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Abstract
Crop wild relatives (CWR, plural CWRs) are those wild species
that are regarded as the ancestors of our cultivated crops. It was
only at the end of the last century that they were accorded a high
priority for their conservation and, thus, for many genebanks,
they are a new and somewhat unknown set of plant genetic
resources for food and agriculture. After defining and
characterizing CWR and their general threat status, providing an
assessment of biological peculiarities of CWR with respect to
conservation management, illustrating the need for prioritization
and addressing the importance of data and information, we made
a detailed assessment of specific aspects of CWRs of direct
relevance for their conservation and use. This assessment was
complemented by an overview of the current status of CWRs
conservation and use, including facts and figures on the in situ
conservation, on the ex situ conservation in genebanks and
botanic gardens, as well as of the advantages of a combination of
in situ and ex situ conservation, the so-called complementary
conservation approach. In addition, a brief assessment of the
situation with respect to the use of CWRs was made. From these
assessments we derived the needs for action in order to achieve a
more effective and efficient conservation and use, specifically
with respect to the documentation of CWRs, their in situ and ex
situ, as well as their complementarity conservation, and how
synergies between these components can be obtained. The
review was concluded with suggestions on how use can be
strengthened, as well as the conservation system at large at the
local, national, and regional/international level. Finally, based on
the foregoing assessments, a number of recommendations were
elaborated on how CWRs can be better conserved and used in
order to exploit their potential benefits more effectively.
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Introduction
Today‘s cultivated crop plants have undergone more or less
drastic changes since their first cultivation and domestication.
The first signs of domesticating wild plant (and animal) species
date back 10,500 years in Western Asia and domestication has
since then been practiced in different parts of the world by
different groups of people on new species [1]. The duration and
intensity of this domestication process have been very variable
from one crop to the other [2]. The one thing that all crops have
in common is that they originated from (one or more) wild and
naturally occurring species. For a number of crops, the
domestication process is well known, based on archaeological
finds and (experimental) research. In general, this process started
with gathering in particular wild grasses and leguminous species,
followed by their cultivation closer to the homestead and
gradually undergoing transformation from wild into
domesticated taxa [3–5]. In some instances, crops are the result
of natural or man-made hybrids between two wild ancestor
species (e.g., banana: Musa acuminata and M. balbisiana); in
other cases, the wild relative is a subspecies of the cultivated
crop (e.g., Vitis vinifera) or there is no difference between the
wild and the domesticated species (e.g., the olive tree, Olea
europea which has wild, weedy, and cultivated forms, and many
forage crops), which are just two different forms of the same
species. For other crops, the domestication process is much less
known or even completely obscure, including which wild species
might have been involved as ancestor(s) of the crop in question
(e.g., Triticum spelta, spelt). For some crops, the domestication
process is still ongoing, especially in local fruit trees [6].
Possibly the most important consequence of the domestication
process is that the genetic diversity available in the crop
genepool (in the narrow sense) is usually much smaller than that
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in the related wild species [7,8]. In this paper, we focus on the
wild species that are related to our crops, i.e., the crop wild
relatives (CWRs). They have in different ways contributed
(genetically) to the domestication process and thus can be
regarded as the ancestral species or progenitors of our present
crops, and they are a valuable resource of genetic diversity and
traits for plant breeding.
It has taken several years after the global initiation of systematic
collecting and conserving threatened landraces of our crops,
somewhere in the 1960/70s, until CWRs were systematically
included, both at the national and international level. In 1975, a
global collecting program of threatened landraces and CWRs
was initiated under the coordination of the International Board
for Plant Genetic Resources (IBPGR) and approximately
220,000 samples were collected during more than 1000
collecting missions in more than 130 countries, largely before
1995. The collected materials were sent to and subsequently
stored in selected national and regional/international genebanks
around the world [9,10]. The inclusion of CWRs in collecting
efforts was triggered by the observed genetic erosion, as well as
by the apparent need to include more genetic diversity for the
advancement of breeding programs of major crops (e.g., potato),
triggered by the success of using CWRs in breeding programs,
such as the tomato, for specific traits [11]. Due to breeding
programs in need for more diversity, the first ‗push‘ for CWR
conservation came from the international CGIAR research
centers, as well as some (international) breeding companies in
the 1970/80s [12].
Only during the past few decades, significant successes of
transferring traits from CWRs into cultivated crops have been
reported, mostly to overcome biotic stresses, such as pests and
diseases, as well as abiotic stresses, such as drought tolerance
[8,13]. More recently, adaptability to changing environmental
conditions, in particular those caused by climate change, has also
become important. Only gradually, CWRs became a priority for
the more advanced national plant genetic resources centers for
food and agriculture (PGRFA), such as in the USA, UK,
Germany, The Netherlands, and Australia. Possibly the biggest
4
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‗push‘ for the conservation of CWRs was the advancement of
molecular biology and genetic tools and techniques that greatly
facilitate the transfer of traits, genes, and alleles from one species
to another, almost independent of how closely they are related to
each other.
The above-mentioned developments certainly had an important
impact on the increasing (political) conservation priorities
accorded to CWRs since the late 1980s/early 1990s. This has
been reflected by the inclusion of CWRs in the text of the
Convention on Biological Diversity (CBD) [14] and, in 2010, in
the AICHI Biodiversity Targets, in particular Target 13, as well
as in target 9, of its Global Strategy for Plant Conservation,
where CWRs and wild food plants were accorded a high priority
for conservation [15]. In almost half of the 18 priority activities
of the Second Global Plan of Action (GPA II), adopted in 2011
by the Food and Agricultural Organization of the United Nations
(FAO) Member Countries, it makes (again, like in the first GPA
agreed upon in 1996) a special reference to CWRs and wild food
plants, highlighting the need to strengthen their conservation and
sustainable use [16]. More recently, CWRs have been included
in the United Nations‘ Sustainable Development Goals (SDG)
[17]. The recent Global Assessment Report on Biodiversity and
Ecosystem Services, published in 2019 by the United Nations‘
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) [18], mentions CWRs explicitly as
species that are important for long-term food security, helping
render ecosystems more resilient to stressors including climate
change, pests and pathogens, and that lack effective protection.
The report highlights the decreasing number of CWRs and
mentions that many hotspots of agrobiodiversity and CWRs are
under threat or not formally protected.
In response to this increasing visibility and importance of CWRs
in global and international political agendas since the early
1990s, numerous projects, tools, and guidelines have been
initiated and developed at local/national, regional, and global
levels. Examples for the latter are the voluntary guidelines for
the conservation of CWRs and wild food plants at the national
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level [19] or the interactive toolkit for CWR conservation
planning [20].
Besides the more political framework facilitating conservation,
technical and managerial considerations are also important in
order to effectively include CWR species in routine conservation
programs. As treated in the following sections, a number of
specific requirements can be identified that determine the ability
of genebanks, in particular, to cope more effectively with CWR
conservation. Especially, the availability of adequate knowledge
and experience to manage this very variable and sometimes
extremely difficult category of genetic resources is one of the
main hurdles to overcome.
It has been a long and is yet a continuous struggle to get CWRs
as a high priority on, in particular, local and national
conservation agendas [21,22]. Reasons for this are limited
financial resources available to many conservation and use
programs; the lack of technological resources to effectively
exploit these resources; an increasing debate on access to and
availability of PGRFA; the sometimes severe technical
challenges, which the conservation of CWRs‘ can cause to
genebanks, due to biological peculiarities of CWRs; as well as
the relatively low priorities these resources have for local people.
Against this backdrop, the paper investigates the reasons for
these constraints, focusing on difficulties, opportunities and
synergies that characterize the conservation and use of CWRs.
Furthermore, due to the biological peculiarities of CWRs, there
is a need for a strong collaboration between actors operating at
different levels, especially between local/national and
international, as well as between different sectors, such as
agriculture and environment.

Definition and Classification of CWRs
A ‗simple‘ and broad definition of a CWR is that all wild species
belonging to the same genus (and that coincides in most cases
with the same genepool) of a given crop are treated as a crop
wild relative [23]. A narrower definition refers to the genepool
concept developed by Harlan and de Wet [24]. They used the
6
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easiness of crossing a given wild relative with the crop species in
question as the basis for their classification. When a CWR
species crosses easily with the related crop, the species is defined
as a genepool I species (GP1a = cultivated form of the crop and
GP1b = wild or weedy form of the crop). Wild relatives from
whom genes can be transferred to the crop, but with difficulties
using conventional breeding techniques, are included in
genepool II. Those wild relatives that cannot be crossed with a
given crop and where gene transfer is only possible using
sophisticated techniques, such as embryo rescue, somatic fusion
or genetic engineering, are defined as genepool III species.
Although this classification is very ‗utility driven‘ and from a
plant breeding perspective, it makes good practical sense, as
crossing barriers are a major limiting factor for the use of CWRs
in conventional plant breeding.
However, for the majority of crop complexes, particularly those
from tropical areas, too little information on crossability is
available to use the genepool concept. Therefore, an alternative
concept has been proposed by Maxted et al. [23], based on the
existing taxonomic hierarchy to define to which of four
recognized taxon groups a given species belongs. Taxon group
TG1a corresponds to the crop, CWRs in TG1b correspond to the
same species as the crop, CWRs of TG2 are in the same series or
section as the crop, TG3 is the same subgenus as the crop, and
CWRs of TG4 are those in the same genus. Thus, without
detailed information on the reproductive isolation, this concept
can be used to establish the degree of relationship between a
CWR and a crop [23].
The number of CWR species account for about 21% of the
world‘s flora [19,25], assuming that any species belonging to the
same genus as a given crop is a CWR. On that basis, it has been
estimated that there are 50,000 to 60,000 CWR and wild food
plant species worldwide [19]. For Europe, Kell et al. [26] found
that 17,495 (8624 of them endemic), out of approximately
20,590 species, or 85% of the European flora, comprise crop and
CWR species. Maxted et al. [23] argued that a more targeted list
of globally important CWR species could be obtained by
focusing on the crop genepool GP1b or on taxon groups TG1b
7
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and TG2, containing the closest CWR species. By applying this
to genera that contain major and minor food crops, as defined by
Groombridge and Jenkins [27], that the resulting 77 genera
contain 10,739 CWR species that are congeneric to these genera,
and of these 221 are very close wild relatives and 471 close wild
relatives [25]. Thus, as a working estimate, there would be,
globally, around 700 closely related CWR species (i.e., less than
0.26% of the world flora), which are of a high value in terms of
their potential use in plant breeding programs and would deserve
the highest priority to conserve the genetic diversity of major and
minor food crops [21,28].
Vincent et al. [29] used the genepool and taxon group concepts
to estimate CWR relatedness for 173 priority crops included in
Groombridge and Jenkins [27] and the Annex 1 of the
International Treaty for PGRFA. Additional taxa more remotely
related to crops were added if they had useful traits for crop
improvement. The inventory contains 1667 taxa, belonging to
1392 species in 108 genera and 37 families. It also includes
ancillary data, such as their regional and national occurrence,
seed storage behavior, and herbaria, housing major collections of
CWRs. This inventory is available online as searchable resource,
called the Harlan and de Wet inventory, and is actively
maintained [30]. This list can be regarded as the most
comprehensive one, based on clear criteria. A number of other
global priority lists, typically developed in the context of specific
projects, are less comprehensive, have less well defined or
complex criteria, and have not been used as widely as the list by
Vincent et al. [29]. Two African regional checklists [31,32] and
several national checklists and inventories have also been
developed and are available on the CWR global portal [33].

