with AVBC, were able to evaluate 40 advanced breeding lines of
African eggplant, amaranth, mungbean, peppers, pumpkin, and tomato [27].

6.3. East-West Seed International

The Genetic Resource Management section of East-West Seed International has its
headquarters in Thailand and provides in-kind support to the national and other domestic
genebanks in the Philippines and Indonesia. It also collaborates with CGN in regenerat-
ing germplasm materials [16]. Assistance is provided through regeneration support of
accessions with low viability or low seed number, thus ensuring that these accessions are
preserved for future generations.

In summary, this section describes the ongoing positive routine cooperation between
the Dutch national genebank CGN and private sector breeding companies, largely from
the Netherlands and coordinated by Plantum. The active engagement of several private
companies in several routine operations of the genebank at WorldVeg as well as the ac-
tive participation of breeding companies in breeding consortia in Asia and Africa using
pre-bred materials from WorldVeg as parent lines demonstrate the advantages of such
cooperation. The collaborative arrangements between (inter)national public genebanks
and vegetable breeding companies, often coordinated by the respective seed associations,
contribute significantly to germplasm collecting, conservation, documentation, and their
sustainable use.
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7. Opportunities for and Advantages of Collaboration between Breeding Companies
and Public Genebanks

As already addressed above, the need to create genebank collections in breeding
companies has been prompted by, among others, the decreasing access to ‘public PGR’. It
can be observed, certainly in the Netherlands, that the willingness of the private sector
to support public activities that contribute to increasing access to ‘public PGR’ is strong.
There are various opportunities for further collaboration between the breeding companies
and the public genebanks to create a win-win situation.

The provision of requested germplasm to breeding companies by genebanks serves as
an obvious opportunity to explore, agree, and implement collaborative activities. Regarding
the already mentioned germplasm exploration and collecting missions, it seems logical and
advantageous to both, if the genebank would use its contacts and experience in planning
and implementing collecting missions and, thus, potentially facilitate access to countries
and regions that the breeding company otherwise would not have. Furthermore, it seems
logical that the breeding companies would participate in the costs and if the collecting
mission focuses strongly on the priority crops set by the breeding companies, the funding
could be substantial. Such collaboration would also include the sharing of benefits with the
countries in which germplasm is being collected.

Building on the specialized and deep knowledge of breeders of the crop(s) or crop
genepool(s) they are focused on, it can be expected that the genebank could take advantage
when structuring the collection into trait-orientated subsets, core collections, or other
priorities and thus, increase the value of the conserved germplasm materials and increase
their usability.

An obvious subsequent activity for the breeders to support public genebanks could
be the multiplication of the collected materials of the crops of interest to the breeding
company as they will have the knowledge and infrastructure to produce high-quality and
healthy germplasm for subsequent long-term storage in the public as well as the in-house
genebank. Such collaborations could also include germplasm materials already conserved
in the public genebank, which require urgent regeneration. For example, from January 2012
to December 2019, more than 2100 accessions from the CGN genebank were regenerated
and/or multiplied by private-sector seed companies. Most regenerations of CGN material
are done by breeding companies, usually in various company locations in the Netherlands,
and sometimes in other countries such as Spain or Morocco [1].

Another comparable opportunity is the joint molecular and/or phenotypic charac-
terization of genebank accessions. Also, in this case all parties involved should benefit.
Therefore, it can be attractive in those cases where the characterization is necessary for all
parties in the consortium and implementing the characterization separately would only
increase the costs. Implementing it jointly, coordinated by the genebank, and applying
an embargo on the results for a couple of years after which the genebank can make the
data public, can be a construction that would benefit all. CGN applies this approach in
evaluating its collections for disease resistance as the participating breeding companies
would all need to screen the germplasm for resistance anyway. It is the companies who
decide the trait to be searched for and the method applied. It seems to be fair to conclude
that the above-mentioned collaborative efforts would be mutually advantageous as the
strengths of both partners are being combined. Such collaborations would also benefit
other users of germplasm accessions in the country and worldwide as the knowledge on
individual accessions will be steadily increased, and the quality of the germplasm samples
will get to a higher standard.

Some public genebanks can offer specific expertise and knowledge on technologies
such as cryopreservation, information technologies, seed science and molecular technolo-
gies that could be made available as part of a collaborative partnership with breeding
companies. However, such opportunities are rare, as the breeding companies are generally
better equipped. The area in which public genebanks do have a comparative advantage
is their knowledge of where to obtain specific germplasm materials and/or related in-
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formation and which genebanks might be accessible. Public genebanks might also be
able to use their international reputation and credibility to facilitate access to germplasm,
for instance as a contact point in organizing international collecting missions and/or
exchanging germplasm.

Strengthened collaboration between public and private genebanks could significantly
contribute to achieving a better complementarity between the strengths and interests of
the two sectors, especially with respect to technology transfer, sharing of knowledge and
expertise, sharing costs of joint activities, achieving more trust among the two sectors
as a basis for more widely accepted legal and policy decisions. While considering such
opportunities, one should clearly keep the motivations of both ‘sides’ in mind. The private
sector is certainly willing to act in a ‘responsible way’ with respect to the genetic resources
they obtained and possess, but they will rarely give up these strategic resources. At the
same time, the companies need to ensure to have continued access to ‘new genetic diversity’
for the crops they breed. Thus, here lies possibly the most obvious area and common ground
for both, the public genebanks in conserving genetic diversity and making it available
for current and future use and the breeding companies in breeding new varieties on a
commercial basis and thus directly contributing to food and nutrition security. The latter
is also of greatest interest to the global, national, and local human societies, irrespective
of whether ‘under development’ or ‘developed’ as long as just and transparent benefits at
large are shared.

Given the above, the basic question is, whether we want to regard plant genetic
resources as a public or a private resource. In this context, we equate the ‘common heritage’
principle of plant genetic resources with ‘a public good’, and this concept started changing
during the last quarter of the past century. Although the ‘private good’ option seems
tendency-wise to be decided, the authors believe that the arguments in favour of being
a public good are strong and worth (re)considering. The breeding companies would
certainly prefer that these genetic resources become a public resource (again), a ‘heritage
of humankind’ style as initially treated by the International Undertaking. However, since
the establishment of the CBD with the important notion that countries have the sovereign
right over the genetic resources present in their territories and, consequently, regarding
these resources as their property, private companies also need to treat genetic resources
as a ‘commodity’. Considering this logic, we are sure that companies like to support
developments that make the PGR more public again, albeit except for their own PGR. One
must be aware and accept that the business of breeding companies is to breed, and that
access to PGR is an essential prerequisite. Consequently, if society doesn’t give proper and
facilitated access to genetic diversity, it could seriously hamper the breeding progress made
by breeding companies. Therefore, private-sector companies must ensure that adequate
genetic diversity is available to their breeders, enabling them to fulfil their mission to
contribute to food and nutrition security.

8. Approaches to Facilitate Further Public-Private Collaboration

In this section, we identify and assess options for more public-private collabora-
tion based on the discussions with breeders and based on the authors’ collective experi-
ence with hands-on public genebank and germplasm management practices over almost
50 years, on all continents of the world:

a. Participation of private sector representatives in national genebank advisory commit-
tees. This seems to be a logical and important step that strengthens collaborations
and thus, contributes to the sharing of responsibilities of joint interest. This would
allow the voice of the private sector to be heard during the planning and implemen-
tation of the national genebank’s activities, allow for identifying and implementing
complementary activities on ‘both sides’, formalize the collaboration, make it more
visible and thus facilitating a better coordination and more efficient conservation
and use at the national and maybe at the regional or even international level. Such a
‘formalization’ of the cooperation would undoubtedly increase the trust in each other
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and could eventually also facilitate discussions on contributions of the private sector
to the implementation of the national PGRFA conservation strategy [52,53];

b. Concluding formal, possibly long-term agreements between the public national
genebank and breeding companies [53]. This will make the collaboration transparent
and thus, facilitate/enhance the acceptability of the arrangement by the society at
large, including politicians and thus, results in increased collaboration nationally,
regionally, and globally. Furthermore, this will enable better planning of activities by
all parties involved;

c. Multilateral initiatives. These are in general the preferred format for collaboration [53],
as they will increase the acceptability of the collaboration, ensure more sustainability,
and combine a broader array of strengths and capacities to increase the sustainable
use as well as the long-term conservation of the PGRFA that are part of such collabo-
ration. One specific advantage is that such initiatives can involve regional partners
that might share more common objectives. An excellent example of such an initiative
is ECPGR which instigates and coordinates projects in facilitating the use of defined
PGRFA through evaluation projects;

d. A specific aspect of the previous point is the cooperation in broader consortia, e.g., EU-
funded projects focusing on research activities, (re)sequencing genebank accessions;
and joint participation in the ECPGR coordinated EVA project [40]. In general, this
type of cooperation facilitates the generation of non-monetary benefits, such as the
exchange of germplasm and information, access to and transfer of technology, and
capacity building at a large(r) scale [5];

e. Formalization of collaboration. An important aspect is the approval and support by
the respective government(s) of the collaboration between the public genebank and
the breeding company/ies [53] and thus, to strengthen also the sustainability of the
governmental support to the public genebank This can be achieved by demonstrating
the increased usefulness of the genebank for the society at large and the acquisition
of additional funding for the genebank, for instance for collecting, characterization
and evaluation activities enabled by the collaboration with the private sector;

f. Provision of mutual services. For example, CGN organizes collecting missions;
provides access to conserved germplasm materials and associated information; ad-
vises companies on use and legal (ABS) aspects and, where applicable, assists in
the sharing of benefits. Dutch breeders, through their association with Plantum,
provide policy advice to CGN through its crop advisory committees; provide tech-
nical inputs such as materials and knowledge through established working groups;
support collecting missions, including co-funding and multiplication of collected
materials; provide in-kind inputs, such as regenerating and evaluating accessions,
morphological description as well as trait evaluation;

g. Public genebanks and breeding companies should jointly look for opportunities to
collaborate closely in convincing the society at large, including policymakers, that
continued and unrestricted access to genetic resources will be the most efficient way
to contribute to food and nutrition security. Furthermore, such collaboration will also
generate ample benefits for all partners in the food value chain, to be shared with all
these stakeholders in a just and transparent manner while recognizing the sovereign
rights of states over their genetic resources and adhering to and/or achieving less
bureaucratic and more user-friendly ABS regulations.

9. Conclusions and Recommendations

Whereas this paper has a focus on vegetable genetic resources and the sources of
information are limited to a few countries and genebanks, the authors are convinced that
the findings do apply to PGRFA at large, to their use in breeding activities in general and
to public and private genebanks in many other countries and regions of the world.

Breeding companies started to establish their own genebanks at the beginning of the
1990s, based on their traditional working collections and later expanded these collections
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in a targeted way by acquiring wider genetic diversity of the crop genepools of their
interest. It is argued that this development needs to be recognized in the planning and
implementation of global and national conservation efforts and that cooperation between
the public and private sectors is advisable to facilitate more sustainable, efficient, and
effective collaborative efforts with regard to the long-term conservation and use of PGRFA.

Accepting the fact that access to PGRFA is becoming more restrictive and recogniz-
ing the need of breeders to have continued access to more and new genetic diversity, it
will be indispensable to reform the current ABS arrangements as recently reviewed by
Ebert et al. [5]. Such reform should duly consider the contributions the private sector makes
to global conservation efforts, to the sharing of benefits (or lack thereof) as well as the
importance of a continued flow of germplasm. Such a reform will be necessary to ensure
the continued creation of new crop varieties that allow agriculture to cope with climate
change and other constraints, thus contributing to more sustainable agriculture and global
food and nutrition security.

The prevailing perception that the private sector is not contributing to the cost of
long-term conservation of PGRFA undertaken by the public sector is not correct but makes
it more difficult for countries to share their genetic resources freely and to arrive at an
effective, inclusive, and rational oversight of any global PGRFA initiative and the global
conservation and use system. Better and more targeted information, as outlined in this
paper, on the role and contributions of the private sector to public conservation efforts is
indispensable to change this perception.

The most fundamental reasons for the private sector to establish their own genebanks
lay in the perceived shortcomings of the present legal framework, especially caused by the
Nagoya Protocol, both for the ‘donors’ of the germplasm (i.e., predominantly the Global
South) as well as the users (i.e., mainly private breeding companies in the North as well
as in the Global South). These shortcomings are predominantly caused by the existing
ABS arrangements, for which significant differences exist between expectations in the
‘Global South’ and the actual shared benefits by the ‘North’ to the biodiverse-rich countries,
including the local custodians of this diversity. In this paper, we have taken the stance that
the cooperation between private and public genebanks takes place within the existing legal
framework of the ’global system’, especially regarding access and benefit-sharing aspects,
particularly those of the International Treaty and its MLS. This is certainly the perspective
that private breeding companies took while providing inputs to the paper in assessing
reasons for establishing genebanks and in seeking improvements in collaboration with
public genebanks. Consequently, the focus of this paper is on access to genetic resources, as
the restrictions were the main reason for the private sector to establish genebanks and less
on the benefit-sharing dimension. Nevertheless, and where possible, concrete (or perceived)
examples of benefit-sharing contributions by the private sector have been presented in this
paper. However, these examples might be seen as ‘fragmented’ and possibly ‘opportunistic’,
but they give a more realistic and positive picture than what is usually experienced. It
can be concluded that, despite these encouraging examples, much stronger incentives
and a more facilitating legal ABS framework are needed to ensure that the (perceived)
shortcomings can be resolved and thus, the collaboration between private and public
genebanks can be further strengthened. The current ‘divide’ of countries with respect to
their willingness to share PGRFA with others can only be overcome through improved
communication making it clear to all that sharing of germplasm will be indispensable to
achieve increased and long-lasting food and nutrition security globally. More transparent,
less bureaucratic, and more efficient benefit-sharing arrangements are required to make
this happen, at all levels.

It is argued that closer collaboration between private plant breeding companies and
public sector genebanks in routine genebank operations, at the global, regional, and national
levels, will benefit all, especially by strengthening the link between conservation and
use [54]. This will lead to more efficient and targeted use of conserved genetic resources,
to more cost-efficient conservation operations and thus, to a more sustainable agriculture.
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Increased trust, possibly achieved through better communication and accepting each other’s
‘business models’, will facilitate such cooperation.

It has become clear that an intensified cooperation between private plant breeding
and public genetic resources conservation also requires a critical assessment of routine
genebank operations, a more effective germplasm and information management, including
improved ways of accession distribution that also facilitates the molecular use of the
materials by the recipients.

Author Contributions: J.M.M.E., A.W.E. and T.v.H. contributed equally to the article’s conceptualisa-
tion, writing, reviewing, and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing does
not apply to this article.

Acknowledgments: The extensive contribution of information, including facts and figures, from Kees
Reinink, Managing Director Rijk Zwaan Breeding BV, De Lier, The Netherlands; Marilyn Belarmino
and her successor Katherine Panergayo, Genetic Resource Manager, East-West Seed International
Limited, Thailand; Orlando de Ponti, Wageningen, the Netherlands; Niels Louwaars, Plantum,
Gouda, The Netherlands; Rob van Treuren, CGN, Wageningen, the Netherlands; Stephan Weise
and Markus Oppermann, IPK, Gatersleben, Germany for providing the distribution data. Marlene
Diekmann’s critical review of the manuscript is acknowledged herewith.

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

References

1. Engels, J.M.M.; Città della Pieve, PG, Italy. Personal Observation, 2023.
2. Miko, I. Gregor Mendel and the principles of inheritance. Nat. Educ. 2008, 1, 134. Available online: https://www.nature.com/

scitable/topicpage/gregor-mendel-and-the-principles-of-inheritance-593/ (accessed on 15 April 2023).
3. Reinink, K.; Rijk Zwaan, De Lier, The Netherlands. Personal Communication, 2022.
4. Engels, J.M.M.; Ebert, A.W. A Critical Review of the Current Global Ex Situ Conservation System for Plant Agrobiodiversity. I.

History of the Development of the Global System in the Context of the Political/Legal Framework and Its Major Conservation
Components. Plants 2021, 10, 1557. [CrossRef]

5. Ebert, A.W.; Engels, J.M.M.; Schafleitner, R.; van Hintum, T.; Mwila, G. Critical Review of the Increasing Complexity of Access and
Benefit-Sharing Policies of Genetic Resources for Genebank Curators and Plant Breeders–A Public and Private Sector Perspective.
Plants 2023, 12, 2992. [CrossRef] [PubMed]

6. Khoury, C.K.; Brush, S.; Costich, D.E.; Curry, H.A.; de Haan, S.; Engels, J.M.M.; Guarino, L.; Hoban, S.; Mercer, K.L.; Miller, A.J.;
et al. Crop genetic erosion: Understanding and responding to loss of crop diversity. New Phytol. 2022, 233, 84–118. [CrossRef]
[PubMed]

7. GRAIN. International Undertaking on Plant Genetic Resources: The Final Stretch. Available online: https://grain.org/en/article/
90-international-undertaking-on-plant-genetic-resources-the-final-stretch (accessed on 12 September 2023).

8. IVT. Jaarverslag 1951–1952; Instituut voor de Veredeling van Tuinbouwgewassen: Wageningen, The Netherlands, 1952; p. 151.
9. De Ponti, O.; Wageningen, The Netherlands. Personal Communication, 2023.
10. Puranik, S.; Sahu, P.P.; Beynon, S.; Srivastava, R.K.; Sehgal, D.; Ojulong, H.; Yadav, R. Genome-wide association mapping and

comparative genomics identifies genomic regions governing grain nutritional traits in finger millet (Eleusine coracana L. Gaertn.).
Plants People Planet 2020, 2, 649–662. [CrossRef]

11. FAO. International Treaty on Plant Genetic Resources for Food and Agriculture. Available online: https://www.fao.org/plant-
treaty/en/ (accessed on 12 September 2023).

12. Halewood, M.; Sood, R.; Hamilton, R.S.; Amri, A.; Van den Houwe, I.; Roux, N.; Dumet, D.; Hanson, J.; Hari, D.; Tay,
D.; et al. Changing rates of acquisition of plant genetic resources by international gene banks: Setting the scene to mon-
itor an impact of the International Treaty. In Crop Genetic Resources as a Global Commons. Challenges in International Law
and Governance; Halewood, M., López Noriega, I., Louafi, S., Eds.; Routledge: Oxon, UK, 2012; pp. 99–132. Available on-
line: https://www.researchgate.net/publication/270548102_Crop_Genetic_Resources_as_a_Global_Commons_Challenges_
in_International_Law_and_Governance (accessed on 12 September 2023).

13. Halewood, M.; Jamora, N.; Noriega, I.L.; Anglin, N.L.; Wenzl, P.; Payne, T.; Ndjiondjop, M.-N.; Guarino, L.; Kumar, P.L.; Yazbek,
M.; et al. Germplasm Acquisition and Distribution by CGIAR Genebanks. Plants 2020, 9, 1296. [CrossRef]

14. The Access to Seeds Foundation. Access to Seeds Index Report 2016. Available online: https://www.accesstoseeds.org/media/
publications/ (accessed on 22 November 2023).

275



Plants 2024, 13, 247

15. Kate, T.K.; Laird, S.A. The Commercial Use of Biodiversity. Access to Genetic Resources and Benefit Sharing, 1st ed.; Earthscan
Publications Ltd.: London, UK, 1999; p. 418.

16. Belarmino, M.; Panergayo, K.; East West Seed International Limited, Nonthaburi, Thailand. Personal Communication, 2023.
17. Kumar, P.L.; Cuervo, M.; Kreuze, J.F.; Muller, G.; Kulkarni, G.; Kumari, S.G.; Massart, S.; Mezzalama, M.; Alakonya, A.; Muchugi,

A.; et al. Phytosanitary Interventions for Safe Global Germplasm Exchange and the Prevention of Transboundary Pest Spread:
The Role of CGIAR Germplasm Health Units. Plants 2021, 10, 328. [CrossRef]

18. Byrne, P.F.; Volk, G.M.; Gardner, C.; Gore, M.A.; Simon, P.W.; Smith, S. Sustaining the Future of Plant Breeding: The Critical Role
of the USDA-ARS National Plant Germplasm System. Crop. Sci. 2018, 58, 451–468. [CrossRef]

19. European Commission, Food Safety. Plant Health Rules. Available online: https://food.ec.europa.eu/plants/plant-health-and-
biosecurity/legislation/plant-health-rules_en (accessed on 12 September 2023).

20. Mekonnen, D.K.; Spielman, D.J. Changing patterns in genebank acquisitions of crop genetic materials: An analysis of global
policy drivers and potential consequences. Food Policy 2021, 105, 102161. [CrossRef]

21. International Treaty on Plant Genetic Resources for Food and Agriculture. The Multilateral System. Available online: https:
//www.fao.org/plant-treaty/areas-of-work/the-multilateral-system/smta/en/ (accessed on 23 August 2023).

22. Weise, S.; Oppermann, M.; IPK, Gatersleben, Germany. Personal Communication, 2023.
23. Rubenstein, K.D.; Smale, M.; Widrlechner, M.P. Demand for genetic resources and the US national plant germplasm system. Crop.

Sci. 2006, 46, 1021–1031. [CrossRef]
24. FAO. The State of the World’s Plant Genetic Resources for Food and Agriculture. Rome, Italy. p. 511. 1998. Available online:

https://www.fao.org/3/w7324e/w7324e.pdf (accessed on 23 August 2023).
25. FAO. The Second Report on the State of the World’s Plant Genetic Resources for Food and Agriculture; Commission on Genetic Resources

for Food and Agriculture of the FAO: Rome, Italy, 2010; Available online: https://www.fao.org/3/i1500e/i1500e.pdf (accessed
on 23 August 2023).

26. Schreinemachers, P.; Ebert, A.W.; Wu, M.-H. Costing the ex situ conservation of plant genetic resources at AVRDC–The World
Vegetable Center. Genet. Resour. Crop Evol. 2014, 61, 757–773. [CrossRef]

27. World Vegetable Center. Annual Report 2021; World Vegetable Center: Shanhua, Taiwan, 2022; 83p.
28. Mecozzi, M.; Ebert, A.W. At This Bank for Vegetables, Withdrawals Produce Interest; DFID Case Study on AVRDC Genebank;

AVRDC—The World Vegetable Center: Tainan, Taiwan, 2012; p. 7.
29. Lin, S.; Chou, Y.; Shieh, H.; Ebert, A.W.; Kumar, S.; Mavlyanova, R.; Rouamba, A.; Tenkouano, A.; Afari-Sefa, V.; Gniffke, P.A.

Pepper (Capsicum spp.) germplasm dissemination by AVRDC–The World Vegetable Center: An overview and introspection.
Chron. Hortic. 2013, 53, 21–27.

30. Ebert, A.W.; Chou, Y.-Y. The tomato collection maintained by AVRDC—The World Vegetable Center: Composition, germplasm
dissemination and use in breeding. Acta Hortic. 2015, 1101, 169–176. [CrossRef]

31. Deuss, A.; Gaspar, C.; Bruins, M. The Impact of the COVID-19 Pandemic on Global and Asian Seed Supply Chains; OECD Food,
Agriculture and Fisheries Papers 2021, No. 168; OECD Publishing: Paris, France, 2021. [CrossRef]

32. Kimani, D.; Adokorach, J.; Munkombwe, G.; Mushita, A.; Otieno, G.A.; Recha, T.; Subedi, A.; Vernooy, R. Strengthening Community
Seed Banks in East and Southern Africa in Times of COVID-19; Alliance of Bioversity and CIAT: Rome, Italy, 2021; p. 6.

33. World Vegetable Center. International Vegetable Breeding: A Strategy to Create Development Impact at Scale; World Vegetable Center:
Shanhua, Taiwan, 2019; 31p.

34. CGN. Collecting Missions. Available online: https://missions.cgn.wur.nl/ (accessed on 23 August 2023).
35. ECPGR. Resources. PPP-Knowledge-Base. Available online: https://www.ecpgr.cgiar.org/resources/private-public-

partnerships-ppp/ppp-knowledge-base/details?pppId=16 (accessed on 12 September 2023).
36. Nilsson, A.; von Bothmer, R.; Johanesson, T.; Nybom, H.; Bendevis, M.A.; Bengtsson, T.; Rognli, O.A. Promoting Nordic Plant

Breeding for the Future—PPP Public Private Partnership for Pre-Breeding; Nordic Council of Ministers: Copenhagen, Denmark, 2016.
[CrossRef]

37. Sharma, N.; Sanders, W.; Graveland, R.; Schoper, J.; Campos, H. A public–private partnership to speed up potato breeding. Open
Agric. 2020, 5, 826–833. [CrossRef]

38. Drewnowski, A.; Rehm, C.D. Vegetable Cost Metrics Show That Potatoes and Beans Provide Most Nutrients Per Penny. PLoS
ONE 2013, 8, e63277. [CrossRef]

39. G2P-SOL Gateway. Linking Genetic Resources, Genomes and Phenotypes of Solanaceous Crops. Available online: http:
//www.g2p-sol.eu/G2P-SOL-gateway.html (accessed on 23 August 2023).

40. EVA. European Evaluation Network. Available online: https://www.ecpgr.cgiar.org/eva (accessed on 23 August 2023).
41. Lettuce Genome Resource, UC Davis Genome Center. Available online: https://lgr.genomecenter.ucdavis.edu/ (accessed on 23

August 2023).
42. Halewood, M.; Bagley, M.A.; Wyss, M.; Scholz, A.H. New benefit-sharing principles for digital sequence information. Benefit

sharing should be decoupled from access. Science 2023, 382, 520–522. [CrossRef]
43. The Access to Seeds Foundation. Access to Seeds Index 2019. Synthesis Report. Available online: https://www.accesstoseeds.

org/media/publications/ (accessed on 22 November 2023).
44. The World Benchmarking Alliance. Access to Seeds Index 2021. Synthesis Report. Available online: https://www.

worldbenchmarkingalliance.org/publication/access-to-seeds-index/about/ (accessed on 22 November 2023).

276



Plants 2024, 13, 247

45. van Treuren, R.; van Hintum, T.J.L.; van de Wiel, C.C.M. Marker-assisted optimization of an expert-based strategy for the
acquisition of modern lettuce varieties to improve a genebank collection. Genet. Resour. Crop Evol. 2008, 55, 319–330. [CrossRef]

46. van Treuren, R.; van Hintum, T.J.L. Comparison of anonymous and targeted molecular markers for the estimation of genetic
diversity in ex situ conserved Lactuca. Theor. Appl. Genet. 2009, 119, 1265–1279. [CrossRef]

47. van Treuren, R.; Arend, A.J.M.; Schut, J.W. Distribution of downy mildew (Bremia lactucae Regel) resistances in a genebank
collection of lettuce and its wild relatives. Plant Genet. Resour. Charact. Util. 2011, 11, 12–25.

48. van Treuren, R.; de Groot, L.; Hisoriev, H.; Khassanov, F.; Farzaliyev, V.; Melyan, G.; Gabrielyan, I.; van Soest, L.; Tulmans, C.;
Courand, D.; et al. Acquisition and regeneration of Spinacia turkestanica Iljin and S. tetrandra Steven ex M. Bieb. to improve a
spinach gene bank collection. Genet. Resour. Crop. Evol. 2020, 57, 625–639. [CrossRef]

49. World Vegetable Center. WorldVeg Genebank. Available online: https://avrdc.org/our-work/managing-germplasm/ (accessed
on 1 June 2023).

50. Schafleitner, R.; World Vegetable Center, Shanhua, Taiwan. Personal Communication, 2023.
51. Ochieng, J.; Schreinemachers, P.; Ogada, M.; Dinssa, F.F.; Barnos, W.; Mndiga, H. Adoption of improved amaranth varieties and

good agricultural practices in East Africa. Land Use Policy 2019, 83, 187–194. [CrossRef]
52. Spillane, C.; Engels, J.; Fassil, H.; Withers, L.; Cooper, D. Strengthening National Programmes for Plant Genetic Resources for Food

and Agri-Culture: Planning and Coordination; Issues in Genetic Resources No. 8; International Plant Genetic Resources Institute:
Rome, Italy, 1999; Available online: https://www.researchgate.net/publication/252626773_ (accessed on 23 August 2023),
ISBN 92-9043-411-2.

53. van Treuren, R. Collaboration between a Vegetable Genebank and the Private Sector. In International Expert Panel on Fruit and
Vegetable Genetic Diversity: The Status and Challenges of Conservation, Exchange and Use; International Treaty on PGRFA: Rome, Italy,
2021; Available online: https://www.fao.org/plant-treaty/overview/partnerships/international-panel/en/ (accessed on 23
August 2023).

54. Engels, J.M.M.; Ebert, A.W. A Critical Review of the Current Global Ex Situ Conservation System for Plant Agrobiodiversity. II.
Strengths and Weaknesses of the Current System and Recommendations for Its Improvement. Plants 2021, 10, 1904. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

277



plants

Opinion

AEGIS, the Virtual European Genebank: Why It Is Such a Good
Idea, Why It Is Not Working and How It Could Be Improved

Theo van Hintum 1,*, Johannes M. M. Engels 2 and Lorenzo Maggioni 2,3

Citation: Hintum, T.v.; Engels,

J.M.M.; Maggioni, L. AEGIS, the

Virtual European Genebank: Why It

Is Such a Good Idea, Why It Is Not

Working and How It Could Be

Improved. Plants 2021, 10, 2165.

https://doi.org/10.3390/

plants10102165

Academic Editor: Calvin O. Qualset

Received: 6 September 2021

Accepted: 8 October 2021

Published: 12 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centre for Genetic Resources, The Netherlands (CGN), Wageningen University & Research (WUR),
P.O. Box 16, 6700AA Wageningen, The Netherlands

2 Alliance of Bioversity International and CIAT, Via di S. Domenico, 1-00153 Rome, Italy;
j.engels@cgiar.org (J.M.M.E.); l.maggioni@cgiar.org (L.M.)

3 European Cooperative Programme for Plant Genetic Resources (ECPGR), Via di S. Domenico,
1-00153 Rome, Italy

* Correspondence: theo.vanhintum@wur.nl

Abstract: Europe is very active in terms of conserving plant genetic resources, with hundreds of
genebanks and thousands of dedicated people involved. However, the resulting infrastructure is,
along with being very expensive, far from efficient and not very reliable. In this opinion paper,
the authors describe how this situation arose, and why the European Cooperative Programme for
Plant Genetic Resources (ECPGR), the collaborative umbrella organization of the European countries
involved, has not been able to improve this situation so far significantly. The principles of the
decentralized virtual genebank (AEGIS) are described, and an analysis is made of the reasons for its
lack of success. Possible changes for making AEGIS a success, or at least steps in the right direction,
are proposed. These changes center around the creation of a system of certified genebanks with
proper quality management, guaranteeing the long-term conservation of, and immediate access to
the plant genetic resources conserved in it.

Keywords: PGRFA; ECPGR; virtual European genebank; AEGIS; EURISCO; genebank quality
management

1. Introduction

Plant Genetic Resources for Food and Agriculture (PGRFA) need to be conserved and
made accessible for use in crop research and plant breeding. There are various reasons
for this, the most prominent being the high rate of genetic erosion of PGRFA, i.e., without
conservation, the genetic resources will disappear quickly [1]. Without these genetic
resources, the world will not be able to feed its fast-growing population, since crops can no
longer be adapted to the drastic, changing environments (biotic and abiotic factors).

The awareness of the importance of the conservation of, and access to PGRFA started
with collecting activities and the research of pioneers such as, most prominently, N.I. Vav-
ilov and H.V. Harlan in the first half of the 20th century. The first dedicated genebanks
were established in Germany, the USA, and at the large international agriculture institutes
of the CGIAR during the second half of the 20th century, and soon after, many crop re-
search institutes upgraded their working collections into genebanks [2]. Many countries
wanted to have their own national genebank or a network of genebanks located predomi-
nately in research institutes that specialized in specific crop groups. Some of the resulting
genebanks are no more than poorly maintained working collections, whereas others are
professionally managed long-term collections, stored in well-equipped genebanks, meet-
ing all international genebank standards and operating on the basis of a proper quality
management system.

EURISCO, the database that gathers, processes, stores and makes available information
about all European genebank collections, identifies at present some 400 institutes main-
taining PGRFA collections in Europe (sensu lato, including 43 countries; for an overview
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of the data included in EURISCO, see Table 1). The resulting genebank landscape is very
heterogeneous, since it has grown spontaneously, without any prior plan or coordination.
It could be described as chaotic, involving hundreds of institutes, thousands of people
and costing huge amounts of money. But despite all the money being spent, it is not clear
at all if these genebanks and other PGRFA-related institutes are adequately functioning,
i.e., if they are properly maintaining the PGRFA that should be conserved for the long
term and made available to users. Furthermore, it is clear that this ‘system’, based on
national and institutional centers, was never designed and set up to serve collaborative
conservation objectives aimed at increasing efficiency and cost-effectiveness in such a
fragmented landscape as Europe. Each European genebank formulated its own goals and
has been reaching these goals, to varying extents, while being largely independently from
related institutions and certainly from those in other countries. However, now that this
European landscape has existed for nearly 50 years, the common goal has become more
prominent, as have the doubts about efficacy and efficiency.

Table 1. Salient statistical features of information in EURISCO.

Number
Percentage of

Acc’s in EURISCO

Number of accessions 2,056,983
part of MLS: 430,597 20.90%

part of AEGIS: 65,286 3.20%
with a DOI: 228,078 1.10%

Number of institutes: 401
Number of countries: 43

Number of genera: 6725
Number of species: 45,179

Source: [3].

Although it is clear that much valuable germplasm material is properly conserved
in the well-functioning genebanks, it is also clear that many genebank operations are
not effective at all, and certainly from an overarching European or global perspective.
For example, (1) much material is duplicated in many collections, while other important
material for a given crop or species might be missing in all the genebanks [4]; (2) access to
the conserved materials for users, if there is access at all, is often restricted to a small group,
consisting of colleagues in the institute, partners of a project or members of a restricted
network. Most importantly, (3) the quality of the conservation methodologies and of the
conserved material is often very low.

The change in the genetic resources paradigm—caused by the Convention on Bi-
ological Diversity (CBD) that was agreed upon in 1992—from genetic resources being
a ‘heritage of mankind’ to a resource ‘under national sovereignty’ did not improve the
situation [5]. Access rules dictated by national governments often did not exist (certainly
not before the entrance into force of the CBD in 1993) or became stricter and/or more
complex thereafter. Since then, some genebanks have needed permission from national
authorities to distribute material abroad for each distribution, and collecting missions of
foreign countries have required complex permission procedures and conditions, if such
permissions are granted at all [6]. As a result, the cross-border exchange of PGRFA has
been severely and increasingly hindered, with obvious consequences for the effectiveness
of collaboration among genebanks [7].

Luckily for Europe, there is a well-established umbrella organization of European
countries, the European Cooperative Programme for Plant Genetic Resources (ECPGR),
which has aimed at the coordination of PGRFA conservation and use activities since the
early 1980s [8]. ECPGR is one of the regional PGRFA networks that were considered
by the International Board for Plant Genetic Resources (IBPGR) to be part of the global
conservation system of the Food and Agricultural Organization of the United Nations
(FAO) in the late 1970s [2]. It organizes various collaborative activities, largely through its
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twenty Crop Working Groups and three Thematic Working Groups, which have resulted in
valuable outputs such as the earlier mentioned EURISCO, many crop descriptor lists and
crop-specific quality standards, and provides a platform for the formulation of EC-funded
collaborative project proposals, and the organization of training workshops, etc. However,
it has limited funds (contributed by the member countries) and does not have sufficient
political leverage to directly enforce a rationalization of the conservation system at the
regional level. The question ‘How can we make conservation of PGRFA in Europe more
efficient?’ has been asked occasionally (e.g., [9]), but the answers have never translated
into a restructuring of the existing landscape, since national and institutional interests have
prevailed over the possibility to take decisions from a regional interest point of view.

At the global level, other important developments have influenced the political think-
ing with respect to the management of PGRFA. Besides the already mentioned CBD, the
FAO launched the Global Plan of Action (GPA) for the Conservation and Sustainable
Utilization of Plant Genetic Resources for Food and Agriculture in 1996 [10]. The GPA,
updated in 2011 with the adoption of the second GPA [11], called for a more rational con-
servation system based on better planning and more collaboration and coordination, while
allowing individual countries to maintain their sovereign rights over PGRFA. However,
this had very little impact on the actual collaboration among countries, if any. Additionally,
the establishment of the International Treaty on Plant Genetic Resources for Food and
Agriculture (International Treaty) and its Multilateral System (MLS) for the access to and
benefit-sharing of PGRFA in 2004 had little, or possibly even negative, impact on actual
collaboration in Europe [7].

With regards to the above-described background, members of the ECPGR Steering
Committee strongly felt that something had to fundamentally change, and subsequently for-
mulated an idea that potentially could improve the existing situation: AEGIS, ‘A European
Genebank Integrated System’ ([12], see also Box 1).

2. The Concept of AEGIS

Obviously, if Europe were to start from scratch and could operate as a unity, for
instance, a system similar to that of the USDA National Plant Germplasm System [13]
could be set up, i.e., including some central and some sub-regionally specialized facilities,
with proper quality management and a clear policy regarding access. However, despite
the potentially much larger cost-effectiveness of such an optimized and partly centralized
system, its establishment is not conceivable, owing to the lack of political unity among
the countries of the region, and the lack of strategic support from the European Union.
Therefore, AEGIS had to be formulated in such a way that it could be implemented by
the current actors, with the consequence that changes would have as little impact on the
current activities as possible. ECPGR provided the political and administrative framework
needed for the initiative, thus taking advantage of the existing common legal framework
established by the International Treaty, as described above.

The concept of AEGIS was formulated in 2004 and resulted in a Policy Guide on
AEGIS, endorsed by the ECPGR Steering Committee [14]. AEGIS aims at establishing a
European Collection that is maintained in a decentralized virtual genebank consisting of
various genebanks scattered over Europe and adhering to the AEGIS concept and principles.
The European Collection consists of the collective set of accessions that have been identified
and proposed by each country according to agreed criteria. Accessions of the European
Collection are maintained for the long-term based on agreed quality standards in the
decentralized virtual European genebank, i.e., the various participating genebanks, and are
freely available under the terms and conditions set out in the International Treaty on Plant
Genetic Resources for Food and Agriculture. A mechanism for the selection of the material
to be included in this European Collection was created and eventually simplified [15], and
the quality standards for maintenance [16] were defined.