General Threat Status of CWR
Since the successes of the so-called Green Revolution in the
sixties and seventies of the last century, with the breeding of
high-yielding varieties of a number of important food crops
worldwide, in particular by the CGIAR research centers, a vast
replacement of traditional varieties of these crops by the newly
bred varieties resulted in a significant loss of genetic diversity
8
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and triggered a systematic collecting and conservation of in
particular landraces in the newly established genebanks. The
Green Revolution also impacted on the agricultural production
systems through the promotion of fertilizers and the use of
pesticides, leading to a much more intensive agriculture. This
development impacted also indirectly on CWRs, especially those
that grew in cultivated fields, on field margins and along
roadsides. Consequently, they were included in the global
collecting efforts coordinated by IBPGR [9]. The authors
reported that 25% of the collecting missions were dedicated to
CWRs. About 60,000, or 27%, of the 220,000 collected samples
were CWRs, mostly forages, including forage shrubs and trees
(53.2%), followed by wild cereals (10.4%), wild legumes
(9.4%), wild vegetables (7.6%), and wild root and tuber species
(7.6%).
As for other wild plant species, the genetic diversity of CWRs
continues to be eroded by global threats, such as: changing land
use; climate change and natural calamities, becoming possibly
the biggest threat through different specific impacts on CWRs;
changes in agricultural practices; over-exploitation or excessive
use; nitrogen deposition; and invasive species. Other factors
include overgrazing and desertification; agricultural subsidies,
such as that of biofuel crops, maize, and rubber; the development
of aquaculture; reclamation of wasteland; pollution; and others
[22].
Specific examples of global threats leading to genetic erosion of
CWR species have been presented by [22,34] and [9]. The latter
authors noted much fewer publications on genetic erosion of
wild plants and CWRs, compared to those on crop species. Jarvis
et al. [35] predicted a loss of almost half of the current
geographic ranges of CWRs of peanuts in South America,
cowpeas in Africa, and wild potatoes in Central and South
America. They also projected that between 16% and 22% of
these species would go extinct by 2055. Lira et al. [36]
concluded from model studies in Mexico that eight of the wild
Cucurbitaceae taxa will not survive under accepted climate
change models. Erosion of traditional crops and their wild
relatives is greatest in cereals, followed by vegetables, fruits, and
9
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nuts and food legumes [15]. As part of the GPA II
implementation assessment for the period 2012–2014, 32
countries reported to FAO to have conducted more than 5200
PGRFA surveys, covering 1823 species (predominantly wild).
Of these, 56.3% were rated as threatened, i.e., they were no
longer cultivated or did no longer occur in situ in most of their
previous areas of cultivation or occurrence [22].
The most commonly applied means of assessing threats to wild
taxa are The IUCN Red List of Threatened Species criteria [37],
including for CWRs [38]. Some countries, e.g., Germany, have
their own system for assessing endangerment status at national
level [39]. IUCN has started to place some focus on CWR threat
assessments. Their Plants for People Initiative, for example,
included the assessment of high priority CWRs. CWRs are
flagged within the IUCN Species Information System. The
IUCN Red List of Threatened Species version 2017-2 included
760 CWR assessments [40]. The IUCN Red List status was
assessed for 572 CWR species in Europe, and 11.5% of these
species were classified as threatened (categories ‗vulnerable‘,
‗endangered‘, or ‗critically endangered‘) and 26 species were
reported as ‗near threatened‘ [41]. Bolivia established a red list
of CWRs using the IUCN criteria [42]. Maxted et al. [28]
reported that the loss of genetic diversity within CWR species is
likely to be much greater than the loss of species. Most of the
species that are able to survive the threats they are exposed to
will suffer some genetic erosion or loss of genetic diversity. The
increasing impact of climate change is likely to impose heavy
selection pressure on CWR populations. This could easily lead to
a loss of genetic diversity and, consequently, species may not be
able to adapt as readily and quickly to changing conditions as
before. Thus, this vital diversity that is required to underpin food
security might not be any more available to breeders [28].
Genetic erosion occurs also in genebanks due to intercrossing
with other accessions during regeneration, selection, genetic
drift, and shift because of unsuitable growing conditions, loss of
viability in storage, or also due to human errors during
cultivation. As CWRs are difficult to grow, genebanks might
tend to wait as long as possible with regenerating them and, thus,
10
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seeds might lose their viability and thus cause genetic erosion
[43]. The lack of knowledge about the biology of CWR species,
the absence of a good infrastructure for their cultivation, and
other factors, such as adequate funding for conservation, might
well contribute further to genetic erosion, in particular within
accessions [9].

An Assessment of Peculiarities of CWRs with
Respect to Conservation Management
Biological Peculiarities
CWR species possess characteristics that allow them to survive
in nature. Such characteristics are, in many instances, not
suitable for cultivation. As CWRs are most valued and valuable
as reservoirs of new genetic diversity and traits required by plant
breeders, this diversity is evolving in nature while being exposed
and adapting to (changing) environmental conditions. Storage in
a genebank would not allow such adaptation processes to take
place while being conserved. This means that one has to consider
where to conserve the CWR, i.e., in their natural habitat (i.e., in
situ), in a genebank or botanic garden (i.e., ex situ), and/or a
combination of the two. Both the GPA II [16] and the CBD [15]
regard in situ conservation as the strategy of choice for CWRs,
backed by ex situ.
With respect to in situ conservation, the obvious advantages
compared to ex situ conservation are that CWRs can be
conserved dynamically, providing for ongoing evolution and for
a wider coverage of their genetic diversity. However, a number
of preconditions to achieve this are presently not met, including
lack of biological information on the species themselves, their
taxonomy, distribution, and threat status.
With respect to ex situ conservation, one should realize that crop
species have lost most or all of the ‗wild‘ characteristics during
the domestication process. Typical examples are shattering, day
length sensitivity, variable and non-determined flowering period,
fragile ears (in the case of cereals), etc., which CWRs do
possess. Thus, their management in an ex situ condition might be
very difficult and requires ample experience. Many wild species
11

www.videleaf.com

Prime Archives in Agricultural Research

have a limited distribution area, compared to most crops, and are
an integral part of ‗their‘ natural ecosystem. Their adaptability
might be limited and, thus, also their ability to adapt to new
environments (i.e., in particular, those of a genebank setting)
might be low. Consequently, their optimum ecological
conditions should be known when growing them outside their
distribution area, in order to produce healthy and vigorous
seeds/planting materials for subsequent storage. Furthermore,
their biological reproduction ‗system‘ should be known to ensure
an effective reproduction, especially in case pollinators are
required.
Storage behavior of CWR seeds might be unknown as seed
biological aspects are unknown and, thus, require testing to
ensure optimum storage conditions; standard viability seed
testing methods might not function properly and/or more
advanced viability tests might be used; collected seeds might be
very variable in quality, i.e., not uniform in their maturation
status and, thus, with variable longevity expectations; seeds
might have dormancy and/or could possess hard seeds, whereas
no treatments are (yet) known; typically only small samples have
been collected and, thus, there is in general a need for
(immediate) multiplication before storage; possible presence of
pest and disease in or on the material (vegetative material, nonorthodox seeds, and/or orthodox seeds) could have implications
for outgrowing in the field or greenhouse, for viability testing,
storage, and distribution [44].
The lack of knowledge and information on the existence,
distribution, and genetic diversity patterns of CWRs make their
adequate collecting difficult. This includes the application of the
best possible sampling strategy, including the number of plants
per population (if there would be such an option to decide), the
number of populations for a defined area, or even the entire
distribution area of a given CWR, the right timing of the
collecting mission, etc. (for details of these and other collecting
aspects see [45–47]). This general lack of information is
certainly one of the main reasons why CWR genetic diversity is
sub-optimally represented in ex situ collections.
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Notwithstanding the high importance accorded to in situ
conservation of CWR, in particular in protected areas [21], the
effectiveness is reported to be more uncertain than in genebanks.
At the same time it should be noted that the main rationale for in
situ conservation is based on the likelihood that continued
exposure to changing selective forces will generate and favor
new genetic variation and, thus, there is an increased chance that
rare alleles that may be of value to future agriculture are
maintained [48].
In addition, considering the rather huge numbers of CWR
species reported (50,000–60,000 species), the need to conserve
adequate representation of selected populations for each CWR
species is creating big challenges for an efficient conservation of
CWR diversity [28].

Managerial Responsibility- and Awareness-Related
Issues
It should be realized when establishing priorities for CWR
conservation that their natural distribution does not follow, in
most instances, national borders. Consequently, consultations
with neighboring countries could facilitate comprehensive and
effective conservation of the entire CWR genepool. In addition,
information on the spread and possible distribution patterns of
the genetic diversity within a given CWR genepool will be very
helpful to identify possible sites for in situ conservation and/or to
apply the most efficient sampling strategy when collecting.
According to the CBD, the CWR occurrences are under the
sovereignty of the countries in which they grow. Therefore, in
situ conservation of these species has, necessarily, to include a
strong national component and any regional or global in situ
conservation approach should be based on and/or aim to
integrate or complement such national and local in situ actions.
CWR in situ conservation cannot be centralized at national or
international level, as is possible with ex situ conservation in
genebanks.
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According to FAO [21,22], in many countries, CWRs do ‗fall
between the cracks‘ of the responsibilities of the environmental
and agricultural sectors. This makes it difficult to decide which
organizational entity should be the ‗logical‘ institution to assume
the conservation responsibility in a given country. Constraints
related to this decision are the fact that CWRs are still a not
sufficiently known genetic resource, that they have been
knowingly or unknowingly included in nature protection
measures without specific management or monitoring activities
[28,48], and that they have been maintained by botanic gardens
or genebanks without communication with other stakeholders.
Due to the disadvantaged position of CWRs compared to the
domesticated genetic resources in most countries, the public
awareness on CWRs is, in general, very low; there is no or only
a weak political lobby within institutes and countries and, thus, a
low priority to apply or provide funding for their conservation.
Furthermore, there is a need for training and capacity building;
skills such as taxonomy are limited and dwindling, creating
dependencies on other organizations and countries. Especially in
(remote) rural areas, there is a big need for better awareness and
appreciation of CWRs, their diversity, and their role in breeding
and adaptation to climate change for sustainable agriculture in
order to stand any change of creating sustainable conservation
initiatives.
The establishment and operation of in situ conservation sites can
present administrative, logistical, and legal problems. For
instance, CWR species that occur in ‗disturbed‘ habitats, such as
road-sides and field margins, as well as abandoned agricultural
areas, will most likely not be ‗included‘ in a protected area [28]
and, thus, will require either their ‗own‘ in situ conservation
efforts, for instance, as part of an on-farm management scheme,
and/or should be included in ex situ conservation. However, in
many instances, their existence might not be known to the
national PGRFA programs and/or the local authorities or
conservation projects and, thus, are not on anybody‘s radar.
When considering the conservation of CWRs in protected areas,
it should be noted that this type of in situ conservation is likely
14
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passive, meaning that CWR populations located in protected
areas are not being actively managed and monitored, as most of
the protected areas that harbor CWR species do not have specific
CWR management plans [25]. Active and effective conservation
of CWR populations located in protected areas could be
achieved by expanding the management plans by including
specific actions targeted to CWR [16]. Furthermore, climate
change might lead to pronounced range contractions or range
shifts for many CWRs. This led Aguirre-Gutiérrez et al. [49] to
investigate the impact of climate change on CWRs and to
combine this with monitoring programs, as well as collecting of
CWRs for backing up in ex situ conditions. They conclude that
in situ conservation measures, when ignoring the effects of
climate change, will not be effective for many CWR species and
that large-scale ex situ conservation actions are needed to
safeguard CWRs.
CWRs can create problems for genebanks to manage them in
routine operations, in particular, when specific required species
information is lacking. For instance, to regenerate or multiply
CWR accessions in the field or green or screen house, a
genebank manager has to cultivate these wild species and,
therefore, has to find answers to manage characteristics, such as
a possible low germination rate, the unknown reproductive
biology of the species, possibility of small sample sizes,
shattering, non-homogenous ripening, etc., in order to meet the
agreed standards for genebanks [50,51]. The lack of knowledge,
experience, and facilities to adequately manage CWRs in
genebanks is widely recognized. Thus, many genebanks will
have to seek collaboration with other scientists in the country or
with other genebanks that have more expertise in conserving
CWRs. One option could be participation in a regional CWR
network, through which the coordination of activities with
neighboring countries could be achieved, sharing of
responsibilities could be obtained, etc. The European
Cooperative Program for Plant Genetic Resources (ECPGR) and
its virtual European genebank, AEGIS, is an example of such a
regional network [52]. At the same time, it should be noted that
the conservation of CWRs only ex situ would not be feasible
because of the sheer number of species and the need to sample
15
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and conserve eco-geographically and genetically diverse
populations for each species in a dynamic way [28].