The AEGIS concept was expected to result in a decentralized collection of unique and
well-maintained accessions, assuring that the material in the European Collection would be
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safely conserved for the long term and freely accessible from the virtual European genebank.
It was expected to give genebanks the option to drop the responsibility of maintaining
accessions that were already well conserved in the European Collection by an identified
colleague genebank. The benefits of AEGIS perceived at the time of its establishment are
summarized in Table 2.

Table 2. Perceived public benefits of AEGIS.

(a) Improved collaboration among European countries.
(b) Cost-efficient conservation activities within and among European genebanks.
(c) Reduced redundancy in European collections.

(d) Improvement of quality standards for conservation, information management and the
facilitation of the use of conserved germplasm across Europe.

(e) More effective and better quality regeneration.
(f) Facilitated access to all the germplasm included in AEGIS.
(g) Improved security of germplasm through standardized commitments and safety duplication.
(h) Improved linkages between ex situ and in situ conservation as well as linkages with users.
(i) Improved sharing of knowledge and information.

Source: [14].

On 23 July 2009, upon signature of the Memorandum of Understanding by the tenth
country eligible for membership, AEGIS entered into force. It took until 12 December 2011
for the first accessions to be included in AEGIS. However, retrospectively, there were a few
flaws in the concept, and as a result it failed to become a full success in the first decade of
its existence.

3. The Status of AEGIS

Currently, the European Collection consists of 65,267 accessions maintained by
46 genebanks. An overview of the current holdings in AEGIS is included in Table 3.
This material was largely included because some individual genebanks submitted all the
material in their collection that they considered as original material from their respective
countries (i.e., collected by, or bred in the country), resulting in five genebanks submit-
ting over three quarters of the total AEGIS accessions. Most of the additionally included
accessions were part of joint crop-based and ECPGR-funded projects that required the
inclusion of material in AEGIS. As a result, the content of AEGIS, about three percent of
the accessions that are documented in EURISCO, is very much clustered around a few
genebanks and around a few crops. This would be fine if all 65 thousand accessions in the
European Collection were well-managed in accordance with the agreed criteria and met
the AEGIS-agreed quality standards. However, this is not clear, and certainly not assured,
as there is no operating auditing system.

Because of the slow growth of the European Collection, the ECPGR Steering Com-
mittee held an AEGIS review meeting in 2018 in Spain [17]. Its conclusions indicated that
AEGIS could become more effective by (1) creating a network of ertified genebanks (with
a sui generis certification system and definition of the standards); (2) creating a capacity
building system of genebanks that want to become certified; (3) raising sufficient funding
to support coordination, monitoring and capacity-building activities.

Table 3. Overview of accessions in AEGIS.

Total number of AEGIS
accessions (included in the

European Collection)
65,267

Number of countries with
AEGIS accessions 19

Germany 26,725 acc.; Italy 16,336 acc.;
Netherlands 5841 acc.; Switzerland 5611 acc.;

Nordic Countries 4785 acc.; 14 other countries
5969 acc.
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Table 3. Cont.

Number of genebanks with
AEGIS accessions 46

Number of AEGIS genera 366

Hordeum 15,667 acc.; Triticum 11,129 acc.; Zea
5699 acc.; Lolium 2727 acc.;

Solanum 2449 acc.; Pisum 2341 acc.; Brassica 2289
acc.; Festuca 2256 acc.;

other 358 genera 20,710 acc.
Source: [18].

4. Critical Assessment of the Current Functioning of AEGIS

Considering the foregoing, and including the procedural steps that have been agreed
upon by the AEGIS members, one should ask the question why AEGIS, which is such a
good idea, has not (yet) become a success? Three elements can be distinguished: (1) too
little material has been included for AEGIS to become ‘really operational’ and thus, to
obtain benefits; (2) the quality of the genebanks’ operations has not been assured and is
possibly too low in many cases; (3) trust in the continued availability of the accessions
has not been assured, despite the formal inclusion of this aspect in the MOU and in the
AEGIS Associate Membership Agreement. Let us, then, have a close and critical look at
these elements.

4.1. Too Little Material Has Been Included in the European Collection

Why would a country/genebank include material in the European Collection? The
public benefits of inclusion were spelled out in Table 2, and some high quality genebanks
considered these sufficiently convincing arguments and designated accessions for inclusion
in AEGIS. However, most countries and genebanks thought they were not or, at least, have
not concluded an agreement with ECPGR or designated materials.

Obviously, there are several reasons to be reluctant to submit material. First of all, a
country must commit itself (through the MOU) to conserve the designated accessions for the
long term and to make them available to users. Furthermore, the genebank commits itself
(through the Associate Membership Agreement) to meeting the quality standards (although
no auditing system is implemented yet) to conserve the material ‘in perpetuity’ and provide
complete access to the material under the SMTA. Thus, noting these obligations, and
consequences such as making long-term commitments, accepting additional workloads
and possibly requiring more funds to meet the requirements, one could ask ‘Why should
they include materials? It only makes their lives difficult!’.

The reasons for joining AEGIS from a genebank point of view are supposed to be re-
lated to the advantages generated by membership of a cooperative framework: recognition
of quality and the possibility of benefiting from common resources, such as the auditing
system, capacity-building opportunities and sharing responsibilities among each other.
Apparently, these advantages have not been sufficiently convincing. The label of being an
‘AEGIS genebank’ has not generated sufficient status yet, and access to the common re-
sources has not materialized yet, e.g., participation in ECPGR-organized capacity-building
activities is not dependent on AEGIS membership.

Furthermore, to reduce avoidable redundancy in the European Collection, the proce-
dures for including material, i.e., individual accessions, were initially very complicated.
However, these have been simplified, and the only remaining requirement is that the acces-
sion is ‘original’, meaning that it should be either unique, from a European perspective, to
the holding genebank and/or that it originated through collecting or breeding from the
country where the genebank is located.

Possibly, a reluctance to include material in the European Collection also exists at
the national level. The AEGIS concept aims at generating a stable commitment from each
country to conserve accessions of the European Collection for the long term. Countries
appear very cautious, suggesting that their budgets for long-term conservation have not
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been secured and indicating that they cannot commit to the obligations formulated in
the MOU [19].

The limited participation can also be interpreted as an indication that the perceived
benefits of AEGIS for policymakers have not been fully appreciated. These benefits range
from the assured compliance with International Treaty/the Nagoya Protocol for all the
accessions included in AEGIS, to the fact that AEGIS offers a mechanism to optimize the
use of resources by avoiding redundancy and assuring quality. In addition, AEGIS could
strengthen the position of the European region in international fora, by offering an example
of efficiency and commitment.

The fact that the above-mentioned benefits have not been able to facilitate the rapid
growth and implementation of the AEGIS concept probably reflects a more general situ-
ation whereby the advantages of cooperating as a region rather than in isolation do not
spontaneously emerge. This is especially understandable when considering the short-
sighted political attitudes of many countries or segments of society within and outside the
EU, which have been increasingly promoting nationalistic approaches for political agendas
in the past ten years or so. This situation is somewhat surprising, as one would expect
that, in postwar Europe, the extension of the European Union to include 27 countries,
the peculiarities of PGRFA and the greatly varying state of development with respect to
the conservation and sustainable use of PGRFA among European countries would call
for intensified collaboration and coordination. In particular, the sharing of conservation
and facilitating the use of PGRFA responsibilities among countries was thought to be a
‘given’ and as such, was included as a motivating factor for joining and operating AEGIS.
However, this assumption seems to have some flaws, as the actual preparedness to share
responsibilities among countries remains rather limited.

A few changes could be considered to improve this situation. First, a genebank should
have a clear incentive to submit material to the European collection. This incentive is
currently lacking, as the designation of accessions does not lower the operational costs
of a genebank and does not bring other evident advantages to the genebank; to date,
no duplicate accessions have been reported to have been eliminated from a genebank
on the basis of AEGIS (one heard argument is that reduced numbers of accessions in a
genebank could lead to a reduction in the institutional budget). Possibly, the assumption
that individual genebanks would be eager to eliminate redundancies with other genebanks
was incorrect. Moving from the ‘local genebank’ level to the national level, the argument
might hold that conservation costs can be reduced, but this appears to be a non-incentive
to genebanks without strong political support from the national government.

To establish an incentivizing framework, there might be a need to distinguish among
genebanks that are able and willing to follow the agreed FAO Genebank Standards [20]
and those that are not. In fact, one could argue that many of the 400 European genebanks
or collections/repositories do not properly respond to a working definition of ‘genebank’,
i.e., an institution that meets the requirements for well-managed and effectively operated
collections. To distinguish these from ‘real genebanks’, an AEGIS certification system could
be set up, establishing a European circle of AEGIS-certified genebanks to be supported at
national and regional levels. Institutions that want to become AEGIS-certified genebanks,
but do not meet the requirements yet, would need to be supported by ECPGR and other
donors (e.g., the respective governments and the European Union) to reach this goal by
capacity building, staff exchanges, support for setting up the required facilities, etc. In fact,
it can be argued that the authorities concerned should demand from the genebanks they
fund that they should become AEGIS certified and thus become amenable for eventual
funding from European Union sources. ECPGR could obviously play an important task in
setting up such a system, by creating the certification system and promoting the actual cer-
tification of genebanks through its Steering Committee. At the same time, more efforts are
possibly required by ECPGR to make a strong case at the European level for such targeted
funding. For instance, ECPGR is involved in the EU-funded Genres Bridge project, which
has proposed a European Genetic Resources Strategy along the lines described here [21].
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Once a critical mass of AEGIS-certified genebanks, i.e., the ‘real genebanks’, are
identified, the inclusion of materials in the European Collection should become much
more straightforward. Everything in a real genebank can be included, irrespective of its
originality or other criteria. Subsequently, duplicated accessions in the European Collection
would be able to be removed from the genebanks involved, as they would be available
elsewhere in the European Collection, as indicated in EURISCO.

4.2. The Quality of Genebank Operations Has Not Been Assured

According to the AEGIS concept, if accessions are included in the European Collection,
these accessions have to be properly managed, to such an extent that another genebank
maintaining the same material can stop doing so. Obviously, proper genebank management
requires assurances of the quality of operations of the participating genebanks. This implies
that the genebanks (1) operate a quality management system; (2) meet the agreed quality
standards; (3) are audited regularly. Obviously, these points would fit perfectly in an
AEGIS certification system, as described under the previous point.

AEGIS has already made a good start in developing the standards by designing a qual-
ity management system called AQUAS [16], based on the FAO Genebank Standards [20].
The standard operating procedures proposed in these standards are based on realistic but
sound quality levels, assuring the proper conservation of, and full access to the material in
the European Collection. An outline of the required auditing system has also already been
formulated [22], consisting of record keeping, reporting and monitoring steps. However,
this has never been implemented, because the low number of AEGIS accessions has not
yet justified the launching of a fully fledged auditing system. Another, possibly more
important reason for not implementing the auditing system is the fact that the participating
genebanks have been reluctant to introduce a monitoring system that could create an
unwanted bureaucratic and reporting burden for the genebanks, as well as which could
interfere with national or institutional management routines and decisions. Obviously,
these considerations are completely contrary to current quality management concepts,
which require the proper and transparent documentation of procedures, standardization
where possible, and the monitoring of processes with appropriate performance indicators.

As a possible remedial action, to increase the transparency of European genebanks
and to boost awareness of the importance of quality management, a genebank peer review
process was created and successfully tested in 2019. It involves the documentation of the
genebank processes (using AQUAS formats), mutual visits of experts to the genebanks
involved, who provide frank and clear comments in a fully transparent way to each other,
and reports about these visits [23].

4.3. The Continuity of the Availability of Accessions Has Not Been Assured

Genebanks can not and will not rely on each other if they cannot be sure about the
continuity of the collections. History has shown, for instance, that genebanks can disappear,
institutional policies can change, crop priorities within the national or institutional context
are dynamic and evolve, and that national authorities can decide that germplasm can
no longer leave the country without their consent. This obviously makes creating a
collaborative system like AEGIS very difficult, and these are important points to be included
in the formal agreements.

The MOU between ECPGR and the countries includes precautionary measures with
respect to the withdrawal of accessions from the European Collection; a 12 months’ notice
by the holding genebank is stipulated [19]. In case an associated genebank withdraws, a
12 months’ notice is also required, and in case a country wants to terminate the MOU, a
12 months’ notice is also required. These terms should give colleague genebanks the oppor-
tunity to request and receive the accessions to be withdrawn from the European Collection
and include these in another AEGIS-certified genebank. However, the enforcement of the
MOU has its limits, and recent history has shown that if a country doesn’t want to provide
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access to information or material, there is very little one can do to get access, irrespective of
signed MOUs.

To overcome the risk of losing access to material from the European Collection, there
could be an easy solution: if a genebank currently includes accessions that are conserved
as seeds in the European Collection, it guarantees the availability of these materials to
the rest of the world, and those accessions also have to be safety backed-up in another
European genebank (or at the Svalbard Global Seed Vault). This is usually done in a
‘black-box’ arrangement, i.e., the holding genebank sends a sample of each accession to
a colleague genebank that stores it under optimal conditions; this deposit will not affect
any property or other rights on the material; the duplicated materials will remain in sealed
containers; the terms and conditions governing the deposit will be agreed on between
the two genebanks involved; the receiving genebank will not take any actions to further
transfer the material other than back to the originator of the duplicated accessions or
in accordance with the depositing genebank’s instructions, i.e., the material can only be
retrieved from the genebank acting as the back-up location by the genebank which sent it
there ([19], art. 1-iv). No one else has access. For PGR accessions that are not conserved
as seed, alternative solutions are sought, but on the same principles. This safety backup
‘system’ could easily be modified to serve as an instrument to guarantee continuity of
access. This would be guaranteed if the safety duplication is done under the provision
that the accessions in the back-up genebank can be used for inclusion in another genebank
collection in the undesirable case that the original holding genebank could no longer
provide access to these accessions. This simple change would assure that the material stays
within the AEGIS system and remains available even if an institute or country is not able
to comply with the availability clauses of the MOU anymore, or even decides to withdraw
its membership. The material could simply be reintroduced into the European Collection
by another AEGIS-certified genebank. The rationale for proposing this change lies in the
recognition that AEGIS-designated materials are treated as part of the MLS and, therefore,
after their first exchange with an SMTA, they can be indefinitely transferred under the
same conditions to any user. Therefore, it does not make sense to maintain the obligation to
return the material only to the original depositor such as in most ‘black-box’ arrangements
for safety duplication.

5. Future of AEGIS

A reasonable response to the points above would be “Dream on!”, and, indeed,
the proposed solutions to the points above will not be easy to implement. A genebank
certification system might be very difficult to set up, as some countries will fear that they
would never be able to meet the standards and thus prefer to avoid confrontation with
the reality that some genebanks do not live up to the level of quality that is expected from
public goods institutions operating in the global arena. Furthermore, establishing and
running an auditing system requires an adequate budget (setting up a quality management
system could cost up to 10% of an annual budget, and operating it up to 5% of the
annual budget, but could be much less) and such funds are currently lacking. Therefore,
setting up an auditing system without sufficient support or proper funding will be very
difficult. Changing the safety back-up system from the current black-box construction to
an emergency-access system might be considered undesirable, since it could discourage
some genebanks from backing up their material for fear of losing control.

Nevertheless, some suggested steps can be made to improve the situation, paving the
way for an easier and more comprehensive implementation of AEGIS and its European
Collection. The European genebank community clearly has the desire to professionalize,
to move from the first generation of genebank managers to the second. The already
mentioned quality management system AQUAS provides valuable tools, such as the
Genebank Manual [24], allowing genebanks to describe their current procedures, which is
a first step towards proper quality management and a great way to improve transparency.
Implemented with the hope of increasing transparency and of moving towards an auditing
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system, the peer reviews appeared successful, and several genebanks volunteered to
participate. The first experiences with this approach have been very positive [23].

Furthermore, other initiatives to improve transparency and create a clearer picture
about the quality of the European genebanks can and should be taken. For example,
checking the availability and quality of the material in the European Collection is easy;
one can simply request the material from the genebank and check its quality. To avoid
wasting materials in this process, such requests should be done together with users that
actually will use the material. A first attempt to create such a ‘system’ was undertaken by
the Centre for Genetic Resources, The Netherlands (CGN), in 2019, when this genebank
asked its users to draft a list of materials from other European genebanks that they would
like to receive for their use. CGN requested these materials from these genebanks with full
transparency about the context of these requests. Most of the requested material was not
received. However, the COVID-19 crisis could be the main explanation for the (temporary?)
lack of access that was experienced. The ECPGR Executive Committee was informed
accordingly about this experiment, and it was favorable to extending it in scope, in terms
of crops, genebanks and breeding community [25].

The above-mentioned steps can improve the situation in the European genebank
community and reduce its rather uncoordinated and unharmonized aspects. However,
they remain small steps, to be taken slowly. Apparently, national and institutional interests
are currently still larger than concerns about an efficient PGRFA conservation system in
Europe. All we can do is to continue trying to make small steps in the right direction. The
initiatives developed in the framework of the EU-funded Genres Bridge project might
have a very positive effect, provided that funds will become available. In particular, the
European Genetic Resources Strategy, recently drafted by the GenRes Bridge partners,
calls for the establishment of a coherent policy framework for genetic resources in Europe,
facilitating and promoting genetic resources conservation, documentation and sustainable
use at both national and European levels [21]. It also calls for the further development of a
European infrastructure for ex situ and in situ PGRFA conservation and sustainable use.
This infrastructure should include, inter alia, the decentralized/virtual European Genebank
consisting of certified genebanks, building on the AEGIS experience and principles.

6. Conclusions

The world is not a perfect place, and the European PGRFA activities are no exception.
The chaotic, casually grown European landscape of PGRFA actors and activities, although
it does a lot of good, is far from ideal. The optimal solution is not feasible, given the current
funding and decision-making mechanisms. ECPGR made an excellent attempt to improve
the situation with AEGIS; however, this has not really worked so far: the impact on efficacy
and efficiency has been very limited.

The possibility of reducing costs by reducing redundancy appears to have very lim-
ited appeal to most countries or genebanks. The concept of ‘national sovereignty’ over
PGRFA, promoted by the CBD, appears to have a stronger appeal than the advantages of
making PGRFA a common good in Europe. Therefore, implementing AEGIS will remain
a significant challenge, as long as genebanks are funded by national authorities. Having
additional EU regional funding would make the challenge of creating an effective and
efficient European genebank infrastructure much easier.

With additional funding, a system of AEGIS-certified genebanks could be set up,
in which the quality and continuity of conservation of, and access to PGRFA could be
guaranteed. Joining this system would be attractive as it would certify that a genebank is a
‘real genebank’, with reliable conservation, access and legal protocols. Regional funding
aimed at ex situ PGRFA management should concentrate on these certified genebanks,
helping them to make the large steps that are needed to function optimally in a rapidly
changing, increasingly -omics, research and breeding oriented environment. Obviously, a
capacity-building program supporting genebanks that want to reach certification should
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be a prominent part of this vision. In the meanwhile, attempts to make small steps towards
the goals of AEGIS are ongoing.

A decentralized, ‘virtual’ European genebank is a valid model, but apparently very hard
to implement without proper regional and political visions, funding and decision making.
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Abstract: Genebanks were established out of a recognised need not just to provide genetic variation
to support breeding objectives but to prevent crop diversity from being lost entirely for future users.
Such conservation objectives may have led, over the past few decades, to a gradually diminishing
connection between genebanks and current users of diversity. While there continues to be large-
scale distribution of germplasm from genebanks to recipients worldwide, relatively little is known
or published about the detailed trends in the demand for genebank materials. Meanwhile, the
rapid expansion of the applications and uses of modern genomic technologies and approaches is,
undoubtedly, having a transformational impact on breeding, research and the demand for certain
genetic resources and associated data. These trends will require genebanks to be responsive and to
adapt. They also provide important opportunities for genebanks to reorganize and become more
efficient individually and as a community. Ultimately, future challenges and opportunities are likely
to drive more demand for genetic diversity and provide an important basis for genebanks to gear up.

Keywords: genebanks; CGIAR; plant genetic resources; conservation; breeding; genomic research

1. Introduction

When Nikolai Vavilov began to collect seeds from around the world in the 1920s
and 1930s, he was a pioneer in what has now come to be known as genebanking. While
he and most other early crop plant collectors primarily sought landraces and traditional
varieties to use as a source of novel traits in their breeding programmes, as they continued
to travel and collect, it became increasingly apparent to them that many landraces were
disappearing from farmers’ fields [1]. According to Mooney [2], on a collecting expedition
to Turkey in the 1940s, the plant collector Jack Harlan “encountered virtually thousands of
flax varieties. When he returned 20 years later only one variety remained—and this was
imported from Argentina”.

Genetic erosion was especially rapid following the Green Revolution of the 1960s
and 1970s, when scientists from the International Rice Research Institute (IRRI) and the
International Centre for the improvement of Maize and Wheat (CIMMYT) bred high
yielding varieties of rice and wheat, which were then widely disseminated [3]. While
contributing enormously to easing the food shortages of the time, the rapid spread of
these varieties resulted in the replacement of many indigenous landraces, a process that
continues today. Observing this led many early plant collectors and breeders to recognize
the importance of creating crop collections not only as a ready source of new alleles for
genetic improvement, but also to conserve crop variation for the future, as an insurance
against its loss in the wild and in farmers’ fields. To meet this dual need, specialized
facilities for seed processing, storage and distribution were created, known as genebanks.
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As the Green Revolution was taking off, new international agricultural research
centres, modelled on IRRI and CIMMYT, were being established around the world and
were funded collectively by a consortium of donors called the Consultative Group on
International Agricultural Research (CGIAR). Those centres that were concerned with the
genetic improvement of crops began to develop germplasm collections, focussed initially
on providing genetic variation for the immediate needs of their breeding programmes but
increasingly, over time, had a long-term conservation objective as well.

The chickpea, lentil and faba bean collections of the International Centre for Agricul-
tural Research in the Dry Areas (ICARDA) provide one such example. They were originally
assembled in Lebanon and Syria by the food legume breeders themselves to ensure that
sufficient genetic variation was available to initiate their crop improvement programmes.
Large collections were built up both through extensive field collecting in West Asia and
North Africa, starting in 1975, and through acquisition, especially from the collections
that had been put together by the USDA/USAID-funded Regional Pulse Improvement
Project in India and Iran in the 1960s. Over time, as the breeders identified ever more
accessions likely to provide alleles for traits of interest to their breeding objectives, so they
increasingly came to spend more of their time working with this material and less time
looking for additional genetic variation. However, ICARDA recognized that the collections
that had been built up were not only of immediate use but had a long-term value for both
the Centre’s own breeding programmes as well as those of their partners. Thus, in 1983,
ICARDA established a Genetic Resources Unit (GRU) to develop and run a genebank [4].
At this point, objectives began to diverge somewhat, with conservation becoming the
main priority of the GRU and developing genetically improved varieties the priority of
the breeding programmes. While the GRU still aimed to serve the needs of the genetic
improvement programmes, in practice, the breeders made fewer forays into the collections
as they came to concentrate more on their own ‘elite’ genepools. The GRU thus took on a
life of its own, with a leadership separate from that of the breeding programmes.

A somewhat similar situation occurred at the International Rice Research Institute
(IRRI) in the Philippines, where the international rice collection was first assembled in the
early 1960s to support the Centre’s breeding work. However, in the late 1960s, the geneticist
T.T. Chang (one of the members of the team that created the semi-dwarf variety IR8, the
key rice variety of the Green Revolution) had a disagreement with the breeders over what
to do with material from the breeding programme that was not of immediate interest. As a
result, he established the International Rice Germplasm Centre, now called the T.T. Chang
Genetic Resources Centre (GRC), as a separate entity within IRRI to conserve germplasm
samples that could be of longer-term value. At the same time, there was growing concern
in the Philippines and elsewhere over the replacement of local rice landraces and farmers’
varieties by IR8. Recognizing this, in the 1970s, T.T. Chang began a large programme of
collecting from farmers, with the primary aim of protecting against genetic erosion. The
fact that the target was to conserve rather than immediately support genetic improvement
contributed to a growing divide between the breeding programme and the GRC.

Since then, the breeder-genebank relationship at IRRI, as in many other CGIAR
Centres, has fluctuated widely and for a variety of reasons. In the 1990s, fears over the
potential impact of the Convention on Biological Diversity (CBD) resulted in reduced
internal distribution of material from the genebank to the breeders as concerns grew that
IRRI’s breeding lines might become subject to CBD restrictions. Later, with the adoption
of the Nagoya Protocol in 2010, uncertainty over how to implement its rules on access
and benefit sharing (ABS) resulted in the breeders being reluctant to deposit any of their
breeding lines in the GRC. In addition, independently of political concerns, some breeders
are averse to ‘polluting’ their breeding populations with ‘inferior’ germplasm from the
genebank due to linkage drag.

On the positive side, a very large proportion of the IRRI collection has been screened
by breeders, geneticists, and physiologists for a wide range of characteristics. In many cases,
this has resulted in the identification of an allele or alleles that have enabled breeders to
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overcome particular bottlenecks in meeting their specific genetic improvement objectives;
notable examples include “scuba rice” containing a submergence tolerance gene from
a traditional Indian variety, and numerous disease resistance genes identified in and
transferred from the wild relatives of rice [5,6].

The slightly ambivalent relationship between breeders and genebanks is not exclusive
to the CGIAR but is widely observed in countries around the world. Greater global
recognition of the social and cultural relevance of landraces and farmers varieties has
given germplasm collections an importance beyond just serving as a resource for plant
genetic improvement. This is particularly true at the local and national level, where the
conservation of indigenous germplasm has acquired a political dimension that is reflected
in the often-acrimonious debates on access and benefit sharing in various international fora,
including the Nagoya Protocol and the International Treaty on Plant Genetic Resources for
Food and Agriculture (Plant Treaty) [7]. On the one hand, the heightened interest in plant
genetic resources has served to underline the importance of conservation, but on the other
hand, a growing recognition of its potential value has resulted in greater restrictions on the
ability of breeders to access material held within the collections [8].

Given this backdrop, we explore in this article how advances in genomics will further
affect the relationship between the genebank and breeders, changing the way genebanks
may be used in the future and creating opportunities for collections to be curated differently
to maximize both their current usefulness and their efficiency in the long term. Firstly,
however, we briefly describe what we know about the use of CGIAR genebanks.

2. Current Use of Material in CGIAR Genebanks

Systematic documentation of the distribution of plant genetic resources for food and
agriculture (PGRFA) began in 2007 when the Governing Body of the Plant Treaty deter-
mined that providers of PGRFA must report to the Governing Body on the material they
provide under the multilateral system of access and benefit-sharing (MLS) [9]. However,
details of these reports are confidential, and only aggregated statistics are publicly avail-
able [10]. Indeed, general information on germplasm distributions from genebanks is
restricted to a basic set of parameters, such as number of requests, number of accessions
and samples distributed, and countries receiving germplasm. Deficiencies in data on
germplasm flows for informing policy-relevant analysis and guidance was recently high-
lighted by Mekonnen and Spielman (2021). Private-sector recipients frequently do not
want the details of their germplasm requests made known. Furthermore, the Standard
Material Transfer Agreement (SMTA), which is issued as part of the transaction between
providers and recipients upon the transfer of materials that are included in the MLS, ex-
pressly requires the provider to undertake that the material is provided “without the need
to track individual accessions” [11].

Such principles and practices aiming to facilitate international germplasm movement
and exchange have worked somewhat as a disincentive for genebanks to document and
analyse information about user demand and potential future needs for genebank materials,
resulting in much less being known about the current or potential deployment of diversity
from genebanks than might be expected from a typical service provider.

A voluntary mechanism for uniquely identifying individual samples of PGRFA, which
incorporates the possibility to track the movement and use of individual genebank ma-
terials and their derivatives, has recently been established by the Plant Treaty Secretariat
with unique digital object identifiers (DOIs). At the time of writing, DOIs have been regis-
tered for 1,181,758 samples of PGRFA [12] by 2820 registrants [13], including all CGIAR
genebanks and some national genebanks, but DOIs have yet to be adopted on a wide scale
by genebanks or by CGIAR breeders and researchers and other users of genebanks. Once
fully adopted, DOIs have the potential, at least, to allow the tracing of the use of specific
accessions in published research and in germplasm exchanges and released materials [14].

The Global Crop Diversity Trust (Crop Trust) also records the numbers of samples
and accessions distributed from international genebanks receiving long-term funding
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(including nine CGIAR genebanks). Although these efforts do not provide the kind of
market intelligence that may help genebank managers and staff cater to trends or manage
the collections more rationally, some patterns may be discerned.

In 2020, CGIAR breeding programs and genebanks accounted for 89% of the germplasm
distributed in the MLS [15]. During the 8-year period between 2012 and 2019, a total of
853,808 germplasm samples were distributed from CGIAR genebanks, of which just over
half were requested by CGIAR scientists and 47% were shipped outside CGIAR to an
average of nearly 2000 requesters annually (Table 1).

Table 1. Germplasm distribution from CGIAR genebanks between 2012–2019, showing the proportion of rice and wheat
compared to the other 27 mandate crop species that are available from CGIAR and the proportion of samples shipped
outside CGIAR to users making requests.

Column1 Total Annual Average Rice & Wheat % Rice & Wheat Other Crops % Other Crops

Total number of samples
distributed 853,808 106,726 460,976 392,832

% of total distributed 54% 46%

Number of samples
distributed internally within

CGIAR
452,966 56,621 301,942 66% 151,024 38%

% of total internally
distributed

53% 65.5% 38%

Number of samples
distributed to users outside

CGIAR
400,842 50,105 159,034 34% 241,808 62%

% of total externally
distributed

47% 34.5% 62%

The only genebank system to distribute more is the US Department of Agriculture
National Plant Germplasm System, which distributes about 250,000 samples yearly, of
which 25% are distributed internationally [16]. Trends in germplasm distribution from
CGIAR over the past four decades have been volatile, though with a gradual upward
trend [15]. Germplasm-related projects (e.g., large-sale sequencing/genotyping of rice,
wheat and maize) are responsible for some of the recent peaks in demand.

Rice is, by some margin, the most distributed of the 29 crop species (which include
banana and plantain, Bambara groundnut, barley, beans, cassava, chickpea, cowpea, faba
bean, temperate and tropical forages, fruit and multi-purpose trees, grasspea, ground-
nut, lentil, maize, various underutilized legumes, pea, pearl millet, pigeon pea, potato,
rice, small millets, sorghum, soybean, sweetpotato, wheat, yam, and Andean roots and
tubers) conserved by CGIAR genebanks, accounting for 36% of total CGIAR germplasm
distributions between 2012 and 2019 (Figure 1).

Figure 1. Distribution of germplasm samples of rice, wheat and maize shipped from CGIAR
genebanks between 1980 and 2019 to users who are internal or external to CGIAR.

Rice and wheat together made up more than half (54%) the germplasm distributions
from CGIAR genebanks between 2012 and 2019, with the majority (65.5%) of rice and wheat
samples going to CGIAR breeders and researchers (Table 1). Thus, CGIAR wheat and rice
breeding and research accounted for more than one-third (35%) of the overall germplasm

292



Plants 2021, 10, 2764

distribution from CGIAR genebanks. Future research efforts by CGIAR on these two crops
will, no doubt, continue to have a significant influence on CGIAR genebank use.

However, it is possible to imagine that future use of CGIAR genebanks may change,
given the growing range of crops of interest in agricultural research and development. The
data on the distribution of germplasm of CGIAR’s mandate crops other than wheat and
rice hint at the potential for such a change. Over the same 8-year period, the germplasm of
mandate crops other than rice and wheat have been predominantly distributed to external
users (62%) rather than to CGIAR breeders (Table 1, Figure 1).

Between 2017 and 2019 (when data are available), the external demand came mainly
from the public sector: 81% was from national agriculture research institutes, universities
and advanced research institutes, 12% were farmers, NGOs and individuals and 7% were
commercial sector users (Figure 2).

Figure 2. Distribution of germplasm samples of crops (exc. rice, wheat and maize) shipped from
CGIAR genebanks between 1980 and 2019 to users who are internal or external to CGIAR.

Germplasm samples were shipped to every region and sub-region of the world in
response to requests for a diverse range of crop species (e.g., 20 species were shipped to both
Africa and Asia). Asia received the most germplasm samples (42%), followed by Africa
(23%) and the Americas (19%) (Figures 3 and 4). All regions show similar proportions of
germplasm going to different user categories, although most of the samples requested by
farmers and NGOs were shipped to Africa.
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Figure 4. Crop species distributed by CGIAR genebanks to different geographical regions between
2017 and 2019.

At a country level, distribution figures are skewed towards countries that host CGIAR
genebanks (Figures 5–8).
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Figure 5. Number of germplasm samples distributed by CGIAR genebanks to external users in Sub-Saharan Africa.

Figure 6. Number of germplasm samples distributed by CGIAR genebanks to external users in Asia.

Figure 7. Number of germplasm samples distributed by CGIAR genebanks to external users in the Americas.
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Figure 8. Number of germplasm samples distributed by CGIAR genebanks to external users in Europe.

In Africa, the top three recipient countries are Morocco (now hosting ICARDA),
Nigeria (IITA) and Ethiopia (ILRI), and, combined, they receive more germplasm than
the rest of the continent put together. Are other African countries accessing crop genetic
resources from their national genebanks or genebanks other than CGIAR? The Tropical
Agricultural Research and Higher Education Center (CATIE), the Centre for Pacific Crops
and Trees (CePaCT), International Center for Biosaline Agriculture (ICBA) and the World
Vegetable Centre have international genebanks and also provide germplasm globally, but
mostly of different crop species than CGIAR. Such patterns pose many questions about
germplasm distribution and demand that, for now, remain unanswered.

Given the unpredictability of future challenges and opportunities, the multitude
of ways agriculture producers and consumers may respond to them, and the increasing
capacity to generate knowledge to facilitate the use of genetic diversity, these patterns could
suggest that there is a significant latent demand in many middle- and low-income countries
for germplasm and services from CGIAR and possibly other genebanks. Without gathering
more detailed data from users or potential users concerning the deployment and need of
germplasm from genebanks, and analysing trends as a routine, it is difficult to improve
our understanding of user demand or potential demand and respond appropriately to
it. However, there are major advances in science that are impacting and will continue
to impact the use of genebanks, and these, too, should have a major influence on how
germplasm samples are delivered and conserved. We will now turn the discussion to
these points.

3. Advances in Genomics and Their Influence on Breeding and the Role and Structure
of Genebanks

3.1. Advances in Breeding

Modern breeders typically work with a limited diversity of painstakingly chosen
potential parents, enabling reliable progress that does not risk breaking up the superior
combinations of genes in elite breeding material. Crosses between more genetically distant
parents bring the potential for much greater stepwise progress, and become essential when
breeding objectives change (such as when a new disease appears) or when an existing
breeding programme stagnates for lack of diversity to work with (The amount of additive
genetic variation for a trait under selection in a breeding population (σa) is one of the
determinants of the annual rate of genetic gain G = (σair)/L, where i = selection intensity,
r = selection accuracy and L = number of years per cycle [17]). However, such “wide
crosses” bring the risk (or even the near certainty in crops such as maize or in interspecific
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crosses between crops and their wild relatives) of breaking up desirable combinations of
genes [18].

Fortunately, advances in genomics are creating new opportunities for exploring and
utilizing crop diversity [19–22]. Breeders can now choose parents and select progeny
based directly on genotype rather than phenotype, which can be much faster and cheaper.
Selections based only on phenotype are often challenging because of the low heritability
and polygenic nature of the desired traits, their high dependence on the environment in
which they are assessed, and the genetic background of the genes involved. In contrast,
for single-gene traits for which there are good markers (Ideally markers are within the
gene controlling the trait, but they do not have to be. Good markers are often close to
(and therefore genetically linked with), but not part of, the gene controlling the trait. The
further the marker is from the gene, the less tightly it is linked, and therefore the more
dependent on the specific materials being bred.) for the desired functional genetic variants,
the required genotypes can be selected with high certainty at the seedling stage.

In addition, through gene editing it is now possible to add, delete or change a single
gene in a genome. Where a causal relationship has been established between a single gene
and a desired trait, this makes it possible for breeders to add a high-value gene (e.g., the
sub1 gene responsible for “scuba” rice, see above) into a high-value genome in a single step,
enabling large improvements without the risk of breaking up desirable gene combinations.
In conjunction with synthetic biology, it will eventually become possible for breeders to
even edit the gene without accessing physical material in genebanks. However, gene
editing is an effective breeding tool only after research to determine the sequence and
function of the “best” functional genetic variant for any given objective. This research
will rely on continued access to physical genetic resources for the foreseeable future.
Additionally, gene editing typically addresses only one gene at a time or about 0.002% of
the genes in the genome (although techniques are being introduced to edit several genes
simultaneously [23]), but it is much faster and more precise than conventional backcrossing.
For traits with complex or uncertain genetic control, genomic selection may be used [24].
The prerequisites in this case are an effective, intelligent algorithm for the selection of
variants across the whole genome and a good training population for the algorithm to
learn from. Genomic prediction also requires high-throughput phenotyping to arrive at,
and to validate, the algorithms [25].

Advances thus continue to bring gains in efficiency and effectiveness to the slow-but-
sure approach of modern breeding, but there remains a glaring need to explore the much
greater potential of recombining widely different genomes—an area where genebanks
can uniquely contribute. The client base for genebank material is increasingly shifting
from breeders towards upstream researchers. There is a rapidly emerging client base for
“digital genebanks”, i.e., for comprehensive online searchable repositories of information
on genetic resources, as users increasingly require access to digital information associated
with accessions. It is clear that genebanks will need to evolve, not only to improve how
they work and catch up with the advanced state of breeding (particularly for the most
advanced crops, although under-utilized and less intensively bred crops will follow), but
also to accommodate a changing role [26–29].