The Need for Prioritization of CWR Taxa
Considering the large numbers of species that are classified as
CWRs, the usually limited financial resources for conservation,
and the fact that many CWR species are not well known and in
most cases lack critical information, there is a strong need to set
clear priorities for their effective conservation. Possible
prioritization criteria for CWRs should address aspects such as:
1. the degree of threat of the species;
2. their genetic closeness to the crop species;
3. the demand for specific traits/species by the (potential) users
(and thus their economic potential);
4. the distribution area (uniqueness, incl. endemism; centre of
origin/diversity) and occurrence of a given species;
5. the conservation status of a given species, including in other
(neighboring) countries of the distribution area;
6. the (physical as well as legal) availability; and
7. the international legal and policy instruments vis-à-vis the
national legal framework.
These criteria are based on priority-setting criteria that have been
used and reported in [53–56]. When countries need to prioritize
CWR species they will select a number of these criteria in
accordance with their national context. The choice and assigned
importance of criteria are therefore likely to vary between
countries, while the most commonly included criteria are the
economic importance of the related crop, the genetic closeness to
the crop, and the threat status of the CWR.
Whereas priority-setting is a ‗standard requirement‘ in
conservation, both for in situ as well as for ex situ approaches,
there are some specific impediments to the prioritization process
of CWRs. Possibly the most important factor is the lack of
information/knowledge on the species themselves (see also the
following section). Another important constraint is that CWRs
are typically not ‗directly‘ used and, thus, not part of a traditional
16
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‗food system‘ (and consequently of a traditional knowledge
system) or of an agricultural production system and, thus, their
intrinsic value is often not recognized.

Availability of and Access to Data and Information
Availability of and access to data and information about CWRs,
i.e., their occurrences, distribution, and threat status, their
taxonomy, biological characteristics, ecological requirements,
habitats, uses and genetic and phenotypic characterization and
evaluation, are essential for the planning and implementation of
effective conservation and use of CWRs. Existing information is
yet mostly scattered, held in different formats (including nondigital) by very disparate entities, many outside the PGR
community, and often not readily available. In hardly any data
source, CWRs are flagged or tagged as such. Accessing this
information is, therefore, resource intensive and time consuming,
even more so as comparing datasets is often very difficult due to
the variety of standards, formats, and data management models
used [26,57–59]. However, quite some progress in proposing
descriptors and data collection formats has been made in the past
few years, e.g., [26,60–64]. In addition, data are often
incomplete and new and/or more data need to be generated or
collected. For example, data about occurrences of CWR
populations are usually derived from databases of ex situ
genebank accessions and herbaria specimen records. These most
often do not reflect a comprehensive picture of the species‘
distribution, can include very old records, and do not include
data about the population status of the recorded occurrence. Field
surveys and collecting require solid taxonomic knowledge of the
local flora, which can be difficult to source. A global database or
catalogue that collects into one place data about CWR
inventories, occurrences, distribution, and in situ conservation
actions currently does not exist.
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The Current CWR Conservation and Use
Status
Facts and Figures on CWR Conservation
In Situ Conservation
Whereas the CBD [14], as well as the GPA [16], recognize the
importance of CWR in situ conservation and regard ex situ
conservation as a complementary conservation effort, the
progress of CWR in situ conservation remains slow and difficult.
In the second State of the World (SOW II) report, it is noted that
in situ conservation is often envisaged to take place in protected
areas or habitats and can be targeted at the species or at the
ecosystem in which they occur [21]. However, the report also
noted that in situ conservation of wild species of agricultural
importance occurs mainly as an unplanned result of efforts to
protect particular habitats or charismatic species. Furthermore,
existing in situ protected areas do not always meet the required
management standards to maintain CWR populations and their
genetic diversity long-term [65]. Whereas the number of
protected areas globally has increased considerably and the total
area covered by protection expanded from 13 in 1996 to 20.3
million square kilometers in 2020, covering 15.2% of the
terrestrial surface [66], it should also be mentioned that, in
general, areas with the greatest diversity, for instance within
centers of origin and/or diversity of our crops, have received
significantly less protection than the global average [21].
Several countries informed as part of the SOW II report [21] the
establishment of protected areas for CWRs, e.g., Armenia
(CWRs of cereals), Ethiopia (wild populations of Coffea
arabica), Mexico (Zea perennis and Z. diploperennis, CWR
species of maize), China (86 in situ conservation sites for CWRs
of different crops), Turkey (protected areas for CWRs of cereals
and legumes), and Syria (protected areas for CWRs of cereals,
legumes, and fruit trees). Hunter and Heywood [55] reported the
establishment of a citrus wild relatives‘ gene sanctuary in
northeast India in 1981. A similar genetic reserve for wild
relatives, including relatives of lychee, longan, and citrus, was
established in Vietnam. They also mentioned that certain wild
species of mangoes and other wild relatives are known to occur
18
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in biosphere reserves, national parks, and other reserves in India,
Indonesia, Singapore, the Philippines, Thailand, and Sri Lanka,
but little targeted in situ conservation has been undertaken. In
Europe, the first CWR genetic reserves were designated in 2019,
when, in Germany, a network of genetic reserves for four wild
celery species was established [67–69]. As of February 2020, the
network included 15 genetic reserves and more are in the process
of being established.
The aforementioned summary assessment of GPA II [22] noted
an increased attention to CWRs in the context of in situ
conservation and management. Overall, 14.2% of the over
15,000 in situ conservation sites that were listed in 20 country
reports had management plans addressing CWRs and wild food
plants. A total of 78 activities on in situ conservation and
management were implemented with institutional support in 19
countries. A total of 16 countries reported an estimated total of
2141 CWRs, including species from primary and secondary
genepools, as well as species previously used for breeding but
belonging to the tertiary genepools, and wild food plants,
actively conserved in in situ areas. The average per country is
amounting to 134 CWR species with a maximum of 840 species
in one country. However, the overall developments, with respect
to the implementation of the in situ conservation priority
activities of GPA II, were limited in scope and the reporting
countries rated their achievements with respect to this priority
activity as the lowest across all the 18 priority areas that make up
the Second GPA [22].
Vincent et al. [65] assessed 167 of the most important food crops
for improving food security and income generation and
identified 1425 priority CWR species related to these crops.
They modeled the distributions of 791 of these priority CWRs as
the basis for the identification of 150 sites for in situ
conservation. Individual CWR species, in general, were found to
be well represented in current protected areas; only 35 (2.5%) of
the studied species, related to 28 crops, were distributed
exclusively outside of protected areas. If a threshold of 50% or
more of the potential genetic diversity of a CWR, based on
ecogeographic land characterization diversity [70], occurring
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within protected areas, is considered adequate for genetic
conservation, then 112 of the assessed CWR species are underconserved, while 91% of CWRs are well represented within
existing protected areas. Effectively conserving the top 10 CWR
sites inside protected areas and the top 10 sites outside protected
areas as defined in the pragmatic scenario, would only require
active management of ~2000 km2 globally and would protect
475 CWR species, and 1257 unique CWR/adaptive scenario
combinations. Vincent et al. [65] propose to manage these as a
global in situ conservation network.
As any other wild species, most of the CWRs might not have any
direct economic or nutritional relevance to local communities
and, thus, might not be of interest to them. In fact, some of them
might even be weedy and constitute a nuisance to local farmers.
Therefore, CWRs might not be very attractive for inclusion in a
local ‗on farm‘ conservation program [15], and in case their
distribution area is not part of a protected area setting, local
communities will not be interested in participating in a
conservation activity if no benefits/funding will be provided.
Only in cases where the CWR species occur in a protected area
(targeted or ‗by chance‘: [15]), their conservation might be easier
and more sustainable as long as some sort of a monitoring
system does exist.
In some cases, however, CWRs play a known and appreciated
role in local and, typically, traditional cropping systems and,
thus, will be valued by local farmers or communities.
Consequently, conservation approaches might be easier and
could directly involve the local people, as long as benefits will
be generated through such activities. Examples of such situations
include the regular re-domestication of Dioscorea cayensis
subsp. rotundata in Benin; the use of Dioscorea spp. in West
African countries by facilitating the introgression between wild
and domesticated yams, as this is an important improvement
strategy; the use of Ensete ventricosum in Ethiopia for regular
incorporation of ‗wild‘ seedlings into the fields of the cultivated
crop; or the selection of wild walnut genotypes for cultivation in
Kyrgyzstan [21]. From a crop evolutionary perspective and more
related to traditional agricultural production systems, tolerating
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CWR species which are weeds, especially in field-borders, as
pollinators of the cultivated material and, thus, assumingly
increasing the genetic diversity of the crop for subsequent
selection, is another example. However, also the opposite can be
true that CWR play a detrimental role in farmers‘ field, for
instance, as noxious weeds.
Ex Situ Conservation
Traditionally, ex situ conservation is the main approach that
countries have taken to conserve CWRs. Genebanks play an
important role in the overall conservation of CWR germplasm;
in fact, they (should) provide a link between in situ conservation
and the users‘ communities at various levels. This role is
essential as they typically are specialized in long-term
conservation, distributing or exchanging requested materials,
characterizing and evaluating the stored accessions, keeping
detailed information records on the individual accessions and, in
some instances, conducting pre-breeding activities to facilitate
the use.
Genesys, the largest global database on ex situ conserved
germplasm accessions, provided data (as of 11.01.2020) for
4,097,112 accessions, of which only 12% are classified as wild
material, thus possibly also including some non-CWR species
[71]. The European Search Catalogue for Plant Genetic
Resources (EURISCO) [72] contains data for 2,023,530
accessions. Among those, 12.15% are reported as wild.
According to Ford-Lloyd et al. [34], the 1095 CWR species
reported in EURISCO, at the time the research was undertaken,
only represented 6% of the 17,495 CWR species found in
Europe. This means that 94% of European CWR species are not
conserved in ex situ collections.
The SOW II report [21] provides an average percentage of wild
species, predominantly CWRs, for each of the 11 major crop
groups, varying from 4% (food legumes and fiber crops) to 35%
(forages) and 46% (industrial and ornamental plants). The
overall mean for the almost 7 million reported accessions of wild
plants is 10%, most of them being CWRs.
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For a number of reasons, many CWRs are represented by a small
number of accessions per species in the collections, both in
genebanks and in botanic gardens. As an example, of the 1076
global priority CWR taxa identified in a study about global CWR
conservation priorities [73], ‗only‘ 763 or 70.9% are included in
genebanks; among those, 257 taxa are represented by less than
10 accessions each. Over 95% of the taxa examined were found
to be insufficiently represented in genebank collections with
respect to their full range of geographic and ecological variation
in their native distribution area. In many instances one would
find just few accessions per taxon, e.g., only 5.4% of the CWR
taxa in EURISCO are represented by 10 or more accessions,
whereas 90.5% of the CWR taxa have less than 5 accessions.
Due to the already mentioned difficulty to collect adequately
sized numbers of seeds/plants per population, many of the
accessions consist of (too) small quantities of seeds and are
genetically poorly sampled [74]. In addition, the stored seed
samples have frequently a low(er) viability due to the difficulties
to grow them out for regeneration purposes [75]. Another aspect,
related to lack of information/knowledge, concerns taxonomic
identification of the CWR, including to which crop genepool
they belong. This will directly impact on the priority-setting and
possible subsequent conservation, both in situ and ex situ, as
well as on their use.
In a study of ex situ holdings of 23 selected genepools of the
major crops included in Annex I of the International Treaty, i.e.,
those materials that countries agreed to form the backbone of the
multilateral system of the International Treaty, the authors
calculated an average non-weighted percentage of CWR
accessions in genebank collections (without the international
collections held by the CGIAR genebanks) of the selected
genepool worldwide of 9.6%, ranging from 0% for coconuts
(there are no CWRs known) to 33% for grass pea (a little bred
crop) (Figure 1). The total global holdings considered in the
study of the selected genepools (without the collections held by
the CGIAR genebanks) were 3,149,371 accessions [76].
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Figure 1: Percentages of CWR and landrace accessions in genebank collections
of 23 selected crop genepools.