3.2. Advances in the Role of Genebanks

Given the advances in breeding and genomics described above, we can envisage a
not-too-distant time when every gene or haplotype (including coding, non-coding and
regulatory regions) within the crop genepool being conserved will be catalogued and
searchable, along with every existing potentially functional variant of each of these. The
development of a comprehensive catalogue of the functionally significant genetic variants
of each accession can thus become a feasible target for the ideal genebank of the future.
Many of those variants will have their phenotypic effect either predicted or empirically
demonstrated in at least one environment, genetic background and epigenetic status, or at
least imputed from their homology to other known sequences. Whole genome sequences
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help reveal functional variants, including structural variations such as inversions and
deletions that are hard to identify and map using conventional methods but may have
significant impact on phenotypes. Pangenomics analyses enable the discovery of such
variations that cannot be seen with genotyping. Even with as many as a million genomes
per crop for 20 crops, with around 25,000–75,000 genes per crop genome, the data in the
catalogue might require only about 20 terabytes of storage capacity (Very approximately
and subject to revision: a million genomes per crop for 20 crops gives 20 million genomes.
Multiplying 20 million genomes by 50,000 genes per genome gives a trillion records. Each
record would be a pointer to an entry in a dictionary of gene variants: at, say, 20 bytes
per record, that is 20 terabytes. The dictionary itself would be a fraction of that size at
about 5 gigabytes (20 crops * 50,000 genes * approximately 5000 bytes per gene based on a
full sequence for the most common variant and differences for the other variants). This
is tiny relative to modern “big data” applications and readily tractable. It would be a
game-changing contrast to relying solely on the never-ending treadmill of phenotyping: a
digital genebank that provides material and information that meets users’ needs with a
precision that is currently unachievable.

Given the rate of progress to date, including automated algorithms for genome an-
notation, it should be possible to build an initial, reasonably comprehensive, multi-crop
catalogue of functional genetic variants within 20 years. However, the catalogue would
need to be progressively refined continuously after that.

In the meantime, to explore diversity and to develop the catalogue, a range of options
needs to be built up to stratify collections for easier research and use. Many genebanks
have already identified traditional core or mini-core subsets intended simply to make the
task of phenotyping large collections more manageable [30]. Alternatively, accessions have
been selected based on specific user-defined criteria (usually combinations of passport,
phenotypic and genetic data), including using machine learning software such as the
Focused Identification of Germplasm Strategy (FIGS) developed by ICARDA to create
subsets that are more likely to contain adaptive traits that users want [31,32]. One of
the reasons for higher distribution figures from genebanks for some crops, such as rice
from IRRI, over the past decade has been the increased demand for subsets of accessions
that have been sequenced [33–37]. The reason is that this enables users to conduct their
own genome-wide association studies, which is an increasingly important first step in
understanding the genetic control of a trait: a single sequenced subset can be used to
support gene discovery for multiple traits. Hence, a short-term objective for genebanks
should be to replicate this for all crops by sequencing the genomes of well-chosen core
collections of all their crops.

In addition, genebanks should be invested in becoming more proactive in design-
ing and creating novel genetic resources in support of breeders and researchers. Im-
portantly, they must complement rather than duplicate breeders’ own trait-discovery or
“pre-breeding” work, and hence must undertake such efforts in consultation and collabora-
tion with breeders. Breeders’ pre-breeding initiatives are typically trait-specific, focusing
on introgressing high-value traits from “undesirable” genomes into elite breeding lines.
Genebanks may play a complementary role by “pyramiding” multiple known high-value
traits into easily useable material [38]. They could also take a more exploratory or trait-
agnostic approach, combining divergent genomes that have never previously been crossed
with the aim of exposing large amounts of novel phenotypic diversity by creating radically
different genomes, supporting rapid response to change. A range of possible crossing
designs already exist, such as MAGIC (Multi-parent Advanced Generation Inter-Cross) and
NAM (Nested Association Mapping); their exploratory value can be maximised by using
genomic information to select the parents. Genebanks have a particularly complementary
role to breeders in exploring the variation available in crop wild relatives by crossing them
with elite material to tease out hidden characteristics and developing combinations that
may eventually be more attractive to the breeder to work with [39].
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For the purposes of gene discovery, it is important to phenotype the exact same
genome (i.e., the precise individual) that has been sequenced or genotyped. This may
require the sequenced genome to be managed, conserved and distributed separately
from the accession from which the genome was taken. However, if many accessions are
conserved in their original form and also in the form of pure lines, the size of the collection
would at least double. Clearly management decisions will need to take this into account
and genebanks will need to adapt to conserve such genetic stocks on a short-term basis
and provide them to breeders and researchers.

3.3. Advances in the Structure of Genebanks

The ability to ensure delivery of materials more precisely corresponding to the de-
mand of users will not only speed up crop improvement but vastly increase the return on
investment in genebanks, and it may even lead to a change in genebank funding models.
Today, contrary to normal practice for other services, whereby users pay for the services
provided, genebanks are effectively paid to provide genetic resources to users by gov-
ernments and donors. The justification for such public spending is compelling: users
need access to genebanks to broaden the diversity of materials they use for agricultural
development to everyone’s benefit, but, as the genebank cannot know which accessions
will actually help any given user, users will understandably not pay for such services. Once
genebanks start delivering well-targeted materials that meet users’ needs, however, the
more usual “user pays” funding model may work for genebanks as well, subject to the
provisions of the Plant Treaty.

If users were to pay for more precisely attuned services, genebanks would need to learn
how to place a value on the resources they conserve and provide. Resource economists have
established ways of conceptualizing different categories of value for economic research:
use, non-use and option values [40]. In the future, new tools could help to quantify the
value of germplasm appropriately. Advanced algorithms, based on genome-wide selection,
may be used to explore the likely consequences of combining different genomes. The
result would be a purpose-specific “current value”, or “use value”, for each accession,
i.e., the extent to which that accession could enable a breeder or researcher to meet their
known current needs. These values would be highly dynamic, increasing as accessions are
found to contain genes needed by the breeders, and decreasing as those genes enter the
breeders’ own genepools. They would be used to select the most appropriate materials for
specific current users. They could also be used more proactively to guide the creation and
management of a large, dynamic set of user-oriented accessions, pre-bred by the genebanks
(or others) and designed to meet current needs of researchers and breeders as effectively
as possible.

However, such a focus on current value must not detract from the role of genebanks
in long-term sustainability. Other measures of accession value must also be introduced
to ensure an effective long-term agrobiodiversity conservation system. Unique diversity
that differs genotypically from varieties in current use will have an “option value”: even if
this diversity has no value for today’s food production, conserving it keeps open options
for responding to future challenges as they emerge. The option value of an accession will
be a function of the number of functional genetic variants (including epigenetic factors,
structural variants and transposable elements) that are present in the accession but that
are either not known or at risk of extinction outside the genebank. Such materials could
include originally collected materials, heterogeneous accessions and populations. These
accessions need to be conserved in a way that efficiently keeps their unique genes available
for future use without needing to invest in their current use.

In addition, objects whose very existence is prized have a “non-use value”. This
concept applies, for example, to “heirloom varieties” that may be considered part of the
heritage of a particular country or culture or community and may be at risk from changing
conditions, practices and priorities if not conserved in a genebank. This should not be taken
to imply that heirloom varieties do not have a use value. On the contrary, their use within
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certain cultures may be vital for those cultures. It just means they have a value beyond
their use value, as implied by the very term “heirloom”, one of the central underlying
themes of non-use value. The importance of some of these types of material will clearly
reside in the variety as a whole; that is, in the entire genome, rather than in specific rare
genes or gene combinations.

It is important to recognize that these different values are independent concepts
and are not mutually exclusive. A heritage variety may contain functional variants that
breeders do not have in their collections but that would help meet their objectives and
may also contain other unique functional variants with unknown value. An accession of
such a variety would have high use value, high non-use value, and high option value.
A well-researched and used accession that has functional variants that are already well
represented in other accessions may have much less option value and, therefore, be a much
lower priority to conserve long term. Purified lines are a clear example.

Beyond uncovering the genetic mechanisms underlying agronomic traits, genomic
data can provide detailed analysis of the population genetic history shaping diversity in
situ and the mode and tempo of selection during domestication of crop plants [41,42],
as well as the long-term effects of keeping genetic diversity ex situ in a genebank. Most
accessions in crop collections do not represent uniform sets of genotypes, but rather
heterogeneous populations of genotypes, reflecting the mutational and migration effects
that are captured at the moment at which the sample is collected. Accessions of crops’
wild relatives have inbreeding and levels of differentiation that reflect the sampling effects
and logistical constraints of the collector, as well as the inherent breeding system, life
history, and ecogeographical range of the species [43]. Any effort to estimate or put a
value on this diversity, therefore, must take a population genetic approach to sampling
and prioritization.

Curation for long-term conservation and for current use will diverge: the original,
heterogeneous accessions may be a cost-effective way of conserving genes and populations
long term but may have less value for current use, while the reverse is true for sequenced,
purified lines. The future genebank system may be viewed as structured collections
with varying levels of intra-accession diversity, different conservation objectives, and
varied precision in characterization data. Wild and landrace accessions may be conserved
to represent diverse populations with wide-ranging characteristics. Population genetic
approaches will be best used to evaluate the diversity of these accessions. Improved
accessions and genetic stocks will have increased uniformity with increasingly precise
characterization data. The different levels of diversity complement each other. The more
purified accessions can serve as a starting point to dissect the genetic architecture of
agronomic traits and query the more diverse accessions to find useful allelic variants at key
loci [44].

Parameters revealing diversity and differentiation, relatedness and admixture within
the collection, and analyses that seek to understand the population genomics of domes-
tication history will be of critical interest. In addition, rounds of regeneration subject the
diversity (of individual genotypes or individual haplotypes) to sampling variation, result-
ing in genetic change in accessions that are not initially uniform. Because this process is
driven by sampling (the larger the sample or effective population size, the lower the drift),
a genebank can try and maintain genetic integrity through large regeneration populations
or through extending generation time intervals between regenerations by ensuring storage
conditions are optimized for the long term [45].

Deriving the current use value of accessions is not yet achievable and will, of course,
depend on having access to that digital genebank of functional variants. Even with the
future digital genebank, details of how to assign a current use value to each accession will
depend on various factors, including progress in the development of genetic algorithms,
experience in the extent to which genomic predictions must be supported by direct pheno-
typic observations, and evolution of the ways in which genebanks monitor the changing
needs of users. Before providing a practical way of managing germplasm collections, much
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further work will be needed to develop methodologies to quantify current value. What is
important to recognise, however, is that once users are able to more effectively select the
materials they need from genebanks, there will be a need to re-structure collections in ways
to accommodate fast access to accessions and research-ready materials with a relatively
high turnover compared to conventional genebank collections. A well-established collec-
tion would be expected to contain a relatively small and stable set of accessions with high
option value and high non-use value. It would contain a larger and more dynamic set of
accessions with high current use value, changing as users’ needs change. New accessions
would only be added to the genebank’s collection where assessment of their potential value
demonstrates that they add significantly to the collection’s overall value. The technology
already exists to obtain a genome sequence in the field in real time [46]; this would be used
to sequence a sample and determine if the sample should be added to the collection or
discarded, based on its complementarity to the existing collection.

Deriving the future use value of accessions faces different challenges. Whilst not
requiring phenotypic information, it does require consideration of within-accession het-
erogeneity. However, methods to study the genomics of variable accessions are limited.
Attempting to discover the full set of functional variants within one accession by geno-
typing every individual is not a viable option. This will need to be taken into account in
developing methods for handling within-accession heterogeneity, rare functional variants,
and their contribution to the future use value of an accession.

A picture starts to emerge whereby the distinction between long-term conservation
and immediate use in genebanks will become more pronounced and functional. Up
until now, general practice and guidelines have divided genebanks into base collections
made up of relatively small samples of the most original seeds held in long-term storage
conditions (at a temperature of −18 ± 3 ◦C and relative humidity of 15 ± 3%) and larger,
more dynamic, so-called “active” collections that hold larger samples for distribution and
use under refrigeration (at 5–10 ◦C and relative humidity of 15 ± 3%) [28]. There are
exceptions; some genebanks (e.g., CIAT) hold their collections entirely in long-term storage
conditions in batches destined for different purposes (e.g., long-term storage, viability
monitoring, repatriation, distribution and safety duplication). However, in most cases
there is good economic sense in making the distinction between samples that can be left
relatively undisturbed for long-term conservation and those for immediate use, since
long-term storage at −20 ◦C is slightly more expensive to run and cannot be staffed in the
same way as medium-term storage at 5 ◦C because of the working conditions. It does not
necessarily follow that materials that are held in long-term storage conditions are bound
to be conserved for the long term. However, in practice whatever is in long-term storage
tends to be challenging to discard and, thereby, becomes a long-term obligation to conserve.

In future, with in depth analysis of the genetic composition of collections, samples of
high option value accessions may be prioritized for long term conservation. By contrast, for
immediate use, smaller, more dynamic collections of breeder-ready resources, populations,
trait subsets, phenotyped core collections, purified lines and other high current value materials
that are the subject of active research and phenotyping will be maintained in various derived
forms (i.e., not necessarily in the form in which they were collected) (Figure 9).

Given this vision, it is not a giant leap to suggest that genebanks will have significant
opportunities to concentrate conservation activities and to specialise. Specialist genebanks
already exist; ICBA is developing a specialist collection for salt tolerance, and different
CGIAR genebanks focus on tropical agriculture, drylands, semi-arid regions and specific
crops. In the future sketched out above, a limited number of genebanks would need to
focus on, and specialise in, the long-term conservation of particular crop types: orthodox
seeded crops, clonal crops, fruits and vegetables, and wild species, for example. Speciali-
sation would facilitate deep innovations in crop and germplasm management protocols
to improve quality, increase reliability, enlarge capacity, and reduce costs. If there are
highly repetitive tasks, there are possibilities to automate them for consistently high quality,
high throughput, and low cost. Automated processes and better materials management
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also introduce the possibility of tighter control through remote management, allowing
genebank curators to control processes no matter where they are—an advantage that has
shown its relevance during pandemic lockdowns. The composition of staff would change,
with new technical expertise required for machine and process maintenance, and there
would also be a shift in staff balance, with a higher proportion dedicated to information
processing and management.

Figure 9. The evolution of genebanks over time—(A) originating as a breeding resource in the 1950–60s, (B) transforming
into the subject of long-term conservation as well as a breeding resource, (C) evolving into (i) specialised, dynamic collections
for breeders and other users and (ii) base collections for long-term conservation.

IRRI has recently piloted the automation of rice seed sorting. In collaboration with
the private sector, the genebank has developed bespoke robotic seed imaging machinery
that can be trained for each individual accession to sort high quality seed for storage [47].
Some preliminary attempts have been made to automate various other operations in large
genebanks, for example planting, phenotyping, harvesting, viability testing, packing, la-
belling, and the storage and retrieval of materials from a seed store [48]. The most widely
adopted and successful advance, so far, has been the introduction of bar-coded or QR-coded
labels for inventory management and for tracking samples through workflows. Generally
speaking, it is considerably more challenging to automate genebanks managing multiple
crops with diverse, heterogeneous accessions. Only concentration into fewer, larger collec-
tions, enabling higher throughput, will tilt the balance towards more automation being
appropriate and effective.

4. From Vision to Reality

Comparing today’s germplasm distribution data with the vision that we have de-
scribed above reveals what appears to be an abyss or, perhaps less dramatically, a mismatch
between theory and reality. It is important, firstly, to note that distribution statistics will
never accurately reflect the use of genebank materials and data or their impact. Distribution
is merely the first step in use, not the end result. Nevertheless, a more accurate method of
gathering and monitoring germplasm distribution data will be essential in informing the
directions to be pursued by genebanks and the institutes and donors that support them.
We need basic but detailed and consistent data on every genebank request: the type of
material requested, when, by whom, for what purpose, and under what ABS conditions.

However, feedback from users about the use and performance of distributed germplasm
samples would also be highly desirable, though it presents significant legal and technical ob-
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stacles. The SMTA prohibits providers from requiring such feedback from users of genebank
accessions (but allows it for breeding lines that can be categorised as “PGRFA under develop-
ment”). Hence, traditional attempts to promote feedback will never be particularly effective.
On the other hand, the SMTA obliges users to provide such feedback through the Global
Information System (GLIS). This potentially opens the door to an effective system, although
the GLIS currently has only a rudimentary mechanism to receive feedback. This mechanism
relies on GLIS DOIs being used to identify the material and on those DOIs being used by
breeders in publications and in online datasets. The only legal and operational mechanism
currently available to obtain feedback on the use and performance of distributed germplasm
samples is DOIs. Everyone who believes crop diversity and the genebanks that conserve it
are important should promote the use of DOIs by germplasm users.

Distribution data hints that there is a wide range of current users, but potentially
many more users who may want to request a wider range of genebank materials and crops.
CGIAR and other genebanks should not only be gathering and curating more and better
data on existing requests, but actively scanning and assessing potential and future demand
by better characterising and understanding their users, their users’ capacity and their
germplasm needs. The reasons behind the apparent geographic patterns of distribution
should be better understood. This means a more proactive effort to engage users, follow up
after requests, analyse demand patterns and identify potential users; carrying out survey
work and promotional work; and collaborating closely with activities to gather market
intelligence to determine breeding priorities.

Genebanks will need to meet the needs of users both in terms of genetic resources
and associated data more accurately and efficiently than they do today, including those
of a burgeoning community of upstream researchers needing both material and in-depth
genomic information. As well as responding to requests, genebank activities need to
proactively explore hidden traits in collections and develop breeding-ready subsets and
resources more closely matching analysed needs. Interacting more closely with the user
community, and in particular those involved in pre-breeding, will be crucial to ensure
that genebanks conserve the right genetic resources in the right way and closely match
resources to the priorities. It is important to stress that these activities need to be funded
and should not take the place of important ongoing conservation work.

Although only acquisition and curation have been discussed here, all other genebank
processes must become more dynamic as well. Procedures for managing materials, infor-
mation and processes must be streamlined to maximize efficiency, maintaining consistently
high and demonstrable quality while reducing costs in a system that matches throughput
capacity to demand. CGIAR recently endorsed a policy framework for the strategic cura-
tion of collections under its management, involving the establishment of different curation
categories, including the option to “partially curate” or “archive” accessions, formalizing a
practice that many genebanks have had in place for years that allows them to adapt the
usual sequence of genebank processes for specific accessions where appropriate.