When looking at the primary genepool, 242 of the 1667 CWR
taxa included in the Harlan and de Wet CWRs inventory were
found to be under-represented in ex situ collections and the
countries identified as the highest priority for further germplasm
collecting are China, Mexico, and Brazil [29]. Khoury et al. [77]
used gap analysis to assess the degree of representation of
Cucurbita CWR taxa in conservation in situ, as well as ex situ in
genebanks and botanic gardens. For the Cucurbita genus,
including 16 CWR and six cultivated species, the authors
established detailed taxon-related ex situ, as well as in situ (i.e.,
protected areas) conservation priorities and suggested further in
situ protected areas that would cover the greatest amount of
populations of the largest number of taxa. Khoury et al. [77]
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concluded that 68.8% of wild Cucurbita taxa were assessed as
high or medium priority for further collecting for ex situ
conservation and 81.3% had a high or medium priority for
further protection in situ, including all of the progenitors of the
cultivated species. Furthermore, four taxa were listed as having
very few accessions and, thus, very limited diversity is available
for crop breeding. Khoury et al. [77] suggested that these figures
might be considered as ‗typical‘ for the CWRs at large.
Besides their conservation in situ and in genebanks, botanic
gardens have also been collecting and storing CWR materials in
their collections, as demonstrated by the PlantSearch database,
which is an information platform for 1155 botanic gardens that
collectively maintain plant, seed, or tissue collections of 589,526
taxa [78]. The database reveals that botanic gardens maintain at
least 30% of all known plant species in their own collections,
including that more than 41% of species assessed are globally
threatened. Many of these wild species are CWRs. Almost onethird (315, or 28.6%) of the 1076 aforementioned global priority
CWR taxa are maintained by botanic gardens [79].
A recent major effort of collecting new CWR samples was made
by the project ―Adapting Agriculture to Climate Change‖ [80],
which focuses on the wild relatives of 29 crops included in
Annex 1 of the International Treaty; over 4500 new CWR
samples were collected for ex situ storage, evaluated for useful
traits, and enhanced or pre-bred for use in crop improvement
programs.
Complementary Conservation
As already noted above, both the CBD [15] and GPA II [16]
refer to the need to complement in situ conservation efforts with
ex situ measures. Genebanks have recognized strengths in
facilitating easy and targeted access to specific material (which
is problematic for in situ conserved material) and to allow secure
and long-term conservation as part of the conservation and use
continuum. Especially when environmental change is too rapid
for evolutionary change and adaptation, or migration, it can be
easily understood how and why ex situ measures would
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complement or even replace in situ conservation and thus
provide for the most effective approach [22,81]. Such a
complementary approach requires that in situ and ex situ
conservation measures have to be carefully planned and
combined, thus securing a holistic combination of the two, which
capitalizes on strengths and avoids weaknesses of one or the
other. This will require a good understanding of the (seed)
biology of the species, their threat status, priorities assigned to
the individual CWR species, and other aspects; an assignment of
clear responsibilities, including, for instance, to the agricultural
and environmental sectors; if applicable, to link conservation and
development; adequate and comprehensive information
management; facilitation of adequate coordination with other
stakeholders and countries; the verification of clear ownership
rights over areas where the to-be-conserved CWRs occur;
support of public awareness on the importance of CWR
conservation; and, where necessary, to ensure the engagement of
the broader public.
As an example, Hunter and Changtragoon [82] conclude, on the
basis of regional project experiences, that for wild relatives of
tropical fruit trees, any conservation strategy should contain
elements of both in situ and ex situ conservation and should have
a focus on conservation, both inside and outside protected areas.
It should also ensure coordination of planning and
implementation, institutionalize the practice of wild relative
conservation, promote public awareness and understanding,
create a suitable policy environment, and highlight the many
benefits derived from their sustainable conservation and use. In
situ approaches seem feasible for conserving wild relatives of
tropical fruit trees, but experiences with targeted species and
actions inside and outside protected areas appear to be relatively
few. Consequently, wild relatives of tropical fruit trees remain a
largely under-conserved natural resource, both ex situ and in
situ, and are continuously under threat in their natural habitat
from neglect and over-harvesting [82]. Vincent et al. [65] note
the generally accepted requirement for complementary
conservation, i.e., to also cover in situ conserved materials in
genebanks, a process that has started recently. They further see a
particular need to develop CWR in situ activities that enable the
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conservation of geographically partitioned genetic diversity
which retains potential for local environmental-evolutionary
adaptation.

Facts and Figures on CWR Use
The term ‗use‘ needs to be applied in its widest sense for CWRs.
The traditional understanding is the use of genetic diversity in
plant breeding by crossing cultivated material, usually advanced
varieties with CWRs and through a strong selection to obtain
genotypes, with the traits that have been transferred from the
CWR species. Furthermore, CWRs are an important target for
research on crop evolution and are, indirectly, an important
component of research on the origin and spread of agriculture.
With the increasing focus of conserving CWR in situ (including
on-farm), the ‗direct‘ use of CWRs by local communities and
farmers has now also received some more attention. Another
dimension of ‗using‘ CWRs is their not well understood and
accepted role in and contributions to the evolution of crops and
plants at large. Through the overall conservation efforts of the
flora (and fauna) in natural habitats and protected areas, of which
CWRs are an integral part, they contribute to a healthier
environment, healthy ecosystems, and the provision of
ecosystem services. However, this latter aspect is not part of the
focus of this paper. Furthermore, the appreciation of the
economic value of CWRs and their contribution to the global
economy is an aspect that would fall under the term ‗use‘.
In tropical zones, wild fruit harvested from forests contribute
significantly to the total income and to sustainable nutritious
diets of many rural households, apart from contributing
substantially to important ecosystem services [29]. Wild relatives
and wild-growing semi-domesticated species of tropical fruit
trees also provide services to domesticated fruit trees in terms of
resistance to extreme abiotic and biotic stresses through their
high levels of genetic diversity [82].
More widely applied is the use of CWRs in pre-breeding and
breeding programs and in research, in particular in countries with
strong breeding companies, where facilities and technologies, as
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well as funding, are available to exploit these ‗difficult‘
resources. Today, climate change is causing dramatic changes
that are being experienced around the globe, especially global
warming and the related increase of severe erratic weather
conditions. These changes have a significant impact on
agricultural production systems that need to be addressed as
well. To allow crops to cope with and/or to adapt to more
extreme weather conditions, including heat, drought, flooding,
and increased salinity, there is a strong need for more genetic
diversity than currently available for most crops from which
plant breeders can select specific traits and resistance genes to
‗equip‘ new varieties to cope with these changing conditions. In
particular, the use of CWRs, as a known source of traits for
introgression into the crops, has proven to offer such solutions,
especially to overcome biotic stresses [8]. As CWRs do possess
a much wider array of traits and allelic diversity, as well as
‗new‘ genetic variation compared to our modern crops, they are
an important asset to be included in the breeding pools of our
plant breeders and, thus, to be accorded a high priority in their
conservation and research and management activities that
facilitate their use by plant breeders, worldwide [73,83,84].
‗Historical‘ examples of CWRs in plant breeding include the use
of wild Aegilops, Secale, Haynaldia, and Agropyron species in
wheat breeding [85], the introduction of resistance to late blight,
which is caused by Phytophthora infestans and is found in the
wild potato Solanum demissum [86], as well as other disease
resistances and tolerances from different potato CWRs [87].
Resistance against stem rust caused by Puccinia graminis subsp.
graminis derived from the wild wheat Aegilops tauschii [88], in
another example. In the early 1970s, resistance to the grassy
stunt virus was found in wild Oryza nivara and now this gene
can be found in almost all material bred by the International Rice
Research Institute in the Philippines [34]. Maxted and Kell [25]
reviewed the use of CWR in crop improvement in 291 papers
reporting the identification and transfer of useful traits from 185
CWR taxa into 29 crop species. Wheat and rice accounted for
almost 84% of the transfers and 56% of the inter-specific trait
transfers related to pest and disease resistances.
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The above historical examples demonstrate the past focus on
trying to identify traits of interest through phenotypic
characterization and evaluation [28]. Whereas the inclusion of
genetic diversity from the wild genepool in breeding activities
was difficult [21], the advancements in molecular genetics and
the related tools allow a much more ‗targeted‘ use of CWRs.
Through the possibility of transferring specific parts of the
genome, i.e., traits, genes, and/or alleles into the genetic
background of improved breeding materials, the hesitation of
using CWRs is fading and, thus, their importance for breeding is
increasing. According to Ford-Lloyd et al. [34], genomic-based
resources, map-based cloning, analysis of quantitative trait loci,
gene isolation, and genetic modification are increasingly
significant to exploit the potential of CWRs. Genomic databases
containing information on genes associated with adaptive
characters must increasingly be linked to web-enabled databases
of ex situ conserved CWR germplasm, such as EURISCO [72].
Furthermore, predictive characterization, Focused Identification
of Germplasm Strategy (FIGS) [28] and eco-geographical
filtering method [89] are other promising approaches to facilitate
the use of CWRs in breeding.
The number of CWR genomes sequenced has grown
significantly over the past decade and in 2016 the number of
crop genomes sequenced was ‗only‘ about three times higher
than that of sequenced CWR species, which were about 40 [90].
For example, Bertioli et al. [91] sequenced two wild peanut
species (Arachis ipaensis and A. duranensis). Peanut is an
important food source for many farmers in the developing world.
The CWR genome sequences will provide breeders with new
tools for enhancing the crop, and for developing new varieties
more resistant to pests, diseases or with improved abiotic
tolerance traits. It is hoped that this positive trend of more CWRs
to be sequenced continues and thus, allows a better exploitation
of the important traits that CWRs harbor, including
quantitatively inherited traits.
A study carried out by PwC [92] assigned an indicative value of
$42 billion to the CWRs of 29 major food crops, with a potential
to reach a value of $120 billion in the future. All these 29 crops
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are included in Annex 1 of the International Treaty on PGRFA.
Pimentel et al. [93] reported an estimated value of $115 billion
that CWRs contributed toward increased crop yields per year
worldwide. In addition to their economic value, CWRs are also
being valued for their not so well-known contributions to
ecosystem services [34]. Tyack and Dempewolf [94] have
reviewed past economic values of CWRs, including the
previously cited studies, and propose an improved conceptual
model for understanding the economic value of CWRs under
climate change, expanding it from the focus of gross production
to including a series of other values and costs.

What Needs to Be Done to Conserve and Use
CWRs More Effectively?
From the information, facts and figures presented above, it is
apparent that further concerted assessment and conservation
efforts are required in order to keep these valuable resources and
the traits therein available and accessible to the users, now and in
the future. In this section, we summarize findings and identify
actions for efficient conservation and sustainable use of priority
CWRs. Important aspects that require attention to underpin the
conservation efforts are presented.

Documentation
Documentation and availability of CWR data are the basis for
the assessments of conservation and threat status, conservation
planning, and monitoring, but are yet insufficient to provide
more precise assessments and concrete figures about status and
trends of CWR diversity. In recent years, tools and descriptors
have been developed to support CWR data collection and
management (see Supplementary Materials Table S1). The
Secretariat of the International Treaty is currently developing a
globally agreed descriptor list for CWR data exchange as a
further step towards harmonizing CWR data recording and
exchange and facilitating the development of national and global
CWR databases. Based on these standards and tools, all relevant
data at national level required for CWR conservation planning
and management should be brought together in an accessible as
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well as standardized format into national CWR databases or
portals. Furthermore, the development of a global CWR data
portal, analogue to Genesys, the global hub for ex situ data,
should be considered. National CWR databases could then
provide data to this global resource. Such a global portal would
allow reaching a better understanding of global CWR
distribution and conservation status. It would serve as an
important tool for sharing information and supporting more
effective planning, conservation, and monitoring at the national
and international levels, as well as international collaboration in
CWR conservation.
An increased recognition among the actors within the
environmental sector responsible for nature protection and
protected area management that CWRs constitute a group of
very valuable PGRFA, would possibly support flagging and data
recording in their respective databases and monitoring activities,
and integration of CWR conservation aspects into existing nature
protection networks and activities.

In Situ Conservation
As each country is responsible for the conservation of the natural
resources within its territory, CWR conservation is logically and
mainly addressed at national level. To secure these resources
effectively and long-term, systematic and coordinated
conservation is essential, as well as integrating in situ and ex situ
measures. In most occasions, however, CWR in situ
conservation has been carried out within the framework of
projects, which are limited in time, hardly ever running for more
than five years. A more stable organizational and financial basis
for CWR conservation at the national level is therefore required
in most countries. This can be supported and facilitated by
developing a national strategic action plan for CWR
conservation.
There is no single method for planning CWR conservation or for
developing such a strategic plan, as related factors, such as
financial and human resources, availability and quality of
baseline data, the range, role and responsibility of relevant
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stakeholders, or the commitment of national governments, vary
between countries. Nevertheless, a series of steps and decisions
in the conservation planning process are likely to be common in
most situations. These include the development of a CWR
checklist, prioritization of CWRs, development of an inventory
of the priority CWRs, threat assessments, gap and diversity
analyses, and the identification of priority sites and actions for in
situ and ex situ conservation [56].
The development of a national CWR organizational plan and an
efficient coordination mechanism are important to facilitate
coordination and collaboration. These measures require and will
greatly benefit from the establishment or provision of a nationwide information platform that facilitates the routine operations,
allows the necessary coordination, and enables adequate
reporting. The collaboration between the various important
stakeholders at the local, provincial, and national levels is a
prerequisite for effective and sustainable conservation
operations. At the national level, adequate coordination between,
in particular, the ministries of agriculture and environment and
their implementation bodies is critically important to facilitate
the identification and management of protected areas that target
or include CWRs and to allow the participation of key
stakeholders in the planning and implementation of projects and
activities, including the support of research and awareness
creation. Considering the specialized skills and facilities required
for efficient and effective conservation of the CWR genepools,
close collaboration with neighboring countries, possibly in the
context of a regional network, seems to be very important to
allow an adequate conservation of the total genetic diversity
range of a given CWR species.

Ex Situ Conservation
Targeted and adequate collecting of highly threatened and
prioritized CWR materials from their natural distribution areas,
as well as of populations that are requested for research and use,
is a critically important step to avoid genetic erosion and to
facilitate use. A close collaboration with local communities and
their conservation activities is important, as well as coordination
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with botanical gardens and other ex situ conservation programs.
During collecting, it is important that an adequate number of
populations of targeted CWR species is sampled and that the
samples are of an adequate size. To ensure effective conservation
for each collected CWR species, specific conservation standards
need to be used; where necessary, further research might be
required. One such research area is on seed biological aspects
(see, for instance, [44,51] and/or the application of already
developed advanced methods, e.g., on germination testing, using
potential markers as volatile compound [95,96], changes in
methylation [97,98], or DNA and RNA integrity [99,100]). The
morphological and/or molecular characterization as well as
further evaluation of conserved samples will be an essential step
to facilitate their use, where applicable this should be done in
collaboration with neighboring countries. One other example
could be the application of cryopreservation of embryos, cells,
tissues, or seeds as a long-term conservation method, especially
for CWRs that cannot be conserved in the form of orthodox
seeds.
A national CWR priority list provides the foundation for targeted
collecting of threatened populations and for the development of
complementary conservation efforts that reflect the long-term
conservation needs, the biology of the species, the needs of
users, accessibility to specific materials, and the requirement of
exchanging/distributing
germplasm.
Well
planned
characterization and evaluation of prioritized accessions will
increase our required knowledge and understanding of the
genetic diversity aspects of the CWRs and thus enable and
facilitate effective conservation as well as the targeted and
sustainable use of conserved material.

Complementary Conservation Approaches
When planning CWR conservation approaches, a number of
considerations will be important to take into account, especially
when realizing that in general limited information is available
about these resources. Furthermore, different infrastructures and
technologies are needed to collect, conserve and monitor the
material under conservation. In addition, geographical,
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technological, scientific as well as political/legal aspects will
have to be considered and should complement each other well.
As mentioned before, complementary conservation is not a
‗method‘, but rather a conceptual framework that helps with the
systematic planning of conservation efforts for a given species
and under specific ‗local conditions‘. An example of such a
framework is provided in [101]. So far, little practical experience
can be reported. The approach should lead to practical and
efficient, long-lasting, and cost-effective conservation activities
for a given species. Examples of such pragmatic approaches
would be to include populations of CWR species conserved in
situ also in ex situ storage as a safety back-up and to facilitate
their access for use. In case species cannot be (safely) conserved
in situ, for instance, due to financial or administrative constraints
or when the species is highly threatened, attempts should be
made to conserve the threatened species ex situ in a genebank.
As use might be regarded as the ultimate goal of a conservation
effort, it seems obvious to involve the users (primarily breeders)
also in a prioritization and conservation planning exercise. Thus,
the requirements of possible users of conserved germplasm can
be duly reflected in the conservation approach, including specific
aspects such as that the conserved materials can be shared easily
with users in an appropriate form and quantity.
The very fact that only limited practical experience has been
made with complementary conservation, the fact that the best
possible combinations will vary from place to place and species
to species, means that it will require more research to allow
optimal solutions for effective and efficient conservation and
sustainable use of individual CWR species to be identified. The
development of a generic decision tree and supporting guidelines
could be an important contribution to a more comprehensive,
effective, and efficient complementary conservation of CWRs, at
the various levels.

Supporting Use
Concerted efforts that facilitate the use of conserved CWR
germplasm, either in in situ or ex situ conditions, are needed to
33

www.videleaf.com

Prime Archives in Agricultural Research

enable a more effective and increased use of the often-unique
genetic diversity contained in these threatened resources. Such
efforts can be very diverse and include for example better
management practices in a genebank or protected area, with
respect to the representation of genetic diversity (as populations
and/or as pure lines, etc.), ensuring an adequate coverage of the
genetic diversity that exists within a species in the collection,
and very importantly increasing the level of characterization and
evaluation of individual accessions (both morphological and
molecular), providing much more information on the CWRs
conserved in genebanks and improving the availability and
accessibility of data.

Strengthening the Conservation System
In the context of this paper, the national approach is possibly the
most relevant one, but with the clear understanding that the ‗real
action‘ will have to be undertaken ‗on the ground‘ at the local
level and, whenever possible, for both in situ and ex situ
approaches. However, when considering the many difficulties to
ensure an effective and secured conservation of these species, it
is obvious that many of the less well-endowed local genebanks
and botanic gardens will require support to implement such
conservation activities adequately, in order to contribute to a
sustainable and long-term safeguarding of CWR.
National Level
There are a number of steps that need to be addressed at the
national level to achieve effective, efficient and long-lasting
conservation of CWR. The FAO published voluntary guidelines
on the conservation of CWRs and wild food plants that provide
an overview of all relevant steps that should be considered while
planning and implementing conservation activities [19]. Some of
these steps are mentioned in the following list:
1.
2.