As CGIAR evolves under the current One CGIAR reform, its genebanks will continue
to play a pivotal role in a global system for the conservation and use of genetic resources
and have an opportunity to contribute to fulfilling the vision outlined above in a number
of ways, including the following:

• Providing facilities for the effective management of long-term conservation of an
increasing number of crops, and collaborating with others, including the Svalbard
Global Seed Vault, in this process. Through enhanced collaboration, consolidation,
and division of labour, possibly also involving the private sector, it should be possible
to significantly increase the efficiency and effectiveness of long-term conservation;

• Developing novel diversity, e.g., through wide and inter-specific crossing, and cre-
ating value-added subsets of materials for breeders, e.g., for genome-wide associ-
ation studies. Again, there should be scope here for enhanced partnership with
private companies;
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• Developing methods for assigning current and future values to accessions and for
using such values for decision making with respect to curating conserved materials
and promoting use, taking into account within-accession heterogeneity;

• Working with national, regional and international partners to develop a system of
distribution hubs so as to more efficiently and effectively provide germplasm to those
that need it around the world. This is likely to involve the maintenance of dispersed
active collections linked to facilities for ensuring the health status of distributed
germplasm [49];

• Large-scale sequencing of accessions of all mandated (and, in time, other) crops and
making this information available in conformity with applicable ABS regulations;

• Providing input to the future development of international policies, rules and regu-
lations regarding the conservation and use of plant genetic resources, including the
equitable sharing of benefits arising from such use;

• Promoting the use of GLIS DOIs by all users and providers as the globally unique
public identifier for germplasm samples;

• Providing the training needed within CGIAR and partner institutions and securing
adequate financial and other resources to enable this vision of the future to become
a reality.

5. Conclusions

This is an extraordinary time of change throughout the world. Climate change and
the consequent increase in extreme weather events is already having a significant impact;
biodiversity is disappearing despite massive efforts to conserve it; Covid-19 has resulted in
a huge increase in human misery and slowed down large sectors of the economy; and the
increasing polarization of society and political views is threatening long-established gover-
nance systems. To exacerbate things, the UN has estimated that the world’s population
will grow by almost 1.9 billion people between 2021 and 2050. Plant genetic resources for
food and agriculture have an important role to play in addressing many challenges by the
development of higher yielding, more nutritious and resilient crops that can help increase
rural incomes and avert malnutrition and social unrest, and of crops and cropping systems
that require less land and fewer external inputs, or that release less greenhouse gasses.

As this article has attempted to show, future plant breeders are likely to require more,
not less genetic diversity than at present, but in a different form and accompanied by larger
amounts of reliable data. It is probable that demand will continue to grow for genebank
materials that can be used in gene discovery and for the identification of functional variants,
shifting the client base toward more upstream scientific researchers. If genebanks are to
remain relevant, it will be important that they are able to adapt and cater to new demands.
This has important implications for the types of material they maintain and the form in
which it, and the associated data, are made available. At the same time, new conservation
technologies, policies and institutional arrangements offer ways to improve the efficiency
and effectiveness of conservation to the long-term benefit of all.
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Abstract: Plant breeders develop competitive, high-yielding, resistant crop varieties that can cope
with the challenges of biotic stresses and tolerate abiotic stresses, resulting in nutritious food for
consumers worldwide. To achieve this, plant breeders need continuous and easy access to plant
genetic resources (PGR) for trait screening, to generate new diversity that can be built into newly
improved varieties. International agreements such as the Convention on Biological Diversity (CBD),
the International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) and the
Nagoya Protocol recognised the sovereign rights of countries over their genetic resources. Under
the CBD/Nagoya Protocol, countries are free to establish specific national legislations regulating
germplasm access and benefit-sharing to be negotiated bilaterally. Consequently, access to PGR
became increasingly restricted and cumbersome, resulting in a decrease in germplasm exchange.
The ITPGRFA attempted to ease this situation by establishing a globally harmonised multilateral
system (MLS). Unfortunately, the MLS is (still) restricted to a limited number of food and forage
crops, with very few vegetable crops. Easy and continuous access to genetic diversity combined with
equitable and fair sharing of derived benefits is a prerequisite to breeding new varieties. Facilitated
access contributes to sustainable crop production and food and nutrition security; therefore, access
to and, consequently, use of PGRFA needs to be improved. Thus, the authors recommend, among
others, expanding the scope of the ITPGRFA to include all PGRFA and making them and all related
information accessible under a Standard Material Transfer Agreement (SMTA) combined, if necessary,
with a subscription system or a seed sales tax. Such a transparent, functional and efficient system
would erase legal uncertainties and minimise transaction costs for conservers, curators and users of
genetic resources, thus aiding plant breeders to fulfil their mission.

Keywords: vegetable genetic resources; global germplasm conservation and use systems; plant
breeding; access and benefit-sharing; digital sequence information; international treaty for plant
genetic resources; Convention on Biological Diversity; Nagoya Protocol

1. Introduction

Free access to and exchange of germplasm have been the foundation for all plant
domestication and improvement efforts since the start of sedentary farming. Through most
of human history, access has been constrained by physical distance and limited knowledge,
not by an unwillingness to share or legal instruments. Until the signing of the Convention
on Biological Diversity (CBD) in 1992–1993 (Table 1), germplasm was considered a common
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heritage of humankind to be preserved and to be freely available for use, for the benefit
of present and future generations as per the International Undertaking (IU) established
by the FAO Commission on PGR in 1983 [1–3]. Plant breeders obtained the required
germplasm for their crop-improvement efforts from a wide variety of existing commercial
varieties, public and private genebanks, public and private collecting missions, working
collections maintained at research institutions and private companies, and from farmers’
fields and stores.

Table 1. Main (legal) instruments regarding access and benefit-sharing of PGRFA and some of their
main features.

Legal
Instrument

Year of Entering
into Force

Hosting
Organisation and

Location of
Secretariat

Year of
Termination

Main Legal
Principles/

Aspects
PGRFA Coverage

Number of
Parties

International
Undertaking

(IU) *
1983 FAO, Rome, Italy 2004?

Voluntary agreement;
common heritage

principle

All plant species for
food and

agriculture
n.a.

CBD 1993 UNEP, Montreal,
Canada ongoing

National sovereignty;
PIC; agreed terms for

use and
benefit-sharing;

Cartagena Protocol
(biosafety)

All plant species
(focus on wild);

information

196 contracting
parties

(31 July 2023)

ITPGRFA 2004 FAO, Rome, Italy ongoing MLS, SMTA

All PGRFA and
information;

Materials in MLS:
Annex I plus Art. 15

collections (i.e.,
CGIAR), plus

voluntarily added
materials

150 contracting
parties

(1 January 2023)

Nagoya
Protocol 2014 UNEP, Nagoya,

Japan ongoing ABS; Clearing House
Mechanism

All crops and
species that do not

fall under ITPGRFA

140 contracting
parties

(31 July 2023)

* The IU was a voluntary agreement, not a body of international law.

Plant breeding is a long and tedious process and requires a lot of investment. Vegetable
seed companies use up to 30% of their turnover for research and development. With the
aim of encouraging continuous development of new plant varieties for the benefit of
society at large, plant breeders’ rights (PBR) were introduced through the creation of plant
variety protection and internationally harmonised through the International Union for
the Protection of New Varieties of Plants (UPOV) Convention, adopted in Paris in 1961
and revised in 1972, 1978 and 1991 [4]. Article 15 of the UPOV Convention provides a
compulsory breeders’ exemption to the exclusive right [5], allowing everyone to freely use
any protected variety for further breeding and commercialising the new ones without any
obligation to the original PBR holder as long as the newly developed product is sufficiently
different from the protected variety. This provision constitutes an essential and principal
element towards ensuring continued access of plant breeders worldwide to elite privately
owned germplasm as parental material [6].

With the advent of biotechnological innovations during the 1980s, some countries
allowed certain inventions to be protected through patents. The patenting of biotech-
nological inventions can be traced back to 1980 when the Supreme Court of the United
States decided that a genetically modified organism, in that specific case a bacterium, is
patentable [7]. Thereafter, several proprietary products were released in plant sciences,
such as traits/genes and genetically engineered varieties.

Irregular access and use of genetic resources and related traditional knowledge of
countries, indigenous peoples and local communities without their consent and the patent-
ing of derived or associated information for further commodification is understood as
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biopiracy [8]. Cases of biopiracy and the perception in the Global South that the breeding
industry in the Global North was earning money based on the genetic resources collected in
the Global South without sharing due benefits were major reasons why the continuous free
availability and accessibility of genetic resources as foreseen under the IU was no longer
considered an acceptable paradigm [9]. This led to the development of new global legal
frameworks (see Section 3).

Intergovernmental negotiations with the aim of protecting and conserving biological
resources, making them available under the assumption of sharing benefits derived from
their use on agreed terms, led to the adoption of several international agreements, such
as the CBD in 1992 and the subsequent so-called Nagoya Protocol in 2010, that advise
countries on how to implement Access and Benefit-sharing (ABS) regulations in their
national legislations, and the International Treaty on Plant Genetic Resources for Food
and Agriculture (ITPGRFA) in 2001 (Table 1). Section 3 of this paper will deal with these
international agreements in more detail. Both the CBD and the ITPGRFA had, amongst
others, the objective of facilitating access to PGRFA [2]). However, due to low compliance
and complicated, rather bureaucratic implementation procedures, especially under the
bilateral regulations of the Nagoya Protocol, it did not have the desired effect.

Screening programs for desirable traits in crop breeding require access to a large
quantity of plant genetic resources from different sources and countries. At the end of
the screening process, only a few breeding lines will be used in generating the final, new
commercial variety. Negotiating and securing PIC and MAT for each germplasm source
via bilateral agreements is a complex and time-consuming process [10]. Differing national
and even local ABS laws and regulations create a significant entry barrier and represent a
major challenge for seed companies to establish a relevant collection of starting materials
for breeding. Bilateral ABS contracts under the Nagoya Protocol require extensive tracking
and tracing of every germplasm transfer and subsequent use and movement worldwide.
Tracking systems are meant to provide the link between access and use by following the
international movements of genetic resources, from original provision until the inclusion
in a commercial product, either a new plant variety or other inventions, which could be
patentable [11]. Commercial plant breeding programmes, in general, have multiple breed-
ing cycles running in parallel, often in different countries with different climatic conditions
and seasons, involving exchanges of breeding material between countries. In this process,
ABS tracking requirements create significant complexity in the breeding workflow [10].
For the aforementioned reasons, access to germplasm is often limited under the Nagoya
Protocol [10,12,13]. The unresolved regulation of access to digital sequence information
(DSI) associated with germplasm accessions complicates things even further [14], resulting
in a further decline in the use of genetic resources for crop improvement.

In order to cope with the ever-increasing threats from biotic and abiotic stresses,
exacerbated by climate change, the recommendation to consume more biodiverse food to
counter the increase in diet-related diseases, and the need to feed a still-growing global
population with healthy diets, plant breeders do need continuous access to cultivated
and non-cultivated (crop wild relatives-CWR) genetic diversity for trait screening and
to generate new diversity with the aim of developing competitive, high-yielding, and
nutritious new varieties for the farming community. Loss of crop diversity and erosion
of genetic diversity due to a variety of reasons is of general concern, requiring continued
efforts to mitigate further loss by safeguarding crop diversity ex situ [15]. However, the
decision process to obtain collecting permits and to acquire germplasm in compliance with
recently developed legal requirements of international rules and regulations is complex
and cumbersome and creates uncertainties for genebank curators and plant breeders
alike [10,12,13]. Moreover, the complex/bureaucratic accessibility of genetic resources
becomes an additional criterion for deciding whether or not to use genetic resources
regulated by the CBD and the ITPGRFA. Although the International Treaty established
standard rules and procedures (i.e., the SMTA) for accessing PGRFA, it does not prevent
member countries from implementing related legislation, for example, concerning the
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inclusion of specific PGRFA in the MLS [13]. Such legislation might differ from country
to country.

By its very nature, the ABS procedures under the CBD/Nagoya Protocol differ from
country to country, are often unclear and highly bureaucratic, and are still evolving. In
India, for example, the National Biodiversity Authority and the State Biodiversity Boards
are required to consult with the respective local Biodiversity Management Committee (out
of approx. 270,000 existing in the country) regarding the access conditions expected by
the conservers and holders of biological resources and associated traditional knowledge.
Once this internal consultation process is completed, foreign users need to “negotiate”
the contractual ABS clauses with national authorities [10]. Public breeders and breeders
from small and medium-sized enterprises do not usually have the necessary expertise and
resources to navigate such complex arrangements and, therefore, often prefer to stay away
from such complexity.

Mekonnen and Spielman [16] correlated historical trends in genebank acquisitions
and changes in germplasm exchange over time, with changes in the international policy
environment for seven crops that are essential for food security in developing countries.
Based on these results, the authors concluded that a country’s membership in the CBD is
closely associated with reductions in the flow of genetic resources and that the Nagoya
Protocol may affect global PGRFA flows in a potentially negative and unintended manner.
In contrast, ITPGRFA membership is likely to moderate the negative effects of the CBD and
the Nagoya Protocol [16].

Nutritionists and health sector specialists are increasingly highlighting the role of
vegetables, fruit and nuts for their potential in combating the triple burden of malnutrition
(undernutrition, hidden hunger and overnutrition) [17]. Unfortunately, facilitated access
to vegetable genetic resources under the less cumbersome multilateral agreement of the
ITPGRFA is rather limited, as the majority of vegetable crops are not included in the Annex I
list of the MLS and thus, automatically fall under the Nagoya Protocol obligations. However,
genetic diversity is needed to develop new resilient varieties with multiple resistances
against ever-increasing biotic stresses and tolerance to abiotic stresses that are exacerbated
by climate change. Therefore, the authors of this review emphasise in particular the case
of vegetable genetic resources due to their unique role in nutrition security. Vegetable
breeders from the public and private sectors face considerable difficulties in accessing
and using the required genetic diversity for breeding elite, nutrient-dense and resilient
vegetable crop varieties. The vegetable breeding sector deals with a wide range of species
and an enormous diversity of diseases and insect pests and is, therefore, perhaps even
more reliant on germplasm from genebanks than breeders dealing with other horticultural
and agronomic crops. Nevertheless, the challenges and legal uncertainties in accessing and
using germplasm and related information for breeding discussed in this paper apply to all
PGRFA, and most references cited are not restricted to vegetable crops.

This paper highlights the importance of genetic diversity and plant breeding for
sustainable agricultural production and food and nutrition security. In this context, the
authors focus on the increasing complexity of access and benefit-sharing policies and their
implications for crop germplasm collecting and conservation, and access to and utilisation
of the conserved crop genetic diversity by plant breeders from the public and private
sectors. Several options for addressing current constraints regarding ABS of PGRFA are
discussed. It is essential to develop a more satisfying and functional global germplasm
conservation and use system to halt further genetic erosion of threatened and endangered
PGRFA and preserve it for use by current and future generations of breeders, farmers and
consumers, and society as a whole.

2. The Importance of Genetic Diversity and Plant Breeding for Agricultural
Production and Food and Nutrition Security

Since the transition from hunting–gathering to sedentary farming, producing enough
food for a growing population has always been a significant challenge. The origins of agri-
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culture can be traced back to about 12,000 years ago, when wheat and barley domestication
and cultivation started in the Fertile Crescent in the Near East [18], and a ‘crop package’
spread from there into Europe, Asia and Africa several thousand years later. Climate
change and population growth are considered to have major impacts on sedentary farming.
Today, population growth and greater per capita purchasing power, coupled with higher
meat, dairy and egg consumption, and the use of agricultural crops for biofuel production
are considered to be major driving forces for the continuously growing global demand for
food, fibre and fuel crops until 2050 and beyond [19,20]. However, the increasing human
population, scarcity of fertile land for the expansion of cropping areas, the negative impact
of agriculture on the environment and the increasing threats from climate change mean
that further increases in food production must primarily be based on yield enhancement
and productivity growth. This can be achieved through continuous plant breeding efforts
and sustainable intensification of crop production practises on existing croplands, on which
current crop yields are well below the yield potential [21].

In many parts of the world, plant breeding has contributed considerably to increased
productivity, apart from increased use of agricultural inputs such as irrigation water,
chemical fertilisers and pesticides. This led to stable markets, lower food prices and reduced
price volatility [22,23], among others, evidenced by the ‘Green Revolution’ [24]. Studies
conducted by Noleppa and Cartsburg [23] indicated that plant breeding has contributed,
on average for all major arable crops grown in the European Union (EU), a yield increase
of about 67% since the turn of the millennium. This translates into an average yield
enhancement of 1.16% per annum for the major crops. These values are higher than the
individual crop yield gains reported by Evenson and Gollin [25] from 1960 to 2000. The
development of high-yielding varieties with multiple disease resistances and enhanced
water- and nutrient-use efficiency also has considerable societal and environmental benefits,
reducing pesticide- and fertiliser-induced hazards and greenhouse gas emissions, apart
from avoiding the further expansion of agricultural land [23]. In terms of production
volume, similar observations have also been made for tomatoes, the globally dominant
vegetable crop, and alfalfa, a globally important forage crop [26].

Breeding and agricultural intensification efforts led to a significant availability of food,
which, in turn, contributed to a notable decline in the number of people suffering from
chronic hunger. However, after years of steady decline, the trend in world hunger reverted
in 2015 and remained relatively constant until 2019 (618.4 million undernourished; 8%).
From 2019 to 2020, the prevalence of undernourished people rose sharply, from 8.0 to 9.3%,
and to 9.8% in 2021, meaning that approximately 767.9 million people were affected by
hunger in 2021 [27]. Current projections indicate that close to 670 million people, or about
8% of the global population, will still face chronic hunger in 2030, approximately the same
proportion of the population as in 2015 when the Zero Hunger target of the 2030 Agenda
for Sustainable Development was launched by the United Nations [28]. In 2021, 425 million
people in Asia, 278 in Africa and 56.5 in Latin America and the Caribbean were suffering
from hunger. All in all, around 2.3 billion people (nearly one-third of the world population)
were moderately or severely food insecure in 2021 and suffered from chronic micronutrient
deficiencies [27,29].

Promoting the production and consumption of vegetables (and fruit) is a valid ap-
proach to alleviating ‘hidden hunger’ and enhancing nutrition security, especially in the
case of diets that are dominated by high-energy foods with low levels of micronutrients [30].
This requires significant efforts in crop breeding for sustainable intensification and adapta-
tion to changing climates. During a recent 10-year period (2008–2018), there was indeed a
significant increase (24%) in global commercial vegetable production, mainly attributable
to production increases in Africa (32%) and Asia (28.3%) [31].

According to the Food and Agriculture Organisation, global vegetable and fruit pro-
duction in 2020 was estimated to be around 1128 and 887 million metric tons, respec-
tively [32], which would result, in theory, in vegetable and fruit availability of almost 700 g
per person per day, assuming 8 billion consumers. This amount is well above the 400 g
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of fruit and vegetables recommended for daily consumption by the World Health Organ-
isation (WHO) [33] but does not reflect the much lower edible portions of the harvested
produce and considerable losses along the value chain. By 2015, only 55% of the global
population had an average fruit and vegetable availability above WHO’s minimum intake
target (400 g), while people in Sub-Saharan Africa, on average, only have access to about
200 g of fruits and vegetables per day [34].

Crop domestication and improvement were based on intentional, ongoing selection
for traits that improved the quality and palatability of plant organs for human consumption,
facilitated crop cultivation and harvesting (e.g., suitable for mechanical harvesting and non-
shattering seeds), enhanced yield and productivity, resistance against pests and diseases
and tolerance to a variety of environmental stresses [35,36]. Professional plant breeding
basically started with the re-discovery of the laws of inheritance by Gregor Mendel, first
published in 1866 in the Proceedings of the Natural History Society of Brno, 157 years
ago [37]. Many scientists consider Mendel the father of modern genetics. Various methods
are used in plant breeding [38,39]. They can be based on the visual selection of plants with
desired variants occurring in nature or within traditional varieties. Often, new genetic
diversity is introduced into breeding populations by intercrossing selected elite plants
with desired traits that complement each other or by introgression of desired traits/genes
from CWR into an advanced breeding line. Modern marker-assisted precision breeding is
based on monitored recombination of specific genes with the help of molecular tools that
systematically track within-genome variation.