34

Establishment of a comprehensive picture of the national
botanic diversity;
Elaborating a national CWR checklist and inventory, e.g.,
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CWR conservation with broader national ecosystem, habitat
and species conservation plans;
3. Prioritization of CWR taxa/diversity;
4. Eco-geographic and genetic diversity analysis of the priority
CWR taxa;
5. Identification of threats to priority CWR taxa and important
CWR areas;
6. Gap analysis and establishment of CWR conservation goals;
7. Development of in situ/ex situ CWR national conservation
actions [50,103], in accordance with the other forms of
conservation, mentioned in point 2 above;
8. Identification of key national CWR protected areas based on
gap analysis, on the CWR inventory and occurrence data,
the threat status as well as of CWRs under-represented in
genebanks;
9. Establishment of national CWR genetic reserves as well as
of targeted CWR ex situ collections; and
10. Elaboration of concrete suggestions on how to strengthen
utilization, research and education.
A helpful website in preparing and implementing CWR
checklists and inventories, as well as conservation strategies,
might be the ‗CWR Global Portal‘, established and updated by
Bioversity International (now called the Alliance of Bioversity
International and CIAT) [104]. It provides access to the
Interactive toolkit for CWR conservation planning [56].
Guidelines and tools that can support national CWR
documentation, prioritization, conservation planning, and
implementation are summarized in Supplementary Materials
Table S1.
A close collaboration between the national PGRFA program and
those concerned with protected areas in a given country will be
indispensable to avoid mistakes, to ensure that the best possible
management approaches are being used, and that the existing
strengths spread over people and institutions are being combined
for successful implementation of in situ conservation. This
collaboration can also address concerns that typically only a
limited number of CWR species is included in protected areas.
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Local Level
The national CWR conservation approach will obviously have to
address and include the local level actors‘ roles and
responsibilities. However, often there is very limited published
information on specific aspects at the local level that could be
included in the planning and implementation processes [55]. A
number of obvious aspects can be listed, including the
involvement (and active engagement) of all relevant stakeholders
in the preparation of management plans for target species. This is
a crucial prerequisite when the CWRs are part of a protected area
that can no longer be used, for instance, for collecting fresh fruits
by the local communities in the neighborhood of such an area.
Maxted and Kell [25] included the way to involve local
communities in their report as a research question. They also
propose an interesting approach in promoting CWR in situ
conservation in less formally designated protected areas such as
Indigenous and Community Conserved Areas (ICCAs). For the
latter, see IUCN [105]. ICCAs are areas where indigenous
peoples and local communities have conserved, for millennia,
natural environments and species for economic (as well as
cultural, spiritual, and aesthetic) reasons, independent of more
formal conservation sector interventions. Brooks et al. [106] note
that the establishment of genetic or other kinds of reserves for
CWRs in areas not yet under protection in times of rapidly rising
human population, climate change, and ecosystem instability is a
complex goal, which necessitates a carefully researched strategic
approach. Sites competing for reserve status would need to be
assessed and prioritized for their longer-term sustainability, in
terms of the predicted impact of climate change on the site and
the economic development plans associated with local
communities as well as at the national level [107].
Global Level
Dilemmas with CWRs: Distribution areas of CWR species (at
least those of the major food crops) in the tropics/subtropics are,
to a large extent, located in countries with limited financial
and/or technological resources, limited conservation programs,
limited legal frameworks, few breeding program, and which can
36
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derive little direct benefits from CWR conservation (especially
for local communities). In contrast, interest in these species is
largely found in ‗the North‘ where financial and technological
resources are ample, knowledge is advanced, and where most of
the breeding happens. Access to these species, however, is often
limited and thus their use in breeding and research for global
benefit difficult. Possibly, the only real solution would be to
agree within the framework of the existing global instruments, in
particular, the FAO Commission on Genetic Resources for Food
and Agriculture and the International Treaty, to accord a high(er)
priority to the conservation and sustainable use of these
threatened resources, to study them more extensively, and to
make the diversity freely available as foreseen by these
instruments. A mechanism to enable the badly needed global
coordination and facilitation of the frequently complex
conservation activities, as well as to provide a platform for
identifying and prioritizing research activities on CWRs, would
be an important help in effectively and efficiently conserving
and sustainably utilizing CWRs.

Conclusions
CWRs have been identified as threatened resources that are
understudied, not properly conserved, and that possess a
tremendous potential for the breeding of our crops. The latter is
particularly important because of climate change, which calls for
the urgent development of better adapted crops and varieties for
the changing growing conditions in our vulnerable production
systems. The protection of the environment is yet another
important consideration that can be achieved, or at least
important contributions can be made through the increase of
crops and varieties that require less harmful inputs and provide
still stable and high production levels.
In the above text, we distilled a number of actions that are
recommended to be implemented at the various levels, whenever
possible, in a timely and collaborative manner. Whereas a
number of these recommendations can be implemented by
individual countries, others will require agreement and
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coordination at the global level, where possible, using existing
mechanisms and instruments.

Documentation
1. Collating, creating, and sharing more information and
knowledge on CWR species, in particular, by stimulating
and conducting more research.
2. Establishing national databases and inventories to enable
better coordination and implementation of CWR
conservation
3. Developing a global data portal/platform for the exchange
and provision of CWR data and information, including tools
and guidelines that will facilitate a better coordinated and
more efficient conservation, worldwide.

In Situ Conservation
1. Facilitating and encouraging the inclusion of CWRs in
national and local conservation agendas and ensuring that
they are being given an adequate priority supported possibly
by a longer-term financial and organizational structure.
2. Complementing the management and monitoring of CWR in
situ conservation sites and genetic reserves with ex situ
conservation efforts of the priority species.
3. Identifying existing and novel mechanisms to finance and
govern the proposed global coordination and facilitation of
CWR in situ conservation should be of high priority. The
proposed global network could play an important role in
setting standards, sharing experiences, and providing the
platform for monitoring and coordination and, thus, to
provide a fundamental basis for ensuring our future food
security.
4. Increasing the awareness and recognition among actors,
especially within the environmental sector, about CWRs as
important group of wild species that need to be conserved.
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Ex Situ Conservation
1. Ensuring adequate ex situ conservation of threatened
national priority CWRs.
2. Ensuring adequate ex situ conservation of a globally agreed
list
of
priority
CWRs
(e.g.,
[29])
through
national/regional/international genebanks, in particular those
that already have global or regional conservation
responsibilities for the corresponding crop genepools.
3. The identification and/or application of new methods to
assess the viability of seeds, not requiring seed germination
tests, could address current difficulties with viability tests
and with small seed samples.
4. Large-scale research on CWR seed biology can lead to
methods allowing for long-term storage of seeds of these
species in genebanks. One such specific research area is the
use of cryopreservation for long-term conservation.

Complementary Conservation and Collaboration
1. Development of a generic decision tree on complementary
conservation approaches that can be applied to individual
CWR species. Supporting guidelines should be developed to
facilitate the application of the decision tree and the
subsequent implementation of the conservation efforts, using
gained experiences with individual species and cases as a
basis.
2. Ensuring ready access to the genetic resources and related
information, both from in situ as well as ex situ conservation
within the framework of existing legal instruments.
3. Facilitating and coordinating phenotypic and molecular
characterization of the priority CWRs to provide a basis for
pre-breeding and breeding activities through the involvement
of conservation, research, and breeding stakeholders.
4. Facilitating/strengthening the collaboration between
stakeholders for more effective and efficient conservation,
research and use of CWRs as well as to facilitate the transfer
of technologies at the local, national, regional, and global
levels.

39

www.videleaf.com

Prime Archives in Agricultural Research

Conservation System
1. Increasing awareness on the importance of and threat to
CWRs, including through the active involvement of botanic
gardens to ‗demonstrate‘ this genetic wealth and the
relationship between the CWRs and crop species.
2. Facilitating the training of staff on skills that strengthen the
implementation of the above activity areas.
3. Providing a more stable organizational and financial basis
for CWR conservation at national level.

References
1. Willcox G. The beginnings of cereal cultivation and
domestication in Southwest Asia. In: Potts DT, editor. A
Companion to the Archaeology of the Ancient Near East, 1st
ed. Oxford: Blackwell Publishing Ltd. 2012; 163–180.
2. Purugganan MD. Evolutionary Insights into the Nature of
Plant Domestication. Curr. Boil. 2019; 29: R705–R714.
3. Purugganan MD, Fuller DQ. The nature of selection during
plant domestication. Nature. 2009; 457: 843–848.
4. White CE. The Emergence and Intensification of Cultivation
Practices at the Pre-Pottery Neolithic Site of El-Hemmeh,
Jordan: An Archaeobotanical Study. Ph.D. Dissertation,
Boston University, Boston, MA, USA. 2013; 1: 240.
Available online at: https://hdl.handle.net/2144/12888
5. Weide A, Riehl S, Zeidi M, Conard NJ. A systematic review
of wild grass exploitation in relation to emerging cereal
cultivation throughout the Epipalaeolithic and aceramic
Neolithic of the Fertile Crescent. PLoS ONE. 2018; 13:
e0189811.
6. Gepts P. Domestication of Plants. In: Van Alfen NK, editor.
Encyclopedia of Agriculture and Food Systems. San Diego:
Elsevier. 2014; 2: 474–486.
7. Tanksley SD, McCouch SR. Seed banks and molecular
maps: Unlocking genetic potential from the wild. Science.
1997; 277: 1063–1066.
8. Dempewolf H, Baute G, Anderson J, Kilian B, Smith C, et
al. Past and Future Use of Wild Relatives in Crop Breeding.
Crop Sci. 2017; 57: 1070–1082.
40

www.videleaf.com

Prime Archives in Agricultural Research

9. Thormann I, Engels JMM. Genetic diversity and erosion—A
global perspective. In: Ahuja MR, Jain SM, editors. Genetic
Diversity and Erosion in Plants—Indicators and Prevention.
Chapter 10. Berlin: Springer. 2015; 1: 263–294.
10. Thormann I, Fiorino E, Halewood M, Engels JMM. Plant
genetic resources collections and associated information as
baseline resource for genetic diversity studies—An
assessment of the IBPGR supported collections. Genet.
Resour. Crop Evol. 2015; 62: 1279–1293.
11. Rick CM, Chetelat R. Utilization of related wild species for
tomato improvement, First International Symposium on
Solanaceae for Fresh Market. Acta Hortic. 1995; 412: 21–38.
12. Hoyt E. Conserving the Wild Relatives of Crops. Rome:
IBPGR. 1988; 45.
13. Mammadov J, Buyyarapu R, Guttikonda SK, Parliament K,
Abdurakhmonov IY, et al. Wild Relatives of Maize, Rice,
Cotton, and Soybean: Treasure Troves for Tolerance to
Biotic and Abiotic Stresses. Front. Plant Sci. 2018; 9: 886–
886.
14. CBD. Global Strategy for Plant Conservation, Secretariat of
the Convention on Biological Diversity. Montreal, QC,
Canada. 2002; 48.
15. CBD. Notification: Strengthening the In Situ Conservation
of Plant Genetic Resources for Food and Agriculture through
Incorporation of Crop Wild Relatives under Areas Important
for Biodiversity in Protected Area Networks and Other
Effective Area-Based Conservation Measures (Aichi
Biodiversity Targets 7, 11, 12 and 13 and Global Strategy for
Plant Conservation Targets 5, 6, 7 and 9). Montreal: CBD
Secretariat. 2015; 11.
16. FAO. Second Global Plan of Action for Plant Genetic
Resources for Food and Agriculture. Commission on Genetic
Resources for Food and Agriculture, Food and Agriculture
Organization of the United Nations: Rome, Italy. 2012; 96.
Available
online
at:
http://www.fao.org/3/i2624e/i2624e00.pdf \
17. United Nations. Transforming Our World: The 2030 Agenda
for Sustainable Development, General Assembly, Seventieth
Session. Agenda Items 15 and 116, A/RES/70/1, United
Nations. New York, NY, USA. 2015; 35.
41

www.videleaf.com

Prime Archives in Agricultural Research

18. IPBES. Global Assessment Report on Biodiversity and
Ecosystem Services, Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services. Bonn,
Germany. 2019.
19. FAO. Voluntary Guidelines for the Conservation and
Sustainable Use of Crop Wild Relatives and Wild Food
Plants, Food and Agriculture Organization of the United
Nations. Rome, Italy. 2017; 106.
20. Brehm JM, Kell S, Thormann I, Gaisberger H, Dulloo ME,
et al. New tools for crop wild relative conservation planning.
Plant Genet. Resour. 2019; 17: 208–212.
21. FAO. The Second Report on the State of the World‘s Plant
Genetic Resources for Food and Agriculture, Food and
Agriculture Organization of the United Nations. Rome, Italy.
2010; 399.
22. FAO. Assessment of the Implementation of the Second
Global Plan of Action for Plant Genetic Resources for Food
and Agriculture 2012–2014, Food and Agriculture
Organization of the United Nations. Rome, Italy. 2017; 76.
23. Maxted N, Ford-Lloyd BV, Jury SL, Kell SP, Scholten MA.
Towards a definition of a crop wild relative. Biodivers.
Conserv. 2006; 15: 2673–2685.
24. Harlan JR, de Wet JMJ. Towards a rational classification of
cultivated plants. TAXON. 1971; 20: 509–517.
25. Maxted N, Kell SP. Establishment of a Global Network for
the In Situ Conservation of Crop Wild Relatives: Status and
Needs, Background Study Paper No. 39, FAO Commission
on Genetic Resources for Food and Agriculture. Rome, Italy.
2009; 224.
26. Kell SP, Knüpffer H, Jury SL, Ford-Lloyd BV, Maxted N.
Crops and wild relatives of the Euro-Mediterranean region:
Making and using a conservation catalogue. In: Maxted N,
Ford-Lloyd BV, Kell SP, Iriondo JM, Dulloo ME, Turok J,
editors. Crop Wild Relative Conservation and Use.
Wallingford: CAB International. 2008; 69–109.
27. Groombridge B, Jenkins MD. World Atlas of Biodiversity,
Prepared by the UNEP World Conservation Monitoring
Centre. Berkeley: University of California Press. 2002.
28. Maxted N, Kell SP, Toledo A, Dulloo EM, Heywood V, et al.
A Global Approach to Crop Wild Relative Conservation:
42

www.videleaf.com

Prime Archives in Agricultural Research

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

39.

43

Securing the Gene Pool for Food and Agriculture. Kew Bull.
2010; 65: 561–576.
Vincent H, Wiersema J, Dobbie S, Kell SP, Fielder H, et al. A
prioritized crop wild relative inventory to help underpin
global food security. Biol. Conserv. 2013; 167: 265–275.
The Harlan and de Wet Crop Wild Relatives Inventory.
Available online at: https://www.cwrdiversity.org/checklist/
Lala S, Amri A, Maxted N. Towards the conservation of crop
wild relative diversity in North Africa: Checklist,
prioritization and inventory. Genet. Resour. Crop Evol. 2018;
65: 113–124.
Allen E, Gaisberger H, Brehm JM, Maxted N, Thormann I,
et al. A crop wild relative inventory for Southern Africa: A
first step in linking conservation and use of valuable wild
populations for enhancing food security. Plant Genet.
Resour. 2019; 17: 128–139.
CWR Checklists, Strategies, Action Plans. Available online
at: http://www.cropwildrelatives.org/cwr-strategies/
Ford-Lloyd BV, Schmidt M, Armstrong SJ, Barazani O,
Engels J, et al. Crop Wild Relatives—Undervalued,
Underutilized and under Threat? BioScience. 2011; 61: 559–
565.
Jarvis A, Lane A, Hijmans RJ. The Effect of Climate Change
on Crop Wild Relatives. Agric. Ecosyst. Environ. 2008; 126:
13–23.
Lira R, Téllez O, Dávila P. The effects of climate change on
the geographic distribution of Mexican wild relatives of
domesticated Cucurbitaceae. Genet. Resour. Crop Evol.
2009; 56: 691–703.
IUCN. IUCN Red List Categories and Criteria: Version 3.1,
2nd ed., IUCN Species Survival Commission. Gland: IUCN.
2012, 32p.
Brehm JM, Mitchell M, Maxted N, Ford-Lloyd BV. MartinsLoução, M.A. IUCN Red Listing of Crop Wild Relatives: Is
a National Approach as Difficult as Some Think? In: Maxted
N, Ford-Lloyd BV, Kell SP, Iriondo JM, Dulloo ME, Turok
J, editors. Crop Wild Relative Conservation and Use.
Wallingford: CAB International. 2008.
Ludwig G, Haupt H, Gruttke H, Binot-Hafke M. Methodik
der Gefährdungsanalyse für Rote Listen. In: Wirbeltiere
www.videleaf.com

Prime Archives in Agricultural Research

40.

41.

42.

43.
44.

45.

46.

47.

44

Huzpt H, Ludwig G, Gruttke H, Binot-Hafke M, Otto C,
Pauly A, editors. Rote Liste gefährdeter Tiere, Pflanzen und
Pilze
Deutschlands.
Band
1:
Münster:
Landwirtschaftsverlag. 2009; 70: 19–71.
FAO. Study on the Linkages between Protected Areas and
the Conservation of Biodiversity for Food and Agriculture.
Thematic Study for the State of the World‘s Biodiversity for
Food and Agriculture, Commission on Genetic Resources for
Food and Agriculture. Rome: Food and Agriculture
Organization of the United Nations. 2020; 22.
Bilz M, Kell SP, Maxted N, Lansdown RV. European Red
List of Vascular Plants. Luxembourg: Publications Office of
the European Union. 2011; 130.
Mora A, Zapata Ferrufino B, Hunter D, Navarro G, Galeano
G, et al. Libro Rojo de Parientes Silvestres de Bolivia.
Ministerio De Medio Ambiente y Agua, Viceministerio De
Medio Ambiente Biodiversidad Y Cambios Climáticos
(VMABCC)/Biodiversity International. 2009. Available
online
at:
http://www.cropwildrelatives.org/fileadmin/documents/Red
%20List_Bolivia_optim.pdf
Engels JMM. (Bioversity International, Rome, Italy).
Personal communication. 2020.
Rao KN, Dulloo ME, Engels JMM. A review of factors that
influence the production of quality seed for long-term
conservation in genebanks. Genet. Resour. Crop Evol. 2017;
64: 1061–1074.
Engels JMM. An introduction to plant germplasm
exploration and collecting: Planning, methods and
procedures, follow-up. In: Guarino L, Rao RV, Goldberg E,
editors. Collecting Plant Genetic Diversity: Technical
Guidelines. 2011 Update. Rome: Bioversity International.
2011.
Hoban S, Schlarbaum S. Optimal sampling of seeds from
plant populations for ex-situ conservation of genetic
biodiversity, considering realistic population structure. Biol.
Conserv. 2014; 177: 90–99.
Hoban S, Strand A. Ex situ seed collections will benefit from
considering spatial sampling design and species‘
reproductive biology. Biol. Conserv. 2015; 187: 182–191.
www.videleaf.com

Prime Archives in Agricultural Research

48. Bellon MR, Dulloo E, Sardos J, Thormann I, Burdon JJ. In
situ conservation—Harnessing natural and human-derived
evolutionary forces to ensure future crop adaptation. Evol.
Appl. 2017; 10: 965–977.
49. Aguirre-Gutiérrez J, van Treuren R, Hoekstra R, van Hintum
TJL. Crop wild relatives range shifts and conservation in
Europe under climate change. Divers. Distrib. 2017; 23:
739–750.
50. FAO. Genebank Standards for Plant Genetic Resources for
Food and Agriculture. Rev. ed. Rome: Food and Agriculture
Organization of the United Nations. 2014; 166.
51. Hanson J, Ellis RH. Progress and Challenges in Ex Situ
Conservation of Forage Germplasm: Grasses, Herbaceous
Legumes and Fodder Trees. Plants 2020; 9: 446.
52. Engels JMM, Maggioni L. Managing germplasm in a virtual
European genebank (AEGIS) through networking. In:
Karafyllis NC, editor. Theorien der Lebendsammlung.
Pflanzen, Mikroben und Tiere als Biofakte in Genbanken.
(Lebenswissenschaften
im
Dialog
25).
Euro.
Freiburg/München: Verlag. 2018; 169–197.
53. Ford-Lloyd B, Kell SP, Maxted N. Establishing
Conservation Priorities for Crop Wild Relatives. In: Maxted
N, Ford-Lloyd B, Kell SP, Iriondo JM, Dulloo ME, Turok J,
editors. Crop Wild Relative Conservation and Use.
Wallingford: CAB International. 2008; 110–119.
54. Akparov ZI, Aronsson M, Asdal A, Avagyan A, Bartha B, et
al. Current and future threats and opportunities facing
European crop wild relative and landrace diversity. In:
Maxted N, Dulloo EM, Ford-Lloyd BV, Frese L, Iriondo J,
Pinheiro de Carvalho MAA, editors. Agrobiodiversity
Conservation: Securing the Diversity of Crop Wild Relatives
and Landraces. Wallingford: CABI. 2011; 333–354.
55. Hunter D, Heywood V. Crop Wild Relatives. A Manual of in
situ Conservation. London: Routledge. 2011; 414.
56. Brehm JM, Kell S, Thormann I, Gaisberger H, Dulloo E, et
al. Interactive Toolkit for Crop Wild Relative Conservation
Planning Version 1.0. Birmingham: University of
Birmingham. Rome: Bioversity International. 2017.
Available
online:
http://www.cropwildrelatives.org/conservation-toolkit/
45

www.videleaf.com

Prime Archives in Agricultural Research

57. Thormann I, Jarvis DI, Dearing JA, Hodgkin T.
Internationally available information sources for the
development of in situ conservation strategies for wild
species useful for food and agriculture. Plant Genet. Resour.
Newsl. 1999; 118: 38–50.
58. Thormann I, Lane A, Durah K, Dulloo ME, Gaiji S. Crop
wild relative information: Developing a tool for its
management and use. In: Maxted N, Ford-Lloyd BV, Kell
SP, Iriondo J, Dulloo ME, Turok T. editors. Crop Wild
Relative Conservation and Use. Wallingford: CAB
International. 2008; 504–512.
59. Thormann I. Published Sources of Information on Wild Plant
Species. In: Guarino L, Rao VR, Goldberg E, editors.
Collecting Plant Genetic Diversity: Technical Guidelines.
Rome: Bioversity International. 2011; 10. ISBN 978-929043-922-6.
2011.
Available
online
at:
http://cropgenebank.sgrp.cgiar.org/index.php?option=com_c
ontent&view=article&id=657
60. Thormann I, Alercia A, Dulloo ME. Core Descriptors for In
Situ Conservation of Crop Wild Relatives v.1. Bioversity
International. 2013; 28.
61. Thormann I, Kell S, Brehm JM, Dulloo ME, Maxted N.
CWR Checklist and Inventory Data Template v.1, Harvard
Dataverse.
2017.
Available
online
at:
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:
10.7910/DVN/B8YOQL.
62. Brehm JM, Kell S, Thormann I, Gaisberger H, Dulloo E, et
al. Occurrence Data Collation Template v.1, Harvard
Dataverse.
2017.
Available
online
at:
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:
10.7910/DVN/5B9IV5.
63. Wiersema JH, León B. The GRIN Taxonomy Crop Wild
Relative Inventory. In: Maxted N, Dulloo ME, Ford-Lloyd
BV, editors. Enhancing Crop Genepool Use: Capturing Wild
Relative and Landrace Diversity for Crop Improvement.
Wallingford: CAB International. 2016; 453–458.
64. Bioversity International, University of Birmingham. Crop
Wild Relative Checklist and Inventory Descriptors, v.1.
Rome: Bioversity International. 2017; 26.