The choice of the breeding method being applied is often crop-specific, determined by
the mode of reproduction and the breeding objectives [39]. In the commercial breeding of
vegetable crops, the production of hybrids is steadily increasing, as it allows the exploitation
of heterosis and facilitates the multiple stacking of desired traits. Careful pollination control
is required to ensure efficient hybrid production. Depending on the crop, technologies that
inhibit pollen production in mother plants may include manual or mechanical emasculation
and genetically controlled systems, such as male sterility [40]. Once desired traits have
been fixed in a new variety, and genetic uniformity, yield stability and local adaptation
have been verified, seed production and commercialisation of the new variety commence.

3. Current and Evolving Policies and Procedures for Germplasm Collecting,
Conservation, Exchange, Use and Related Benefit-Sharing—CBD, International Treaty,
Nagoya Protocol, DSI Debate

The intergovernmental negotiations that led to the signing of the CBD in 1992–1993
made member states agree to conserve the biological resources existing in their respective
territories, make them available and share benefits deriving from their use on agreed terms.
These terms were further specified and formalised in the Nagoya Protocol, which entered
into force in October 2014 [41]. With the objective of harmonising the existing access
and benefit-sharing (ABS) regulations for plant genetic resources for food and agriculture
(PGRFA), as established by the FAO Commission for Genetic Resources for Food and
Agriculture (known as International Undertaking), with those established under the CBD,
the International Treaty for PGRFA (ITPGRFA) was negotiated by the member states of
FAO, adopted in 2001 and came into force in 2004. As part of the ITPGRFA, the Multilateral
System (MLS) addresses facilitated access to PGRFA for specific uses, such as conservation,
research, breeding and training for food and agriculture. The MLS provides a transparent,
multilateral access and benefit-sharing mechanism for both providers and users of PGRFA
through the signing of a Standard Material Transfer Agreement (SMTA), thus reducing
transaction costs. However, it only covers a limited number of so-called Annex I crops [42]
but includes the collections maintained by the CGIAR and other international agricultural
research centres that fall under Art. 15 (see below). For access to germplasm of other crops
and plant species not covered by the MLS and Art. 15 of the ITPGRFA, the ABS regulations
of the CBD, as specified under the Nagoya Protocol, are applicable.

Navigating and complying with these international treaties and their specific ABS
regulations, especially the Nagoya Protocol, is complex. There is apparent ambiguity about
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the scope and application of many provisions of the international agreements regulating
access to PGRFA and related benefit-sharing schedules. Access to vegetable genetic re-
sources is severely restricted, especially since most vegetable crops are not included in the
list of Annex I crops of the ITPGRFA. Access to genetic sequence information is still being
debated and is subject to change.

3.1. The Convention on Biological Diversity

Prior to the intergovernmental agreement of the CBD, plant genetic resources were
recognised as a common heritage of humankind [1,2] and could be, as stipulated in the IU
established by FAO in 1983, freely collected, integrated into and accessed from genebanks,
and shared with other countries and public and private genebanks [3,43]. This approach
changed completely with the CBD entering into force in December 1993, which had as
its main objectives the conservation of biological diversity, the sustainable use of its com-
ponents and the fair and equitable sharing of the benefits arising from the utilisation of
genetic resources [44]. Under the CBD, states can use their national sovereignty to exercise
control over the genetic resources within their national territories. According to Article
2 of the CBD, genetic resources “mean genetic material of actual or potential value”, and
genetic material is defined as “any material of plant, animal, microbial or other origin
containing functional units of heredity” [45]. Thus, the CBD covers a broad range of wild
and cultivated biodiversity occurring and originating in the 196 member countries and
any current and potential use of this diversity [13]. Human genetic resources and genetic
resources occurring beyond national jurisdictions are excluded from CBD coverage.

Access to genetic resources is granted under prior informed consent (PIC) and mu-
tually agreed terms (MAT) by the party owning and providing those resources (Article
15 of the CBD) [46]. The CBD does not define or describe terms of ABS of genetic resources
but expects the contracting parties to develop and implement national laws to that effect
(Articles 6 and 15), based on guidelines provided in the Nagoya Protocol.

3.2. The Nagoya Protocol

The Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable
Sharing of Benefits Arising from their Utilisation is a supplementary agreement to the
CBD [41]. It was adopted in October 2010 in Nagoya, Japan, and entered into force
in October 2014. The Nagoya Protocol focuses on the third objective of the CBD, the
fair and equitable sharing of benefits arising from the utilisation of genetic resources. It
aims to create greater legal certainty and transparency for providers and users of genetic
resources by establishing predictable conditions for access to genetic resources and helping
to ensure benefit-sharing when genetic resources leave the provider country. The Nagoya
Protocol has a membership of 140 Parties (140 ratifications and 92 signatories) (https:
//www.cbd.int/abs/nagoya-protocol/signatories/; accessed on 31 July 2023). Contracting
parties of the Nagoya Protocol are required to implement and adhere to measures regarding
access to genetic resources, benefit-sharing and compliance. Provider countries must set
out clear conditions for granting PIC and establishing MAT, including access to traditional
knowledge associated with genetic resources that are held by indigenous communities,
while user countries are required to monitor use and compliance with the MAT.

The Nagoya Protocol refers to several tools and mechanisms that assist with imple-
menting its objective. Among those are the establishment of national focal points (NFPs)
and competent national authorities (CNAs) that serve as contact points for information,
grant access and cooperate on issues of compliance [41]. Other provisions include an Access
and Benefit-sharing Clearing-House (ABSCH) to share relevant and updated information
on national regulatory ABS requirements and contact details of NFPs and CNAs [47].
Unfortunately, the information available on the ABSCH website is incomplete and, for a
number of countries, not up to date. It does not provide all the details required to access
PGR in a particular country. Addresses of NFPs are often not indicated, the CNAs are not
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clearly defined and clear ABS instructions are often missing. Moreover, law texts are often
only available in the local language.

The text of the Nagoya Protocol also provides an Annex with a list of possible monetary
and non-monetary benefits that can satisfy the Convention’s requirement for benefit sharing
(https://www.cbd.int/abs/text/articles/?sec=abs-37; accessed on 31 July 2023). The non-
monetary benefits listed under the Nagoya Protocol are numerous and include, among
others, sharing of know-how, collaboration, cooperation and contribution to scientific
research and development programmes. The value of those non-monetary benefits is
often overlooked in the current heated discussions, which mostly centre around monetary
benefits. The social, economic and ecological benefits and impacts that accrue to countries
through the sharing and use of improved and well-adapted crop germplasm and associated
technologies might far exceed the levels of monetary benefits that could be generated under
the benefit-sharing arrangements of the CBD and the ITPGRFA [13,48].

3.3. The International Treaty for Plant Genetic Resources for Food and Agriculture

The International Undertaking (IU) on Plant Genetic Resources, a voluntary agreement
established by the FAO Commission on Genetic Resources for Food and Agriculture in
1983 to promote international collecting, conservation, exchange and use of plant genetic
resources for breeding and scientific purposes [2], conflicted with the ABS policy of the
CBD, allowing each contracting party to exercise sovereign rights over natural resources.
As a consequence, the IU became obsolete and the FAO started its revision process in 1994.
The negotiations of the FAO member states were concluded in November 2001 with the
adoption of the International Treaty, which came into force in June 2004 [49]. The ITP-
GRFA is in full compliance with the CBD. In contrast to the bilateral negotiations required
under the CBD/Nagoya Protocol, the ITPGRFA establishes, through its MLS, a globally
harmonised system to provide farmers, plant breeders and the scientific community with
transparent and facilitated access to plant genetic resources. The International Treaty also
ensures recipients share the benefits of using these genetic resources. As of 1 January 2023,
the ITPGRFA has 150 Contracting Parties, including the European Union as a member
organisation (https://www.fao.org/plant-treaty/countries/membership/en/; accessed
on 31 July 2023).

An essential provision of the ITPGRFA is the multilateral system (MLS) that facilitates
access and benefit-sharing of PGR of crops specified on a defined list, known as Annex
I, consisting of 35 food and 29 forage crops. From the contracting parties, all genetic
resources that are in the public domain and under governmental control and management
should be included in the MLS and as such made freely available (or at minimal transaction
cost) for the purposes of conservation, research, breeding and training under a Standard
Material Transfer Agreement (SMTA), instead of the use of prior informed consent and
mutually agreed terms, on a country-by-country or case-by-case basis, as prescribed by
the CBD. However, if the PGRFA materials in the MLS are intended for other purposes
only, such as biofuels, pharmaceuticals or other industrial uses, they are excluded from
the scope of the International Treaty’s MLS [13]. The germplasm recipients shall not claim
any intellectual property or other rights that limit access to these resources or their genetic
parts or components in the form received from the MLS [49].

As outlined in Article 15 of the ITPGRFA, the MLS also includes Annex I PGRFA
materials that are maintained by genebanks of the CGIAR or other regional or international
agricultural research centres that have signed agreements with the Governing Body of the
International Treaty [42]. These agreements with the Governing Body stipulate that the
international centres will also make non-Annex I plant materials held in their collections,
under their 1994 “in trust” agreements with the FAO, available to users under the same
SMTA terms as foreseen for the exchange of Annex I germplasm [13]. As of August 2018,
the genebanks of the CGIAR centres conserved and made more than 730,000 accessions of
crop, tree and forage germplasm available under the MLS [48].
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The European Cooperative Programme for Plant Genetic Resources (ECPGR) stated
in its 2016 report under Article 32–ECPGR and the Treaty/Nagoya Protocol: “It is rec-
ommended that all ECPGR member countries (36 as of June 2023 for the current phase
(2019–2023)) as appropriate and in line with national legislation, use the SMTA for distri-
bution of both Annex I and non-Annex I PGRFA accessions, independently of whether
material is conserved in ex situ collections or held in situ” [50]. Meanwhile, a few countries,
such as Germany and the Netherlands as well as NordGen, acting for the Nordic countries
(Denmark, Finland, Iceland, Norway, Sweden and the autonomous territories of the Faroe
Islands and Greenland) [51], have already adopted this recommendation. The Nordic
countries signed the so-called Kalmar Declaration, which recommended facilitated access
to PGRFA in general. Greenland is the only Nordic country that introduced “classic” ABS
legislation with requirements for PIC and MAT for access to genetic resources or related TK,
while Norway has enacted an authorisation for such legislation concerning wild genetic
resources. For access to TK held by indigenous peoples and local communities (ILCs),
Norway has enacted legislation that requires PIC for the use of TK associated with genetic
resources from ILCs. Finland has enacted a PIC requirement for using TK held by the
Sámi people, and Sweden is establishing formal consultation with the Sámi Parliament of
Sweden on matters dealing with TK [51].

The large collection of plant genetic resources of both Annex I and non-Annex I
material of the NordGen genebank has been placed in the Nordic public domain, making
all accessions available through the International Treaty’s SMTA. It is interesting to note
that from 2018 to 2020, NordGen had to deal with a considerable increase (89%) in the
number of ordered seed samples, primarily requested by Nordic and other European
countries [51]. This could be attributed to the increased complexity of obtaining germplasm
from elsewhere. It is also important to state that all accessions (including non-Annex I)
designated by ECPGR member countries to the European collection AEGIS (A European
Genebank Integrated System) are distributed to users under the terms of the SMTA (https:
//www.ecpgr.cgiar.org/aegis/about-aegis/aegis-and-the-treaty; accessed on 31 July 2023).

According to Article 13 of the ITPGRFA, facilitated access to germplasm itself is
considered to be an important benefit. Other non-monetary benefits include the exchange
of information, access to and transfer of technology and capacity building [42]. In practice,
this happens to some extent in public–private partnerships between genebanks and the
private breeding sector through multiplication and/or evaluation of selected accessions.
The SMTA of the ITPGRFA also foresees monetary payments by germplasm recipients
under Article 6.7, if material received under an SMTA is used to create PGRFA materials
that are not freely available for research and breeding by others (i.e., 0.77% of the sales
of those PGRFA or, according to Article 6.11, an alternative payment of 0.5% of all sales
of PGRFA belonging to the same Annex I species, to an international benefit-sharing
fund (www.fao.org/plant-treaty/areas-of-work/benefit-sharing-fund; accessed on 31 July
2023)). This fund is used to support the conservation and sustainable utilisation of PGRFA,
especially among local traditional farming communities.

Payments under SMTAs take time to materialise, as product development with the
received germplasm and testing the final product (variety) containing this germplasm
is time-consuming. In addition, it is important to consider that most breeders may not
seek Intellectual Property protection through patent application for new varieties, hence
not limiting the free use of the final product (variety) for further breeding and thus not
resulting in mandatory payments. In 2013, the Governing Body of the ITPGRFA established
an intergovernmental Open-ended Working Group to negotiate and recommend measures
to enhance the functioning of the MLS under the ITPGRFA for consideration by the Gov-
erning Body. Various stakeholder groups (seed industry, CGIAR, farmer organisations
and civil society) contributed to this process [52]. A group of seed companies proposed a
‘subscription-only model’, which was meant to replace one-time payments for receiving
and using a specific genetic resource in case the final product is not freely available for
further breeding. Companies would instead contribute annually a percentage of their
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annual seed sales for selected Annex I crops as listed under the ITPGRFA for an initial
10-year period, thus ensuring an ongoing and consistent contribution to the ITPGRFA’s
Benefit-sharing Fund [53] from the very moment of signing the subscription agreement
for one or more selected Annex I crops. Forty-one members of the International Seed
Federation (ISF) indicated that, if the subscription covers all crops, a single rate of 0.01%
on sales of Annex I crops would be acceptable [54]. For those companies that would not
participate in the subscription system, the continuation of a single access mechanism with
payments based on the use of accessed genetic resources as reflected in current Articles
6.7 and 6.8 of the SMTA [54] should remain, next to the subscription model. ISF indicated
that its members would be ready to make payments based on Articles 6.7 and 6.8, as long
as the Article 6.8 option was manyfold lower than the payment under Article 6.7.

The intergovernmental Open-ended Working Group considered this idea and pro-
posed a subscription system linking payment obligations to access rather than use and
commercialisation, whereby users pay a fee for being granted access to all or a selected
group of PGRFA within the MLS. Such a subscription system would start from the date of
signing the subscription agreement (prior to shipping any materials) and thereby would
eliminate the need to track single germplasm samples obtained under the MLS down to
the final commercialisation of products [52]. However, no agreement has been reached
up to now because of the difference in opinion on payment rates, DSI and the expansion
of Annex I to all PGRFA. The negotiations were stopped during the eighth Session of the
Governing Body of the ITPGRFA (GB 8) in November 2019.

During GB9 held in September 2022 in New Delhi, India, delegates agreed to re-
establish the Ad Hoc Open-ended Working Group to Enhance the Functioning of the MLS
to finalise the process of adopting a series of options/measures by GB 11 in 2026 [55].
The envisaged measures aim to (i) increase the monetary and non-monetary benefits
arising from the MLS for all providers and users; (ii) ensure a sustainable and predictable
long-term increase in user-based income to the Benefit-Sharing Fund (BSF); (iii) expand
the MLS to include all PGRFA and improve their availability; (iv) make the MLS more
dynamic and responsive to new developments and innovations, and to create legal certainty,
administrative simplicity, and transparency for all participants.

3.4. The Digital Sequence Information Debate

Rapid advances in genomics and the open access to digital sequence information
(DSI), available to all through public sequence databases, have contributed considerably
to the recent progress in plant and life sciences, including health, conservation and use of
(agro)biodiversity [14]. Plant genomics is evolving rapidly; single reference genomes for
plant species are now complemented by multiple sequences and pangenomes, depicting
the diversity within crop species or genera.

The term DSI still lacks a precise and generally accepted definition [56–58]. It has been
invented as a place-holder term by negotiators covering under a narrow interpretation
genetic/genomic sequence data only, while under a wide interpretation, biological data,
such as passport, characterisation and evaluation data, ecological adaptation and traditional
knowledge may be included [59]. The increasing role and importance of DSI, the speed by
which it is developed and analysed, potentially allowing the circumvention of the very use
of material genetic resources, contributes to an uneasy feeling among several countries, who
consider DSI as a threat to the exertion of their sovereign rights over genetic resources and
associated information [59,60]. Despite the rapid progress in genomics and gene editing,
DSI is not expected to replace physical access to PRGFA, but the value of DSI for research,
breeding and variety development is obvious.

The International Nucleotide Sequence Database Collaboration (INSDC) is the central
foundation for global sequence information. It connects over 1700 scientific databases
and platforms [61]. The INSDC provides the free core infrastructure for DSI deposition,
preservation, and global dissemination as part of a scientific collaboration between the
European Molecular Biology Laboratory (EMBL), an intergovernmental organisation with
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more than 80 independent research groups, the U.S. National Center for Biotechnology
Information (NCBI), which is hosting the collaboration through its GenBank, and the DNA
Databank of Japan (DDBJ) [62]. Tracking and tracing the movement of nucleotide sequence
data (NSD) in GenBank, the largest public database platform, is challenging [59]. Scientists
worldwide search this platform for their work; hence, any financial or administrative bur-
den for accessing NSD will affect all scientists, globally, and limit their ability to undertake
individual or collaborative research.

There is consensus among genebank curators that open access to and free use of DSI
is essential for facilitating adequate conservation and use of PGRFA [43,63]. However,
contracting parties to the international treaties express contradicting views on whether and
how access to DSI and benefit-sharing from its utilisation should be regulated. Countries
in the Global South consider free-for-all access to sequence information (with or without
the associated germplasm) to be mainly beneficial for the biotechnology industry in the
Global North, and as such, counterproductive for other countries, their local communities
and indigenous people who are the custodians of plant agrobiodiversity and who fear that
they will not be able to benefit if access to DSI is not subject to ABS regulations of PIC and
MAT under the Nagoya Protocol of the CBD [64,65].

Discussions on the current and future access to digital sequence information are ongo-
ing in several fora, under the International Treaty, CBD, Nagoya Protocol, the multilateral
Prepared Influenza Preparedness (PIP) Framework, the Antarctic Treaty (dealing with
Antarctic species) and the United Nations Convention on the Law of the Sea (UNCLOS),
which is developing a multilateral treaty aiming at establishing best practices that regulate
access to marine genetic resources and related sequencing data, while sharing the bene-
fits derived from such access to enhance the conservation and sustainable use of marine
biological diversity in areas beyond national jurisdiction [66–68].

Despite the rapid progress in genomics and gene editing, the successful transfer of
useful traits across different life forms appears to be rather unlikely in the near future due
to the complexity of biological systems [69]. Many traits are multigenic, and gene expres-
sion may also depend on epigenetics and other factors; hence, it is not straightforward.
Therefore, simply disconnecting the study and use of DNA sequences from the physical
germplasm resource conserved in genebanks, from which DNA was extracted, will not
suffice to solve the food and nutrition security of humankind. The combination of natural
selection and professional plant breeding will still be required for crop variety development
and adaptation to local agroecological conditions in the foreseeable future to ensure food
and nutrition security.