46

www.videleaf.com

Prime Archives in Agricultural Research

65. Vincent H, Amri A, Castañeda-Álvarez NP, Dempewolf H,
Dulloo EM, et al. Modeling of crop wild relative species
identifies areas globally for in situ conservation. Commun.
Biol. 2019; 2: 1–8.
66. UNEP-WCMC, IUCN and NGS. Protected Planet Live
Report 2020, UNEP-WCMC. Cambridge: IUCN and NGS.
2020.
67. Frese L, Bönisch M, Herden T, Zander M, Friesen N. In-situErhaltung von Wildselleriearten. Nat. Landsch. 2018; 50:
155–163.
68. Bönisch M, Frese L. Designation of Genetic Reserves for
Wild Celery Species in Germany. Crop Wild Relat.
Newsletter issue 12. 2020.
69. Thormann I. The German Network of Genetic Reserves.
Crop Wild Relat. Newsletter issue 12. 2020.
70. Parra-Quijano M, Iriondo JM, Torres E. Ecogeographical
land characterization maps as a tool for assessing plant
adaptation and their implications in agrobiodiversity studies.
Genet. Resour. Crop Evol. 2011; 59: 205–217.
71. Genesys Is an Online Platform Where You Can Find
Information about Plant Genetic Resources for Food and
Agriculture (PGRFA) Conserved in Genebanks Worldwide.
Available online at: https://www.genesys-pgr.org/
72. Eurisco. Finding Seeds for the Future. Available online at:
http://eurisco.ecpgr.org
73. Castañeda-Álvarez NP, Khoury CK, Achicanoy HA, Bernau
V, Dempewolf H, et al. Global conservation priorities for
crop wild relatives. Nat. Plants. 2016; 2: 16–22.
74. Heywood VH. The role of botanic gardens in ex situ
conservation of agrobiodiversity. In: Gass T, Frese L,
Begemann F, Lipman E, editors. Implementation of the
Global Plan of Action in Europe—Conservation and
Sustainable Utilization of Plant Genetic Resources for Food
and Agriculture, Proceedings of the European Symposium,
Braunschweig, Germany, 30 June–3 July 1988. Rome:
International Plant Genetic Resources Institute. 1999; 102–
107.
75. Dempewolf H. (Global Crop Diversity Trust, Bonn,
Germany). Personal communication. 2020.

47

www.videleaf.com

Prime Archives in Agricultural Research

76. Engels J, Thormann I. Final Report of a Consultancy
―Increasing Climate Resilience for Poor Farmers: The role of
National Plant Genetic Resource Collections‖, Kreditanstalt
für Wiederaufbau (KfW) and Global Crop Diversity Trust.
Frankfurt and Bonn, Germany. 2017; 129.
77. Khoury CK, Carver D, Kates HR, Achicanoy HA, van
Zonneveld M, et al. Distributions, conservation status, and
abiotic stress tolerance potential of wild cucurbits (Cucurbita
L.). Plants People Planet. 2019; 2: 269–283.
78. Welcome to PlantSearch! Botanic Gardens Conservation.
International.
Available
online
at:
https://tools.bgci.org/plant_search.php
79. Meyer A, Barton N. Botanic Gardens Are Important
Contributors to Crop Wild Relative Preservation. Crop Sci.
2019; 59: 2404–2412.
80. Dempewolf H, Eastwood RJ, Guarino L, Khoury CK, Muller
JV, et al. Adapting agriculture to climate change: A global
initiative to collect, conserve, and use crop wild relatives.
Agroecol. Sustain. Food Syst. 2014; 38: 369–377.
81. Engels JMM. Complementary strategies for improved
conservation and use of plant genetic resources. In: Engels
JMM, Vodouhe R, Thompson J, Zannou A, Hehne E, Grum
M, editors. Towards Sustainable National Plant Genetic
Resources Programmes—Policy, Planning and Conservation
Issues. Rome: IPGRI. 2000; 69–77.
82. Hunter D, Changtragoon S. Good practices for conservation
and sustainable use of crop wild relatives of tropical fruit
tree diversity. In: Sthapit B, Lamers H, Rao RV, Bailey A,
editors.Tropical Fruit Tree Diversity. Good Practices for In
Situ and On-Farm Conservation. London: Earthscan from
Routledge. 2016; 83–96.
83. Jha UC, Bohra A, Singh NP. Heat stress in crop plants: Its
nature, impacts and integrated breeding strategies to improve
heat tolerance. Plant Breed. 2014; 133: 679–701.
84. Dulloo ME, Fiorino E, Thormann I. Research on
Conservation and Use of Crop Wild Relatives. In: Redden R,
Yadav SS, Maxted N, Dulloo ME, Guarino L, Smith P,
editors. Crop Wild Relatives and Climate Change, Chapter 7.
Hoboken: Wiley-Blackwell. 2015; 108–129.

48

www.videleaf.com

Prime Archives in Agricultural Research

85. Vavilov NI. The origin, variation, immunity and breeding of
cultivated plants. Chron. Bot. 1951; 13: 1–54.
86. Prescott-Allen C, Prescott-Allen R. The First Resource: Wild
Species in the North American Economy. New Haven: Yale
University Press. 1986.
87. Engels JMM. Genetische bronnen, hun conservering en
aanwending in de aardappelveredeling. In Genetic
Resources, Conservation and Use in the Potato Breeding.
The Netherlands: Agricultural University Wageningen. 1974;
83.
88. Kilian B, Martin W, Salamini F. Genetic diversity, evolution
and domestication of wheat and barley in the Fertile
Crescent. In: Glaubrecht M, editor. Evolution in Action.
Berlin/Heidelberg: Springer. 2010; 137–166.
89. Thormann I, Parra-Quijano M, Endresen DTF, Rubio-Teso
ML, Iriondo MJ, et al. Predictive Characterization of Crop
Wild Relatives and Landraces. Technical Guidelines, Version
1, Bioversity International. Rome, Italy, 2014; 40.
90. Willis KJ. State of the World‘s Plants Report—2017. Kew:
Royal Botanic Gardens. 2017; 96.
91. Bertioli DJ, Cannon SB, Froenicke L, Huang G, Farmer AD,
et al. The genome sequences of Arachis duranensis and
Arachis ipaensis, the diploid ancestors of cultivated peanut.
Nat. Genet. 2016; 48: 438–446.
92. PricewaterhouseCoopers PwC, 2013. Crop Wild Relatives:
A
Valuable
Resource
for
Crop
Development.
www.pwc.co.uk/valuations.
Available
online
at:
https://pwc.blogs.com/files/pwc-seed-bank-analysis-formsb-0713.pdf
93. Pimentel D, Wilson C, McCullum C, Huang R, Dwen P, et
al. Economic and environmental benefits of biodiversity.
Bioscience. 1997; 47: 747–757.
94. Tyack N, Dempewolf H. The Economics of Crop Wild
Relatives under Climate Change. In: Redden R, Yadav SS,
Maxted N, Dulloo ME, Guarino L, Smith P, editors. Crop
Wild Relatives and Climate Change, 1st ed. Hoboken: Wiley
Online Library John Wiley & Sons, Inc. 2015.
95. Mira S, Hill LM, González-Benito ME, Ibáñez MA, Walters
C. Volatile emission in dry seeds as a way to probe chemical

49

www.videleaf.com

Prime Archives in Agricultural Research

reactions during initial asymptomatic deterioration. J. Exp.
Bot. 2016; 67: 1783–1793.
96. Colville L, Bradley EL, Lloyd AS, Pritchard HW, Castle L,
et al. Volatile fingerprints of seeds of four species indicate
the involvement of alcoholic fermentation, lipid
peroxidation, and Maillard reactions in seed deterioration
during ageing and desiccation stress. J. Exp. Bot. 2012; 63:
6519–6530.
97. Michalak M, Plitta-Michalak BP, Naskręt-Barciszewska M,
Barciszewski J, Bujarska-Borkowska B, et al. Global 5methylcytosine alterations in DNA during ageing of Quercus
robur seeds. Ann. Bot. 2015; 116: 369–376.
98. Mira S, Pirredda M, Martín-Sánchez M, Marchessi J, Martín
C. DNA methylation and integrity in aged seeds and
regenerated plants. Seed Sci. Res. 2020; 1–9.
99. Kranner I, Chen H, Pritchard HW, Pearce SR, Birtic S. Internucleosomal DNA fragmentation and loss of RNA integrity
during seed ageing. Plant Growth Regul. 2011; 63: 63–72.
100.
Fleming MB, Patterson EL, Reeves PA, Richards CM,
Gaines TA, et al. Exploring the fate of mRNA in aging seeds:
Protection, destruction, or slow decay? J. Exp. Bot. 2018;
69: 4309–4321.
101.
Dulloo ME, Ramanatha VR, Engelmann F, Engels JMM.
Complementary conservation strategy for coconuts. In:
Batugal P, Ramanatha VR, Oliver J, editors. Coconuts
Genetic Resources. International Plant Genetic Resources
Institute-Regional Office for Asia, the Pacific, and Oceania
(IPGRI-APO). Serdang, Selangor, Malaysia. 2005; 18.
102.
Teso MLR, Torres ME, Parra-Quijano M, Iriondo JM.
Prioritization of crop wild relatives in Spain. Crop Wild
Relat. 2012; 18: 18–22.
103.
van Treuren R. PGR Management in the 21st Century.
Crop Wild Relatives: Climate Change and Niche Modeling,
Wageningen University and Research, Centre for Genetic
Resources. The Netherlands (CGN). 2017. Available online
at: https://edepot.wur.nl/441411
104.
Crop Wild Relatives Global Portal. Available online at:
http://www.cropwildrelatives.org/
105.
Indigenous and Community Conserved Areas: A Bold
New Frontier for Conservation. Available online at:
50

www.videleaf.com

Prime Archives in Agricultural Research

https://www.iucn.org/content/indigenous-and-communityconserved-areas-a-bold-new-frontier-conservation
106.
Brooks TM, Mittermeier RA, da Fonseca GAB, Gerlach
J, Hoffmann M, et al. Global biodiversity conservation
priorities. Science. 2006; 313: 58–61.
107.
Khoury CK, Amariles D, Soto JS, Diaz MV, Sotelo S, et
al. Comprehensiveness of conservation of useful wild plants:
An operational indicator for biodiversity and sustainable
development targets. Ecol. Indic. 2019; 98: 420–429.
108.
Dulloo ME, Magos Brehm J, Kell S, Thormann I,
Maxted N. Template for the Preparation of a National
Strategic Action Plan for the Conservation and Sustainable
Use of Crop Wild Relatives, Harvard Dataverse: 2017; 1: 23.
109.
Brehm JM, Kell S, Thormann I, Maxted N, Dulloo E.
Template for the Preparation of a Technical Background
Document for a National Strategic Action Plan for the
Conservation and Sustainable Use of Crop Wild Relatives,
Harvard Dataverse: 2017; 23. Available online at:
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:
10.7910/DVN/B8YOQL.
110.
Álvarez NPC, Vincent HA, Kell SP, Eastwood RJ,
Maxted N. Ecogeographic surveys. In: Guarino L, Rao VR,
Goldberg E, editors. Collecting Plant Genetic Diversity:
Technical Guidelines. Rome: Bioversity International. 2011;
23.
111.
Parra-Quijano M, Torres E, Iriondo JM, López F.
CAPFITOGEN Tools User Manual, Version 2.0,
International Treaty on Plant Genetic Resources for Food
and Agriculture, Food and Agriculture Organization of the
United Nations. Rome, Italy. 2016; 260.
112.
Centro Internacional de Agricultura Tropical—CIAT. A
Global Database for the Distributions of Crop Wild
Relatives.
Version
1.12.
Available
online
at:
https://doi.org/10.15468/jyrthk

51

www.videleaf.com

Prime Archives in Agricultural Research

Supplementary Materials
Supplementary Materials can be accessed online at
https://videleaf.com/wp-content/uploads/2020/11/PAAGR-1921_Supplementary-Materials.pdf
Table S1: Guidelines and tools for CWR conservation, including
references [108–112].
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