Scholz et al. [14] showed that a benefit-sharing scheme for DSI modelled according to
the Nagoya Protocol would likely totally disrupt plant breeding and genomics research, as
sequence datasets are downloaded from INSDC 34 million times per year by 10–15 million
unique users, making a bilateral system requiring permissions between an end-user and
country of origin prohibitively complex. All countries provide and use DSI for basic and
applied research, in both the public and private sectors. For example, DSI from Brazil
is used by 111 countries worldwide, while scientists in Brazil use DSI from 153 different
countries [70]. In the case of Kenya, DSI from this country is used by 79 countries, while
scientists in Kenya use DSI from 83 countries. Alternative methods where DSI remains
open access and benefits are shared in a fair and practical manner are mandatory and
should be the aim of intergovernmental negotiators [63]. A system which requires tracking,
tracing, reporting and monitoring DSI information is entirely unsustainable. Multilateral
approaches, which delink access to DSI and benefit-sharing, are the most appropriate for
all stakeholders involved.
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4. Implications of the Complexity of ABS Regulations for Germplasm and Related
Information for Genebank Curators and Public and Private Sector Breeders

4.1. Uncertainties Regarding the Current ABS Regulations

Due to the ongoing genetic erosion of valuable (agro)biodiversity, germplasm collect-
ing and ex situ conservation are of high priority to secure the necessary genetic diversity
for developing new crop varieties with resilience to biotic and abiotic stresses and of high
nutritional value for the benefit of humankind [15]. Genebank curators and breeders under-
stand the national sovereignty of countries over their genetic resources and are willing to
comply with clear and realistic standardised ABS regulations established by the countries in
which collecting germplasm material is of high priority. The private sector also encourages
clear, transparent and easy-to-implement ABS agreements for the sustainable use of genetic
resources [71]. Germplasm users and conservationists are ready to share benefits, especially
through capacity development in the countries where the collecting is taking place. How-
ever, many germplasm collectors struggle with the complexity and lack of clarity of how
this sovereignty is exercised and interpreted by individual countries [12,43,58]. The same is
true for many breeders, as clearly described by Michiels et al. [10]. Seed companies need to
keep themselves up to date with the complexity created by up to 200 different national ABS
frameworks, which keep changing and evolving over time. Moreover, there are further
differences at provincial or local levels within a given country. Uncertainties regarding
ABS regulations and procedures to secure ABS compliance include the questions on how
and with whom ABS can be negotiated bilaterally, who is subject to those conditions, how
compliance is monitored and how regulations apply to plant biodiversity beyond the time
frame of the current instruments [10,58].

Only 35 food and 29 forage crops are covered by the MLS of the ITPGRFA and can be
relatively easily accessed under the terms of the SMTA, provided they are placed under
the MLS. Access to other food and particularly vegetable crops, including a wide range of
underutilised genera with current or potential value as food plants, is governed instead
by CBD/Nagoya Protocol-based diverse national regulations, and each single resource
exchange needs to be negotiated on a case-by-case basis [72].

4.2. The Issue of Stacking Obligations, Retroactive Effect, Tracking and Tracing and Related Costs

The complex, and often unclear ABS regulations, implemented with a high degree
of variation among countries, sometimes with retroactive effect, and the use of different
germplasm sources in the long process of developing new varieties require extensive
tracking and tracing and raise associated costs and administrative burdens for genebanks,
botanic gardens and public and private breeders alike [10,12]. A typical example of a
retroactive effect is the case of a melon variety, accessed by an American seed company
from the USDA genebank, which originated in and had been received from India long
before the country introduced its Biological Diversity Act in 2002. The seed company
derived progenies resistant to Cucurbit Yellow Stunting Disorder Virus (CYSDV) from this
melon variety and received a patent on this trait from the European Patent Office (EPO).
In 2016, the National Biodiversity Office filed a non-compliance case with the EPO [73].
Even the purchase of commercial seed, with unknown history, for use in further breeding
in a country that does not impose ABS obligations for the use of its genetic resources may
also result in non-compliance issues with retroactive effect if it has parent material in its
pedigree from a country such as India [10]. Therefore, the implementation of ABS laws in
one country may result in legal uncertainty at the global level.

Moreover, the development of improved, resilient varieties may stack obligations and
costs as it involves the incorporation of PGRFA, traditional knowledge (TK) and/or DSI
from several countries. Every cross made by plant breeders stacks the contractual ABS
requirements of its parental lines. Once a plant breeder has decided to make a cross, i.e., has
‘utilised’ a genetic resource in a cross, this resource is part of the genotype of all progenies.
A sudden request to stop using a specific genetic resource in an ongoing breeding process
due to the entry into force of new ABS regulations or different interpretations of their
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scope requires discarding all breeding materials that used the specific genetic resource
in question.

The complexity and legal uncertainty regarding access to in situ and ex situ genetic
resources and traditional knowledge (TK) in provider countries are described in great
detail for selected countries by Michiels et al. [10]. The legal uncertainty ensuing from
the complex and unclear national ABS regulations and the length of time needed and the
costs involved in navigating the ABS regulations and negotiating PIC and MAT will often
obstruct rather than facilitate ex situ conservation and associated research by genebanks
and research institutions [12] as well as R&D investments by the public and private sector
into horticultural innovations [10,74]. The efforts in terms of time and human resources
that seed companies need to spend on ABS tracking and compliance issues are often con-
sidered disproportionate to the benefits that are generated and shared through bilateral
ABS agreements [10]. According to Rabitz [75], costs related to germplasm access and use
arise from three distinct sources: (a) transaction costs associated with access (potential
administrative barriers, negotiation of bilateral ABS contracts, involvement of lawyers for
clarification of uncertainties regarding legal and regulatory requirements); (b) the costs
due to benefit-sharing obligations, including the costs of mandatory or voluntary tracking
of PGRFA through the value chain; and (c) compliance costs after accessing the genetic
resource, including monitoring costs to follow the utilisation of accessed materials through-
out the value chain and to provide documentary evidence of utilisation in accordance with
the applicable ABS laws and regulations. The described costs are considerable and might
serve as a disincentive to access new genetic diversity. Therefore, tracking and monitor-
ing mechanisms should be low-cost and should exclude standard genetic or biochemical
analysis of individual samples since the cost of such analyses might exceed the expected
benefit-sharing levels [11]. Rather than risking a company’s reputation by trying to comply
with unclear national ABS regulations, which could potentially result in a non-compliance
case, companies might prefer to stay away from accessing such genetic resources. Complex
ABS rules may also serve as a disincentive for the development of public and private
breeding programs for more regional, less profitable crops, thus even threatening progress
towards CBD objectives and the United Nations’ SDGs.

The mentioned uncertainties also adversely affect collaboration among genebanks as
well as the collaboration between genebanks and breeding companies. Genebank curators
will be more hesitant to rationalise their own collections by reducing duplication with other
genebanks since they cannot be sure of access to other collections in the future [43]. Such
uncertainties are forcing countries to stockpile plant genetic resources to ensure future
access to genetic diversity for their own research organisations and plant breeders, resulting
in redundancies and further stress on the already limited capacity of the PGRFA community.
Similarly, private-sector breeding companies feel compelled to stockpile and conserve for
the long term the currently available PGRFA in working collections and breeding lines in
already existing or yet-to-be-established private genebanks.

4.3. The Added Complexity Due to DSI Inclusion

The current stalemate regarding the inclusion of DSI into existing ABS mechanisms or
the creation of separate ones for DSI only is of major concern. Genebank curators, conser-
vationists and plant breeders agree that access to and use of DSI is essential for adequate
conservation, sustainable use of plant genetic resources [43] and the development of elite
crop varieties. A major headache for genebank curators is the unresolved definition of DSI,
as genebanks share germplasm with associated accession-level information [59]. Should
countries pre-emptively include DSI in their national ABS legislation before standard access
mechanisms have been agreed upon in international fora, genebanks may no longer wish
to conserve and exchange material from those countries due to the increased complexity of
germplasm handling and distribution and consequent compliance issues. Similarly, the
botanical gardens community also fears that individual countries may implement disparate
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regulations regarding access to DSI as has been the case for physical access to genetic
resources [57].

Dozens of countries have already adopted legislation on DSI, often obliging users to
obtain PIC and/or MAT to work with DSI [59]. Among those are six African countries
(Kenya, Malawi, Mozambique, Namibia, South Africa, and Uganda) that have already put
DSI domestic measures of a legal, administrative or policy nature in place [76]. Cameroon
has passed a new instrument on ABS according to the ABS Clearing House Mechanism of
the CBD. This instrument provides that the ‘use of genetic information’ is considered an
activity relating to the use of genetic resources, and as such is subject to PIC and MAT. Those
examples may serve as proxies for potential future restrictions on many, or all, species of
plants, thus hindering research and innovation and being counterproductive to the efforts
of continuously improving and diversifying our food systems [77].

4.4. The Consequence of Overly Complex ABS Regulations

There is evidence that non-strategic national ABS regulations have threatened or even
impeded access to genetic resources for non-commercial research [12,78,79]. In Argentina
and Brazil, for example, newly implemented national ABS regulations prevented domestic
research organisations from studying local biodiversity, even if such research did not
involve international partners or the export of local genetic resources [80–82]. Unclear
national ABS legislations and a high level of bureaucratisation with concomitant high
transaction costs and compliance risks are also a disincentive for commercial exploration of
biodiversity [83,84].

The abundance of diverse ABS regulations established by individual countries, based
on the Nagoya Protocol, combined with legal uncertainties regarding their interpretation
and implementation may hamper conservation and the exchange of biodiversity. Conse-
quently, food and nutrition security, which are within the scope of international agreements
such as the CBD, the ITPGRFA and the Sustainable Development Goals of the United
Nations, may also be negatively impacted. Reduced international collaboration as a con-
sequence of overly complex regulations for access to PGRFA and associated information
will likely slow down capacity building and technology transfer to less advanced countries,
thus deepening global inequalities.

5. Options for Addressing Current Constraints on Access and Benefit-Sharing of
Genetic Resources and Related Information, at the Policy Level

5.1. Expanding the MLS of the ITPGRFA to Cover All PGRFA, Combined with a
Subscription System

Most plant breeders would prefer the open-source option of the heritage of humankind
principle as established under the IU. However, this is no longer a viable option. The MLS
of the ITPGRFA significantly reduces the burden of tracking and tracing and associated
costs, avoids bilateral contracts and is, therefore, an option widely supported by public and
private-sector breeders. In the current situation, the most straightforward ABS option for
PGRFA would be an expansion of the MLS of the ITPGRFA to cover all genetic resources
for food and agriculture, amongst others including all vegetable crops and species. This
proposal is in line with the current efforts of the Open-ended Working Group to Enhance
the Functioning of the MLS (see Section 3.3; [55]). If an expanded MLS covering all PGRFA
is then based on a subscription system linking payment obligations to access rather than use
or commercialisation, there would be no need to track single germplasm samples obtained
under the MLS down to the final commercialisation of a new variety, plus its use by further
breeding with this new variety, over and over again. Alternatively, if users do not want
to adopt the subscription system, commercial utilisation of germplasm obtained under
the MLS could be determined with the help of intellectual property tools, aided by using
digital object identifiers (DOIs) [85]. Confirmed commercial utilisation of genetic resources
would then trigger monetary benefit-sharing payments [56].
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5.2. MLS of the ITPGRFA Covering all PGRFA, Combined with a Seed Sale Tax or Levy Option at
the National Level

A seed sales tax or levy paid by contracting parties of the ITPGRFA would allow
easy access to PGRFA under an expanded MLS covering all PGRFA, without the need for
tracking and tracing measures to follow the movement of PGRFA up to the final product: a
newly released variety. For 12 consecutive years, Norway has paid annual contributions
to the benefit-sharing fund of the International Treaty, equivalent to 0.1% of the value of
annual seed and plant material sales in the agricultural sector in Norway [86]. The CGIAR
is recommending that contracting parties make annual payments to the Plant Treaty’s
benefit-sharing fund based on seed sales within their jurisdictions (similar to the Norway
levy), using a fixed royalty rate that corresponds to the value of access to, and use of, both
PGRFA and DSI. Contracting parties would then have the option to recoup a portion of that
levy payment from commercial users in their jurisdictions [63]. Other countries could also
follow the example of Germany, the Netherlands and the Nordic countries and share all
PGRFA, whether they are within or outside of the MLS of the ITPGRFA, under the SMTA.

5.3. Harmonised, Multilateral ABS Regulations under the CBD/Nagoya Protocol

Harmonisation of ABS regulations under the CBD/Nagoya Protocol at the global
level, in a similar manner as under the MLS of the ITPGRFA, would genuinely facilitate the
work of all curators of collections at genebanks and botanic gardens and users in the public
and private sectors alike [10]. The European Union’s ABS Regulation No. 511/2014 (https:
//eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0511; accessed on
31 July 2023) is a first step in that direction. However, this directive defines only the
compliance measures that must be followed by all 27 member states of the EU to secure
ABS compliance under the Nagoya Protocol, while ABS regulations still follow the principle
of national sovereignty and can vary significantly from country to country.

5.4. Harmonised National ABS Regulations and Compliance Measures

There is an urgent need to improve the current bilateral ABS systems. To effectively
guide germplasm users trying to comply with all the different national ABS rules and
regulations under the Nagoya Protocol, it would be conducive if the country profile on
the ABS Clearing House website contained factual, concise information in English on how
to access PGRFA in a given provider country and with whom to negotiate PIC and MAT,
also including TK. All national legislation should be published on the ABS Clearing House
website uniformly, including the scope and jurisdiction of the applicable ABS regulations
and measures. A summary of the steps and obligations to follow should also be included.

5.5. Options for the Contentious DSI Issue

The term DSI is still used as a placeholder term and lacks a generally accepted defini-
tion. For most scientists, genebank curators and breeders, a narrow interpretation restricting
DSI to sequence information only would be preferred, as other information associated with
germplasm (passport, characterisation, and evaluation data) could be shared with users
together with the exchange of germplasm as is still common practice. In case of a wider
definition of DSI, Lawson et al. [66] proposed two options consisting of (i) a risk framework
matrix for valuing information as part of the ABS transaction by attributing an estimated
value to a particular kind of information; alternatively, (ii) a charge, tax or levy that would
externalise the costs so that information would remain available and accessible to all, thus
benefitting the global scientific community. Under the matrix option, passport data on
accessions would be considered of low value, available without restrictions (public domain
data), while descriptive (phenotypic) data would be treated as restricted public access
data, and sequence data would have an embargo period until the results obtained need
to be reported to the germplasm/DNA provider. Under the tax or levy model, the party
accessing the resources would need to pay a tax (called ‘Partnership Contribution’ under
the PIP Framework) or it would be levied on contracting parties, similar to the Norway
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seed sales tax under the MLS of the International Treaty. The tax or levy option is appealing,
as it avoids the high transaction costs required to negotiate the value of information in
every single transaction and allows the scientific community to disclose and share the
generated information freely [66].

Given the complexity of the DSI issue and the diversity of stakeholders involved,
Scholz et al. [61] proposed the creation of a public–private partnership (PPP) to govern the
implementation of any future policy framework around DSI and offered five policy options
for the sharing of monetary benefits.

5.6. Summary and Concluding Remarks of Section 5

Curators of plant genetic resources and public and private sector breeders hope for a
transparent, functional and expanded multilateral system under the International Treaty
covering all PGRFA, thereby erasing all legal uncertainties and minimising transaction costs
for conservers and users of genetic resources and DSI. The authors of this paper strongly
support a single, multilateral access mechanism for both PGRFA and DSI, if necessary
combined with a subscription system as currently being negotiated under the MLS of
the ITPGRFA or with a national tax or levy, similar to the Norwegian seed sales tax. If
current and future international, regional, national and bilateral collaborative efforts would
be guided by a focus on the promotion of inclusive innovation and enhanced equity in
research, utilisation, and commercialisation of (agro)biodiversity and broader public and
social benefits from the outcomes of science, instead of a predominant focus on immediate
monetary benefits, greater benefits for all could be expected over time.

6. Recommendations and Concluding Remarks

Breeding improved varieties is a continuous and even cyclic effort that is essential for
enhancing food and nutrition security. Crop improvement depends on access to biodiversity
to source new genetic variation for breeding. Fair and non-bureaucratic rules to access and
use germplasm in breeding is therefore a predisposition for food and nutrition security.
Providers and users of plant genetic resources need clear information on the conditions
under which the germplasm material can be accessed and used for research and breeding.
It has to be clear whether the ITPGRFA, the CBD/Nagoya Protocol or any other ABS tool
applies. Furthermore, adjustments to the current texts of these legal instruments are clearly
needed to ensure legal certainty and strengthen access to genetic resources. Extending the
list of Annex I crops of the ITPGRFA to include all PGRFA, as well as related organisms
like pathogens and pests, would greatly benefit the use of new germplasm in breeding and
lead to the creation of improved varieties that can cope with climate change challenges and
will contribute to more sustainable forms of agriculture. Identification and documentation
of the flow of benefits from the use of plant genetic resources to the different stakeholders
could contribute to a better understanding of the value of plant genetic resources and
related research on this material for humankind. Such a move might reduce current tension
between germplasm providers and users, and eventually lead to more transparent and
easy-to-follow access provisions. Crop diversity can only benefit humanity if it is not only
conserved but also used.

Germplasm conserved in genebanks is most useful when it is distributed together with
relevant information. Clarity on the scope of biodiversity data subject to ABS is essential
for any future progress. High-throughput approaches have greatly improved genotypic
and phenotypic data collection from genebank accessions. Such information can be used
to strengthen germplasm management, elucidate questions regarding the taxonomy of
accessions, assist in germplasm exchange through diagnostic tools for the detection of
viruses and other pathogens, as well as for selecting plant genetic resources and specific
traits for research and breeding. Such information can also assist in determining gaps in
existing collections and help fine-tune the objectives of new collecting missions. These data
could also be used to train artificial intelligence (AI) tools for a wide range of purposes,
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including ecophysiological crop modelling and identifying germplasm material adapted to
climate change.

The outcome of the debate on the nature of DSI and the conditions for access and its use
will be critical to actually using the data generated for plant genetic resources in research
and breeding. Bilateral provider–user interactions for the use of DSI may be far too complex
for regulating the DSI information flow. DSI policies should acknowledge the importance
of using DSI across low-, middle- and high-income countries and strive to preserve open
access to this crucial common good [14]. Non-monetary benefits that help bridge the
scientific and technological gaps in developing countries should also be considered, as
these stimulate international public–private partnerships and collaborations [81]. Such
non-monetary benefits should include capacity building and technology transfer.

Curators of plant genetic resources in genebanks and botanical gardens as well as
public and private sector breeders would benefit from a transparent, functional and efficient
multilateral system under the International Treaty covering all PGRFA, thereby erasing all
legal uncertainties and minimising transaction costs for conservers and users of genetic
resources and DSI. Similarly, multilateral or fully open systems for exchanging biodiversity
data are preferred by the wider scientific community [58]. The decision by Germany, the
Netherlands and the Nordic countries to share all PGRFA under the ITPGRFA’s SMTA is
an encouraging example.
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